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T h e  m o s t  b e a u t i f u l  e x p e r i e n c e  we c a n  h a v e  i s  t h e  
mys te r ious .  I t  is t h e  fundamenta l  emotion t h a t  s t a n d s  a t  
t h e  c r a d l e  of t r u e  a r t  and t r u e  s c i e n c e .  

E i n s t e i n  

C o n g r a t u l a t i o n s ?  You a r e  now t h e  p r o u d  owner  of  a 
Voyager  U r a n u s  T r a v e l  G u i d e ,  h e r e a f t e r  s i m p l y  c a l l e d  t h e  
G u i d e .  I t s  p u r p o s e  i s  t o  e x p l a i n  i n  s i m p l e  l a n g u a g e ,  
i n c l u d i n g  n u m e r o u s  i l l u s t r a t i o n s ,  t h e  Voyager-2  p l a n s  t o  
e x a m i n e  U r a n u s  and  i t s  moons, r i n g s ,  p a r t i c l e s ,  and f i e l d s ,  
The  G u i d e  w i l l  a l s o  c o n t a i n  a  v a r i e t y  of i n t e r e s t i n g  f a c t s  
a b o u t  t h e  Voyager m i s s i o n ,  b o t h  p a s t  and f u t u r e .  

B e f o r e  j u m p i n g  i n t o  t h e  U r a n u s  m i s s i o n  p a r t i c u l a r s ,  w e  
s h o u l d  b r i e f l y  review t h e  b a s i c  e l e m e n t s  of an unmanned space  
miss ion .  These e l e m e n t s  a r e  shown i n  F i g u r e  1-1. You must ,  of 
c o u r s e ,  have  a SPACECRAFT c a p a b l e  of c a r r y i n g  a  v a n i e t y  of 
s e n s o r s  t o  t h e  d e s t i n a t i o n  i n  o r d e r  t o  conduct  t h e  SCIENCE you 
h a v e  i n  mind. The s p a c e c r a f t  c a n n o t  e s c a p e  f r o m  Ear4:hws 
g r a v i t y  w e l l  w i t h o u t  t h e  h e l p  o f  a  LAUNCH V E H I C L E ,  a n  
e x p e n d a b l e  s e t  o f  r o c k e t  s t a g e s  i n  t h e  o l d e n  d a y s  o r  a  
r e u s a b l e  Space T r a n s p o r t a t i o n  System, o r  S h u t t l e ,  w i t h  a h igh-  
ene rgy  upper  s t a g e  i n  t h e  f u t u r e .  

No l a u n c h  v e h i c l e  o r  s p a c e c r a f t  h a s  a n  e r r o r - f r e e  
gu idance  sys tem,  and s o  t h e  p r o c e s s  of NAVIGATION is n e c e s s a r y  
t o  d e l i v e r  t h e  s p a c e c r a f t  t o  a  p r e c i s e  l o c a t i o n  at t h e  
d e s t i n a t i o n .  A s  shown i n  F i g u r e  1-2 ,  t h e  n a v i g a t i o n  p r o c e s s  
u s e s  r a n g e  and  d o p p l e r  m e a s u r e m e n t s  f r o m  huge t r a c k i n g  
a n t e n n a s  t o  e s t i m a t e  t h e  s p a c e c r a f t  l o c a t i o n  t o  an  accuracy  of 
1000-3000 k m  (620-1860 m i ) .  A s  t h e  s p a c e c r a f t  n e a r s  t h e  
d e s t i n a t i o n ,  it t a k e s  p i c t u r e s  of n a t u r a l  s a t e l l i t e s  a g a i n s t  a  
s t a r  background ( o p t i c a l  n a v i g a t i o n )  t o  improve i t s  p o s i t i o n  
e s t i m a t e  t o  b e t t e r  t h a n  1 0 0  k m  ( 6 2  m i ) .  I f  t h e  s p a c e c r a f t  
f l i g h t  p a t h  i s  o f f  c o u r s e ,  m i s s i o n  c o n t r o l l e r s  send commands 
t h a t  c a u s e  t h e  s p a c e c r a f t  t o  u s e  s m a l l  t h r u s t e r s  t o  c o r r e c t  
i t s  course. 



Figure E - l ,  These a r e  t h e  f i v e  b a s i c  e l e m e n t s  of an unmanned 
s p a c e  m i s s i o n ,  E a r t h  Base  i s  c o m p r i s e d  of a  
l a r g e  complex of peop le ,  computers ,  communicat ion 
l i n e s ,  a n d  t r a c k i n g  a n t e n n a s .  A manned s p a c e  
m i s s i o n  h a s  a  s i x t h  e l e m e n t ,  t h e  human c r e w  f o r  
whom l i f e  s u p p o r t  s y s t e m s  a r e  r e q u i r e d .  

AS you have  g u e s s e d  by now, Voyager  n e e d s  a  l o t  of 
support f r o m  EARTH BASE, w h i c h  c o n s i s t s  of a  v a s t  complex  of  
people, computers ,  communicat ion l i n e s ,  and s p e c i a l  equipment ,  
Voyager  c a n  c r u i s e  h a p p i l y  a l o n g ,  l o c k e d  o n t o  t h e  s u n  a n d  a  
g u i d e  star, even u s i n g  onboard f a u l t  p r o t e c t i o n  l o g i c  t o  r e a c t  
t o  p r o b l e m s ,  b u t  i t  s t i l l  n e e d s  t o  h e a r  f r o m  E a r t h  r e g a r d i n g  
i t s  a c t i v i t y  p lan .  

W g r o u p  of  s c i e n t i s t s  d e c i d e  upon a n  o b s e r v a t i o n  t h e y  
would l i k e  Voyager t o  make. F l i g h t  team p e r s o n n e l  from such  
a r e a s  a s  m i s s i o n  p l a n n i n g ,  s c i e n c e  s u p p o r t ,  s p a c e c r a f t  

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

/ 
\ i n t o  a m a s t e r  a c t i v i t y  t i m e l i n e .  A s  shown i n  

\ 



F i g u r e  1-2. N a v i g a t o r s  f r o m  E a r t h  Base  u s e  r a d i o  t raclci lag 
d a t a  a n d  s a t e l l i t e - s t a r  i m a g e s  t o  e s t i m a t e  
Voyager 's p o s i t i o n  and heading. 

F i g u r e  1-3 ,  s e v e r a l  s t e p s  a r e  t a k e n  b e f o r e  Voyager  f i n a l l y  
c a r r i e s  o u t  t h e s e  i n s t r u c t i o n s  from Earth.  S ince  Voyager has  
i t s  own i n t e r n a l  c l o c k ,  d e s i r e d  a c t i v i t i e s  can be loaded  i n t o  
i t s  computers  many days  b e f o r e  t h e y  a r e  t o  be executed ,  ]Each 
set  of a c t i v i t i e s  is termed a  command load.  

The Voyager  m i s s i o n  h a s  had q u i t e  a  p a s t .  A s  shown in 
F i g u r e  1-4, two s p a c e f a r i n g  r o b o t s  were launched from E a r t h  in 
1 9 7 7 ,  bound f o r  th 'e  g i a n t  p l a n e t s  of t h e  o u t e r  s o l a r  syst:em, 
T h e s e  a m a z i n g  m a c h i n e s  a r e  l i k e  d i s t a n t  e x t e n s i o n s  of human 
s e n s o r y  organs ,  having a l r e a d y  exposed t h e  o n c e - s e c r e t  lnves 



F i g u r e  1-3. Many s t e p s  a r e  n e c e s s a r y  t o  d e v e l o p  a c t i v i t y  
sequences  t h a t  Voyager w i l l  e v e n t u a l l y  execu te .  

of some t h r e e  d o z e n  w o r l d s .  L i k e  r e m o t e  t o u r i s t s  i n  n e v e r -  
n e v e r  l a n d ,  t h e y  h a v e  s n a p p e d  p i c t u r e s  t o  r e v e a l  S a t u r n ' s  
d a z z l i n g  n e c k l a c e  o f  1 0 , 0 0 0  s t r a n d s .  M i l l i o n s  o f  i c e  
p a r t i c l e s  and c a r - s i z e d  b e r g s  r a c e  a long  each of t h e  m i l l i o n -  
k i lometes - long  s t r a n d s ,  w i t h  t h e  t r a f f i c  f l o w  o r c h e s t r a t e d  by 
t h e  c o m b i n e d  g r a v i t a t i o n a l  t u g s  o f  S a t u r n  a n d  a r e t i n u e  of  
moons and moonlets .  

The V o y a g e r s  have  shown u s  t h e  e r u p t i n g  v o l c a n o s  of 
go lden  10, t h e  c o l o r f u l  and dynamic a tmosphere  of  g a r g a n t u a n  
J u p i t e r  and  i t s  c e n t u r i e s - o l d  G r e a t  Red S p o t ,  t h e  s m o o t h  

w a t e r - i c e  s u r f a c e  of Europa t h a t  may h i d e  a n  ocean 
benea th ,  t h e  s t r a n g e  wor ld  of T i t a n  w i t h  i ts  d e n s e  

- . ,' ,/,' \ a tmosphere  and v a r i e t y  of hydrocarbons  t h a t  s l o w l y  
\ 



F i g u r e  1-4. Voyager  2 r e m a i n s  n e a r  t h e  e c l i p t i c  p l a n e ,  but 
Voyager  1 was d e f l e c t e d  u p w a r d s  by i t s  p a s s  
b e n e a t h  S a t u r n .  A c c e l e r a t e d  by g r a v i t y  a s s i s t ,  
t h e  V o y a g e r s  w i l l  c r o s s  t h e  o r b i t s  o f  t h e  
o u t e r m o s t  known p l a n e t s  b y  t h e  t u r n  o f  t h e  
d e c a d e ,  r a c i n g  onward  t o  e s c a p e  f r o m  t h e  s o l a r  
sys tem.  

f a l l  upon s t r a n g e  s e a s  of  e t h a n e  a n d  m e t h a n e ,  t h e  s m a l l  nnoon 
Mimas t h a t  was n e a r l y  d e s t r o y e d  by a n  a n c i e n t  c o l l i s i o n ,  and 
t h e  many o t h e r  w o n d e r s  t h a t  have  expanded  t h e  d i m e n s i o n s  of 
our  knowledge, 

Can U r a n u s ,  d i s c o v e r e d  by S i r  W i l l i a m  H e r s c h e l  i n  1781, 
p o s s i b l y  p x o v i d e  a l e v e l  of  e x c i t e m e n t  a n d  w e a l t h  of new 
d i s c o v e r i e s  e v e n  c l o s e  t o  t h o s e  of t h e  J u p i t e r  and  S a t u r n  
e n c o u n t e r s ?  The p a l e  g r e e n i s h - b l u e  g a s  g i a n t  l i e s  n e a r l y  on 
i t s  s i d e ,  w i t h  Voyager  2 a p p r o a c h i n g  t h e  s u n l i t  s o u t h e r n  
h e m i s p h e r e  ( p e r  I n t e r n a t i o n a l  A s t r o n o m i c a l  U n i o n  [ I A U ]  



conven t ion ,  a l t h o u g h  many " r igh t -hand- ru le"  d e v o t e e s  would s a y  
s u n l i t  n o r t h e r n  hemisphere) .  T h i s  may l e a d  t o  unusual  weather  
p a t t e r n s ,  s i n c e  we a r e  f a m i l i a r  w i t h  p l a n e t s  whose e q u a t o r i a l  
r e g i o n s  t y p i c a l l y  r o t a t e  benea th  and a r e  warmed by t h e  Sun. 

U r a n u s  i s  e n c i r c l e d  by a t  l e a s t  f i v e  moons and n i n e  
n a r r o w  r i n g s .  The moons r a n g e  i n  d i a m e t e r  f r o m  500 k m  (310 
m i )  f o r  innermos t  Miranda t o  1630 km (1010 m i )  f o r  o u t e r m o s t  
Oberon,  A l l  moons a p p e a r  d e n s e r  a n d  d a r k e r  t h a n  m i g h t  
no l rmal ly  b e  e x p e c t e d  of s u c h  s m a l l  f r o z e n  w o r l d s .  T h e i r  
s u r f a c e s  c o n s i s t  of  w a t e r  i c e  p l u s  v a r y i n g  a m o u n t s  of some 
da rk ,  c a r b o n - l i k e  m a t e r i a l .  

I n  A p r i l  of 1984 ,  Drs. Bradford  Smi th  and Richard  T e r r i l e  
of t h e  Voyager Imaging Team used a CCD (eharge-coupled d e v i c e )  
a t  t h e  Las  Campanas O b s e r v a t o r y  i n  C h i l e  t o  r e c o r d  i m a g e s  of 
t h e  r i n g s  o f  Uranus .  U n l i k e  t h e  s h i n y  r i n g s  o f  S a t u r n ,  t h e  
r i n g s  a r o u n d  U r a n u s  a r e  e x t e m e l y  d a r k ,  r e f l e c t i n g  o n l y  t w o  
p e r c e n t  of t h e  i n c i d e n t  s u n l i g h t .  Rich  T e r r i l e  exc la imed  t h a t  
""ground-up c h a r c o a l  i s  t w i c e  a s  b r i g h t " .  

A s i d e  f r o m  t h e  a b o v e  s c i e n t i f i c  t i d b i t s ,  w h i c h  w i l l  b e  
e x p l o r e d  more c o m p l e t e l y  i n  t h e  n e x t  c h a p t e r ,  t h e r e  shou ld  be 
a n  a i r  o f  d r a m a  d u r i n g  e x e c u t i o n  of t h e  e n c o u n t e r  s e q u e n c e s .  
The r o u n d - t r i p  communicat ion t i m e  w i l l  be  5.5 hours;  we w i l l  
be  s l e w i n g  t h e  s c a n  p l a t f o r m  t h a t  became s t u c k  f o r  a  p e r i o d  
f o l l o w i n g  t h e  S a t u r n  e n c o u n t e r ;  we w i l l  b e  u s i n g  a n  o n b o a r d  
computer t o  compress t h e  number of p i c t u r e  b i t s  s e n t  back t o  
Ear th ;  and we w i l l  be  programming Voyager 2 t o  pe r fo rm s e v e r a l  
'"image m o t i o n  c o m p e n s a t i o n ' '  a t t i t u d e  m a n e u v e r s  t o  a l l o w  t h e  
c a m e r a s  t o  t a k e  s h a r p e r  i m a g e s .  The b o t t o m  l i n e ?  T h e r e  
s h o u l d  b e  p l e n t y  of  e x c i t e m e n t  a n d  s u r p r i s e s  d u r i n g  t h e  
upcoming encounter .  

The f u t u r e  of Voyager  2 i s  l o o m i n g  w i t h  s u s p e n s e  a s  we 
wonder a b o u t  t h e  m y s t e r i o u s  kingdoms of Uranus and e v e n t u a l l y  
Neptune. The purpose  of t h i s  Guide is t o  t e l l  a  p i e c e  of t h a t  

s t o r y ,  t h e r e b y  k i n d l i n g  o u r  human q u e s t  t o  
u n d e r s t a n d  w o r l d s  beyond E a r t h  t h a t  compr i s e  a  
s m a l l  r e g i o n  of t h e  l a r g e r  cosmos. 



The U n i v e r s e  i s  n o t  o n l y  q u e e r e r  t h a n  w e  s u p p o s e ,  but 
q u e e r e r  t h a n  we can suppose,  

J , B , S ,  Haldane 

Welcome t o  t h e  g r e e n i s h - b l u e  g i a n t  known a s  Uranus! I t  
c o n t i n u e s  t o  r e m a i n  v e i l e d  a n d  m y s " t r i o u s  s e v e r a l  rreco~nths 
b e f o r e  e n c o u n t e r ,  a l l o w i n g  u s  t o  s e e  o n l y  s m a l l  n e a r -  
f e a t u r e l e s s  i m a g e s  of  a  p a l e  a q u a  p l a n e t  t h a t  h i d e s  t h e  
cus tomary  s i g n s  of a t m o s p h e r i c  c i r c u l a t i o n  p a t t e r n s ,  Not t o  
w o r r y ,  however ,  A t  Voyager"  s p e e d ,  e a c h  week c a r r i e s  o u r  
s e n s o r s  n e a r l y  9 m i l l i o n  k i l o m e t e r s  (5.5 m i l l i o n  m i l e s )  c l o s e r  
t o  t h e  g i a n t ,  By u s i n g  d i f f e r e n t  camera f i l t e r s  and a b i t  o f  
ground-based image enhancement,  we hope t o  u n v e i l  t h e  giant, 

The Uranian sys tem a l s o  c o n t a i n s  a  m y s t e r i o u s  r i n g  sys tem 
s o  d a r k  t h a t  it may n o t  b e  s e e n  u n t i l  t h e  l a s t  moment,  a s  we l l  
a s  s a t e l l i t e s  w i t h  r e l a t i v e l y  d a r k  s u r f a c e s  a n d  p o t e n t i a l l y  
unusual  d e n s i t y  d i s t r i b u t i o n s ,  

We p o s s e s s  f ew c l u e s  a b o u t  t h e  o r i g i n  of t h e  g i a n t ' s  
u n i q u e  o r i e n t a t i o n  i n  s p a c e ,  w i t h  t h e  p l a n e t a r y  equakor a n d  
t h e  o r b i t a l  p l a n e s  of  t h e  r i n g s  and f i v e  p r e s e n t l y - k n o w n  
s a t e l l i t e s  a l l  l y i n g  n e a r l y  p e r p e n d i c u l a r  t o  t h e  o r b i t a l  plane 
of t h e  s o l a r  sys tem,  

Another t y p e  of u n c e r t a i n t y  f a c i n g  t h e  m i s s i o n  t o  Uranus 
is t h e  absence  of a p r e c u r s o r  miss ion ,  A t  J u p i t e r  and Saturn, 
t h e  P i o n e e r  s p a c e c r a f t  a c t e d  l i k e  s c o u t s  t o  t e s t  t h e  h a z l s r d s  
o f  t h e  l o c a l  r a d i a t i o n  e n v i r o n m e n t ,  a n d  t h e  s p i n n i n g  l i t t l e  
c r a f t  p r o v i d e d  some p r e l i m i n a r y  d a t a  t o  g u i d e  t h e  l a t e r  
s c i e n c e  sequence des ign .  Voyager 2 w i l l  be  t h e  f i r s t  r o b o t  t o  
experienc'e t h e  Uranian  envi ronment ,  b u t  i t s  f l y b y  o b s e r v a t i o n s  
shou ld  make it p o s s i b l e  f o r  a  t w e n t y - f i r s t - c e n t u r y  fol low-on 
m i s s i o n  t o  U r a n u s  t o  " " t i l o r "  i t s  o b s e r v a t i o n s ,  p e r h a p s  e v e n  
d ropp ing  a  probe  i n t o  t h e  atmosphere.  



This c h a p t e r  of t h e  Guide p r e s e n t s  o n l y  a  l i m i t e d  s e t  of 
f a c t s  a b o u t  t h e  Uranian sys tem and a  l o t  more educa ted  g u e s s e s  
(ca l l .ed  p h y s i c a l  models) which a t t e m p t  t o  d e s c r i b e  t h e  p l a n e t  
a n d  its p o o r l y  u n d e r s t o o d  s a t e l l i t e s  a n d  r i n g s .  We w i l l  u s e  
Voyager  2 t o  l e a r n  a b o u t  U r a n u s  by p l a n n i n g  a  s e q u e n c e  of 
science o b s e r v a t i o n s  o r  ""links" a t  t h e  a p p r o p r i a t e  t i m e s  and 
g e o m e t r i e s ,  I n  t h e  r e m a i n d e r  of t h i s  c h a p t e r ,  t h e  u s e  of  
b r a c k e t e d  n u m b e r s  w i l l  r e f e r  t o  t h e  t o p  p r i o r i t y  s c i e n c e  
links i d e n t i f i e d  i n  T a b l e  4-1 of Chapter  4, 

U r a n u s  i s  t h e  s e v e n t h  p l a n e t  f r o m  t h e  Sun and  a l m o s t  a  
twin t o  Neptune, t h e  e i g h t h  p l a n e t  and o u t e r m o s t  of t h e  g i a n t  
p l a n e t s ,  Unknown t o  t h e  a n c i e n t s  d u e  t o  i t s  d i m n e s s ,  s l o w  
a p p a r e n t  m o t i o n  i n  t h e  s k y ,  a n d  s m a l l  s i z e  (4 .2  s e c o n d s  o f  
a r c ) ,  U r a n u s  was n o t  d i s c o v e r e d  u n t i l  1 7 8 1  by t h e  E n g l i s h  
a s t r o n o m e r  S i r  W i l l i a m  H e r s c h e l ,  T h e  m e t h a n e  i n  i t s  
a t m o s p h e r e  s t r o n g l y  a b s o r b s  r e d  l i g h t ,  l e a v i n g  t h e  p r i m a r y  
c o l o r s  of g r e e n  and b l u e  t o  dominate  i t s  appearance ,  

U r a n u s  o r b i t s  t h e  Sun e v e r y  84 y e a r s  and m a i n t a i n s  a 
d i s t a n c e  f r o m  t h e  Sun of  some n i n e t e e n  t i m e s  t h e  E a r t h - S u n  
d i s t a n c e  (19 A U ) ,  The p l a n e t  i s  f i f t e e n  t i m e s  m o r e  m a s s i v e  
t h a n  t h e  E a r t h  and f o u r  t i m e s  t h e  E a r t h ' s  d i a m e t e r ,  g i v i n g  it 
a mean d e n s i t y  l , l 8  t i m e s  t h a t  of water .  

I n  e a r l y  1986, Uranus, i t s  r i n g s ,  and s a t e l l i t e s  p r e s e n t  
a  v e r y  unusual  b u l l s - e y e  o r i e n t a t i o n  w i t h  an  i l l u m i n a t e d  s o u t h  
po l e  p o i n t e d  a l m o s t  d i r e c t l y  a t  t h e  E a r t h .  A g l a n c e  a t  
F i g u r e  2 - 1  s h o w s  t h i s  i s  n o t  a l w a y s  t h e  c a s e ,  s i n c e  i t s  a x i s  
r lemains  f i x e d  i n  s p a c e  d u r i n g  i t s  84-year  j o u r n e y  a b o u t  t h e  
Sun, W h i l e  no  o n e  u n d e r s t a n d s  how t h e  U r a n i a n  s y s t e m  was 
t u r n e d  o n  i t s  s i d e ,  c a l c u l a t i o n s  s h o w  t h a t  d u r i n g  i t s  
f o r m a t i o n  an  E a r t h - s i z e d  body t r a v e l i n g  some 6 4 , 0 0 0  km/hour 
(40,000 mph) cou ld  have s u p p l i e d  t h e  r e q u i r e d  c o l l i s i o n  f o r c e .  

, A s  s e e n  i n  F i g u r e  2 - 2 ,  t h e  p r e s e n t  u n i q u e  b u l l s - e y e  
o r i e n t a t i o n  of t h e  Uranian sys tem means t h a t  most 
of t h e  s i g n i f i c a n t  e v e n t s  of t h e  Voyager e n c o u n t e r  

\ - 
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\ w i l l  be compressed i n t o  a  quar te r -day  i n t e r v a l ,  
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F i g u r e  2-1. Each of U r a n u s s  f o u r  s e a s o n s  a r e  2 1  y e a r s  l o n g ,  
When Voyager  2 a r r i v e s  i n  1 9 8 6 ,  t h e  s o u t h e r n  
hemisphere  w i l l  be i n  extended d a y l i g h t ,  

r a t h e r  t h a n  t h e  more l e i s u r e l y  d a y s  t h a t  c h a r a c t e r i z e d  t h e  
J u p i t e r  and S a t u r n  encoun te r s .  

Due t o  i t s  n e a r - f e a t u r e l e s s  a p p e a r a n c e ,  t h e  p l a n e t ' s  
r o t a t i o n  r a t e  i s  p r e s e n t l y  n o t  known by  a n y  dizgak 
o b s e r v a t i o n ,  b u t  i s  b e l i e v e d  by i n d i r e c t  e v i d e n c e  t o  b e  
a r o u n d  1 6  h o u r s ,  The Voyager  P r o j e c t  e x p e r i m e n t e r s  w i l l  
a t t e m p t  t o  i d e n t i f y  and  t r a c k  c l o u d  f e a t u r e s  i n  a n  e f f o r  k t o  
d i r e c t l y  d e t e r m i n e  t h e  r o t a t i o n  p e r i o d  o f  t h e  U r a n u s  
a t m o s p h e r e .  I n  a d d i t i o n ,  a n y  r o t a t i o n  p e r i o d  f o u n d  by 
t r a c k i n g  c l o u d  f e a t u r e s  would be  compared w i t h  t h e  v a r i a b i l i t y  
( l i k e  a  r o t a t i n g  r a d i o  b e a c o n )  of t h e  p l a n e t "  k i l o m e t r i c  
r a d i o  e m i s s i o n  a s  measured by t h e  PRA. 

Ground-based t e l e s c o p i c  o b s e r v a t i o n s  s u g g e s t  a u n i q u e  
f a c t  a b o u t  t h e  Uranian h e a t  ba lance .  The p l a n e t  r e c e i v e s  o n l y  
1 /360  of  t h e  E a r t h ' s  a l l o c a t i o n  of t h e  s o l a r  r a d i a t i o n  p e r  
u n i t  a r e a ,  a n d  t h e  t h e r m a l  e n e r g y  r a d i a t e d  by Uranus  a p p e a r s  
t o  j u s t  b a l a n c e  t h a h b s o r b e d  f r o m  t h e  Sun. The o t h e r  t h r e e  
g i a n t  p l a n e t s  show an e x c e s s  r a d i a t i o n  of t h e r m a l  energy,  I f r  
i n  f a c t ,  U r a n u s  h a s  no  i n t e r n a l  h e a t  s o u r c e ,  t h e r e  may b e  a 
r a t h e r  l e s s  d y n a m i c  p l a n e t a r y  wind  r e g i m e  t h a n  was f o u n d  om 
J u p i t e r  and Sa tu rn .  During t h e  upcoming encoun te r ,  detail.ed 



F i g u r e  2 - 2 ,  With Uranus t i l t e d  on i ts  a x i s ,  t h e  o r b i t a l  p a t h s  
of  i t s  f i v e  known s a t e l l i t e s  r e s e m b l e  t h e  r i n g s  
o f  a n  i m m e n s e  a r c h e r y  t a r g e t  a s  V o y a g e r  2  
a p p r o a c h e s  t h e  s o u t h e r n  s u n l i t  h e m i s p h e r e  on  
J a n u a r y  2 4 ,  1986.  F i f t y - f  i v e  m i n u t e s  b e f o r e  
Uranus c l o s e s t  approach,  t h e  s p a c e c r a f t  w i l l  p a s s  
Miranda a t  a  r ange  of 29,000 k m  (18,000 m i ) .  

observat j ions  a r e  be ing  p lanned t o  measure more p r e c i s e l y  t h e  
g l o b a l  h e a t  budget  El,21. 

Based upon e s t i m a t e s  of  a  16-hour  r o t a t i o n  r a t e  a n d  
o b l a t e n e s s  o b t a i n e d  f r o m  r i n g  d y n a m i c s ,  s e l f -  
c o n s i s t e n t  models  of t h e  Uranian i n t e r i o r  p r o v i d e  

/ i 
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F i g u r e  2-3 .  U r a n u s  i s  4 t i m e s  w i d e r  and  1 5  t imes  h e a v i e r  t h a n  
Ear th .  S t r o n g  methane c o n c e n t r a t i o n s  a b s o r b  r e d  
l i g h t ,  l e a v i n g  a  p a l e  aqua c o l o r .  

m a n t l e ,  and t h e  remainder  mos t ly  hydrogen, he l ium,  and me t h a n e  
g a s .  A s i m p l i f i e d  s k e t c h  of t h e  U r a n u s  i n t e r i o r  i s  shown i n  
F i g u r e  2-3. Both Uranus and Neptune have r e l a t i v e l y  more mass 
i n  t h e i r  c o r e s  t h a n  i n  t h e i r  o u t e r  e n v e l o p e s ,  making t h e m  
d e n s e r  t h a n  J u p i t e r  a n d  S a t u r n .  B e i n g  l e s s  d e n s e  t h a n  t h e  
i n n e r  p l a n e t s ,  however, t h e y  r e p r e s e n t  a  d i s t i n c t  and s p e c i a l  
p l a n e t a r y  c a t e g o r y  w i t h i n  t h e  s o l a r  system. 

N o t h i n g  i s  known d i r e c t l y  a b o u t  t h e  d y n a m i c s  of t h e  
a t m o s p h e r e  of  U r a n u s  a s  no  m o t i o n s  h a v e  b e e n  o b s e r v e d  f r o m  



ground-based t e l e s c o p e s ,  a l t h o u g h  r e c e n t  i n f r a r e d  images have 
shown some s h a d i n g .  Do t h e  U r a n i a n  w i n d s  b low 1 6 0 0  km/hr 
(1000 mph) n e a r  e q u a t o r i a l  r e g i o n s  l i k e  t h o s e  on S a t u r n ,  o r  
aKe t h e  w i n d s  l i t t l e  more t h a n  p u f f s  t h a t  would  n o t  s t i r  t h e  
s u r f a c e  of  a  m i l l  pond on  a  l a t e  summer e v e n i n g ?  No o n e  knows! 
The c o m b i n a t i o n  of a  r a p i d  r o t a t i o n  r a t e ,  u n u s u a l  t h e r m a l  
ba lance ,  and a s p e c t  geometry (where  t h e  p o l e s  a l t e r n a t e l y  f a c e  
t h e  Sun  e v e r y  42 y e a r s )  may l e a d  t o  s o m e  v e r y  s t r a n g e  
a t m o s p h e r i c  c i r c u l a t i o n  f e a t u r e s .  

A t  t h e  c l o u d  t o p s  o f  Uranus ,  t e m p e r a t u r e s  m e a s u r e  a  
c h i l l y  -1600 C (-256O F), some 7 Q 0  C (1260  F) b e l o w  t h a t  of 
t h e  c o l d e s t  A n t a r c t i c  n i g h t  e v e r  r e c o r d e d  on E a r t h .  The 
t e m p e r a t u r e  a t  t h e  p l a n e t ' s  c e n t e r  p r o b a b l y  r e a c h e s  s e v e r a l  
t h o u s a n d  d e g r e e s .  T h e s e  f r i g i d  c l o u d  t o p  t e m p e r a t u r e s  a r e  

c l o s e  t o  t h o s e  w h e r e  g a s e s  l i k e  m e t h a n e  ( c H ~ )  and  p o s s i b l y  
a c e y l e n e  ( C 2 H 2 )  and  e t h a n e  (C2Hg) t u r n  t o  c l o u d s  o r  snow 
( F i g u r e  2 - 4 ) -  No o n e  knows t h e  t r u e  amount  of hydrogen  ( H 2 )  
a n d  h e l i u m  (He) i n  t h e  U r a n i a n  a t m o s p h e r e ,  e v e n  t h o u g h  t h e y  
m u s t  c o m p r i s e  t h e  b u l k  of  t h e  g a s e s  p r e s e n t .  The p l a n e t a r y  
o c c u l t a t i o n  exper iment  [3 ,71  s h o u l d  shed more l i g h t  o n t o  t h i s  
u n c e r t a i n  c o r n e r  of p l a n e t a r y  physics .  

M o d e l s  of  t h e  U r a n i a n  a t m o s p h e r e  a l s o  s u g g e s t  t h a t  t h e  
e q u a t o r i a l  r e g i o n s  a r e  h a z i e r  a t  h i g h e r  a l t i t u d e s  t h a n  p o l a r  
r e g i o n s ,  Thus a t  t h e  p o l e s  Voyager may s e e  i n t o  deeper  l a y e r s  
o f  m e t h a n e  a n d  p e r h a p s  e v e n  f i n d  a c e t y l e n e  a n d  e t h a n e  
hydrocarbon snow. S e v e r a l  o c c u l t a t i o n  o b s e r v a t i o n s  have been 
des igned  t o  accompl i sh  t h i s  o b j e c t i v e  [4,5,6,7].  

The Voyager s p a c e c r a f t  is approaching t h e  p l a n e t  Uranus 
w i t h o u t  p r i o r  knowledge of t h e  e x i s t e n c e  of a  magne t i c  
f i e l d  o r  s o l i d  e s t i m a t e s  o f  d e n s i t y  a n d  s h a p e  o f  t h e  
s u r r o u n d i n g  e n v e l o p e  of  c h a r g e d  p a r t i c l e s  known a s  t h e  
magnetosphere. Are t h e  a u r o r a l  u l t r a v i o l e t  e m i s s i o n s  and d a r k  
r i n g s  c l u e s  t o  a  s t r o n g  t r a p p e d  p a r t i c l e  envi ronment ,  pe rhaps  

e v e n  J u p i t e r - l i k e ,  w i t h  r a d i a t i o n  l e v e l s  e a s i l y  
c a p a b l e  o f  k i l l i n g  a  human i n  s h o r t  o r d e r ?  O r  
w i l l  t h e  Voyager magnetometer  s u r v e y  something 

/ / '\ '\ 
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Figure  2-4. C louds  of methane  a b s o r b  r e d  L i g h t  a n d  give 
Uranus a  p a l e  aqua co lor .  Beneath t h e s e  clouds, 
we would expec t  t o  f i n d  a  l aye r  of ace ty l ene  and 
e t h a n e  snow b e f o r e  r e a c h i n g  d e e p e r  l a y e r s  s f  
ammonia and w a t e r  i c e s ,  l a c e d  with h y d r o g e n  
s u l f i d e  p a r t i c l e s .  

l i k e  t h e  minimal Venus f i e l d ?  The l a t t e r  is  no t  i n t r i n s i c  t o  
Venus, b u t  is uinduced" by an i n t e r a c t i o n  wi th  t h e  solar wind, 

The U r a n i a n  m a g n e t o s p h e r e  w i l l  p r o b a b l y  have a TTery 
u n u s u a l  s h a p e  a n d  p h y s i c a l  p r o p e r t i e s  a s  t h e  p e c u l i a r  
o r i e n t a t i o n  (F igure  2-51) of t h e  p l a n e t a r y  a x i s  a l l o w s  direct 
abso rp t ion  of t h e  s o l a r  wind p a r t i c l e s  on to  t h e  sou th  pole to 
main ta in  a r e l a t i v e l y  permanent (no d i u r n a l  change) ionosphere 
[24,25,26]. I t  i s  o n l y  a n  a s s u m p t i o n  t h a t  t h e  planet's 
m a g n e t i c  a x i s  a l i g n s  w i t h  t h e  r o t a t i o n a l  a x i s ;  r e c a l l  t h a t  
J u p i t e r  has  a  100 o f f s e t  between t h e  two; Earth" ddi~pole field 
h a s  an  even  l a r g e r  o f f s e t  f rom t h e  r o t a t i o n  a x i s ,  A n o t h e r  
item of g r e a t  i n t e r e s t  t o  t h e  s c i e n t i f i c  community is whekheu 
any  Uran ian  s a t e l l i t e s  a r e  s o u r c e s  o r  s i n k s  of energetic 
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F i g u r e  2-5, The m a g n e t o s p h e r e ,  i n f e r r e d  by t h e  a u r o r a l  UV 
e m i s s i o n s ,  i s  u n i q u e  b e c a u s e  of t h e  ""pole-ons" 
a s p e c t  t o  t h e  s o l a r  wind p a r t i c l e s ,  

p a r t i c l e s  i n  t h e  magnetosphere  a s  was found i n  t h e  r e g i o n  n e a r  
J u p i t e r "  s a t t e l i t e  Io. 

Then, my queen, i n  s i l e n c e  sad,  
T r i p  w e  a f t e r  t h e  n i g h t ' s  shade;  
We t h e  g l o b e  can compass soon, 
S w i f t e r  t h a n  t h e  wandering moon. 

Oberon  s p e a k i n g  i n  Act  4 S c e n e  1 of S h a k e s p e a r e ' s  

//' - --\ "Midsummer Nigh t s  Dream*" 



S i x  y e a r s  a f t e r  h i s  d i s c o v e r y  of t h e  p l a n e t ,  H e r s c h e l  
d i s c o v e r e d  t h e  two l a r g e s t  o u t e r  Uranian s a t e l l i t e s  Obersn and 
T i t a n i a .  I n  1 8 5 1 ,  W i l l i a m  L a s s e l l  f o u n d  A r i e l  and Umbariel! 
w h i l e  M i r a n d a ' s  d d i s o v e r y  was d e l a y e d  u n t i l  1 9 4 8  when G,  
Kuiper  f i r s t  saw t h i s  f a i n t  s a t e l l i t e ,  A s  shown i n  F i g u r e  2- 
6, Uranus, u n l i k e  t h e  o t h e r  t h r e e  o u t e r  g i a n t  p l a n e t s ,  b a s  no 
l a r g e  s i z e d  s a t e l l i t e s  w i t h  d i a m e t e r s  exceeding 2000  krn ( 1 2 5 0  
m i ) .  

A n o t h e r  u n u s u a l  f e a t u r e  is t h a t ,  e x c e p t  f o r  M i r a n d a F  
U r a n i a n  s a t e l l i t e s  seem t o  i n c r e a s e  i n  d e n s i t y  t h e  f u r t h e r  
away we move f r o m  t h e  p l a n e t .  A r i e l  and U m b r i e l  have  mean 
d e n s i t i e s  a  l i t t l e  more t h a n  w a t e r  and p robab ly  have e x t e n s i v e  
i c y  m a n t l e s  s u r r o u n d i n g  a  s m a l l  r o c k y  c o r e .  T i t a n i a  a n d  
Oberon  h a v e  mean d e n s i t i e s  v e r y  c l o s e  t o  t h a t  of  r o c k s  f o u n d  
on t h e  E a r t h  and, by c o n t r a s t  t o  t h e  o t h e r  two s a t e l l i t e s ,  may 
have on ly  a  t h i n  i c y  c r u s t .  I t  should  be  no ted ,  however, t h a t  
p r e s e n t  d e n s i t y  e s t i m a t e s  a r e  s u f f i c i e n t l y  u n c e r t a i n  that a 
u n i f o r m  d e n s i t y  t w i c e  t h a t  of  w a t e r  c o u l d  f i t  a l l  f i v e  
s a t e l l i t e s .  

T h i s  i s  a  r e v e r s a l  of t h e  s i t u a t i o n  f o u n d  a t  J u p i t e r  
w h e r e  s a t e l l i t e s  c l o s e  t o  t h e  p l a n e t  a r e  more d e n s e ,  A t  
S a t u r n  t h e r e  is  l i t t l e  c o m p o s i t i o n a l  d i f f e r e n c e  w i t h  d i s t a n c e  
f r o m  t h e  p l a n e t .  Our knowledge  of  t h e  d i a m e t e r s  of t h e  
s a t e l l i t e s  s h o u l d  i m p r o v e  d r a m a t i c a l l y  [ 1 6 , 1 7 , 1 8 , 2 0 , 2 1 ] .  
However, o n l y  t h e  e s t i m a t e  of t h e  mass of Miranda h a s  a chance 
of b e i n g  s u b s t a n t i a l l y  improved by t h e  qu ick  Voyager f l yby ,  

A n o t h e r  i n d i c a t i o n  of  t h e  u n u s u a l  c h a r a c t e r  of  t h e  
U r a n i a n  s a t e l l i t e s  a r e  t h e i r  r e l a t i v e l y  d a r k  s u r f a c e s  w h i c h  
a r e  t h o u g h t  t o  b e  c o v e r e d  by a  m i x t u r e  of i c e s  of  w a t e r ,  
m e t h a n e ,  a n d  ammc>nia, and  a l s o  a  d a r k  s u b s t a n c e ,  a l l  a t  a mean 
t e m p e r a t u r e  n e a r  -193°G (-315O F). Ground-based measurements  
o f  t h e  U r a n i a n  s a t e l l i t e s  i n d i c a t e  s i m i l i a r  i n f  r a x e d  
a b s o r p t i o n  a n d  r e f l e c t i v e  p r o p e r t i e s  t o  H y p e r i o n ,  one  of 
S a t u r n "  o u t e r  s a t e l l i t e s .  P e r  h a p s  d u r i n g  t h e  e a r l y  h i s t o r y  
of t h e  f o r m a t i o n  of Uranus, t h e  even t  t h a t  t i l t e d  t h e  p l a n e t g s  
a x i s  a l s o  i n f l u e n c e d  t h e  f o r m a t i o n  of t h e  Uranian s a t e l l i t e s  
(from t h e  p l a n e t a r y  p r o d u c t s  " sp lashed"  i n t o  near-Idraaaus s p a c e  
by  t h e  c o l l i s i o n )  and  l e f t  t h e i r  s u r f a c e s  c o v e r e d  w i t h  a 
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Figure  2-6. Except  f o r  Miranda ,  t h e  s a t e l l i t e  d e n s i t i e s  may 
i n c r e a s e ,  r a t h e r  t h a n  d e c r e a s e ,  w i t h  d i s t a n c e  
from Uranus. 

mix ture  of f r o s t y  i c e  and p r i m o r d i a l  dark rocky ma te r i a l .  

I l l 1  
1 1 1 1  

I f  n o t  a  p r i m o r d i a l  o r i g i n  f o r  t h e  Uran ian  s a t e l l i t e  
su r f aces ,  t h e n  some h igh  energy source  might have darkened t h e  
methane  i c e .  Lab e x p e r i m e n t s  have c o n f i r m e d  t h a t  da rk - r ed  
o r g a n i c  p o l y m e r s  can  fo rm when methane  is s u b j e c t e d  t o  
e n e r g e t i c  r a d i a t i o n .  P o s s i b l e  s o u r c e s  of e n e r g y  a r e  c o s m i c  
gamma r a d i a t i o n ,  u l t r a v i o l e t  l i g h t ,  and e n e r g e t i c  p a r t i c l e s  
from t h e  Uranian magnetosphere. Other p o s s i b l e  m a t e r i a l s  t h a t  
might account  f o r  su r f ace  darkening a r e  magnet i t e  and v a r i o u s  
s i l i c a t e s  t h a t  may have been c a r r i e d  t o  t h e  s u r f a c e  by 
vo lcan ic  a c t i v i t y .  The deba te  on t h e s e  q u e s t i o n s  surrounding 

t h e  s a t e l l i t e  s u r f a c e  p r o p e r t i e s  [16818r19r22823] 
may be b e t t e r  focused a f t e r  t h e  Voyager encounter. 
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F i n a l l y ,  Voyager 2  w i l l  be s e a r c h i n g  f o r  s m a l l  s a t e l l i t e s  
t h a t  may b e  a t  t h e  L4 o r  L5 L a g r a n g i a n  p o i n t s  i n  t h e  o r b i t s  of  
t h e  f i v e  p r e s e n t l y  known moons. ,A few of t h e s e  L a g r a n g i a n -  
p o i n t  s a t e l l i t e s  w e r e  d i s c o v e r e d  i n  t h e  S a t u r n  s y s t e m ,  
Voyager 2  w i l l  a l s o  be  s e a r c h i n g  f o r  s m a l l  s a t e l l i t e s  o r b i t i n g  
n e a r  t h e  edges  of t h e  r i n g s  18,101. 

The d i s c o v e r y ,  i n  1 9 7 7 ,  of  s e v e r a l  t h i n  r i n g s  d u r i n g  a 
s t e l l a r  o c c u l t a t i o n  of Uranus by James E l l i o t t  ( u s i n g  t h e  INASA 

Kuiper  A i r b o r n e  Observa to ry )  s t i m u l a t e d  f u r t h e r  a c t i v i t y  by a 
number of ground-based as t ronomers .  I n  t h e  f o l l o w i n g  y e a r s ,  
a s t r o n o m e r s  d i s c o v e r e d  a  s y s t e m  of n i n e  n a r r o w  r i n g s  moving 
w i t h  u n i f o r m  p r e c i s i o n  a b o u t  t h e  p l a n e t .  They a r e  shown to 
s c a l e  i n  F i g u r e  2 -7 ,  I n  s i z e ,  t h e y  h a v e  a n  a v e r a g e  
c i r c u m f e r e n c e  of  290,000 k m  (180,000 m i l e s )  a n d  a r e  l o c a t e d  
b e t w e e n  41 ,830  k m  (26 ,000  m i )  a n d  51,600 k m  (32 ,000  m i l  f r o m  
t h e  p l a n e t ' s  c e n t e r .  

E i g h t  of  t h e  n i n e  r i n g s  a r e  n e a r l y  c i r c u l a r  and v e r y  
n a r r o w ,  l e s s  t h a n  11 k m  ( 7  m i )  i n  w i d t h ,  a l t h o u g h  t h e  
o u t e r m o s t  r i n g  v a r i e s  i n  d i s t a n c e  f r o m  U r a n u s  by  800 k m  (500  
m i )  a n d  h a s  a  v a r i a b l e  w i d t h  o f  20 t o  96 k m  (12  t o  60 m i ) ,  A s  
t h e y  r e f l e c t  o n l y  2% of t h e  i n c i d e n t  l i g h t ,  t h e  s i n g s  a r e  
d a r k e r  t h a n  c o a l  dus t .  Are t h e  Uranian  r i n g s  b lackened by t h e  
s a m e  p r o c e s s  t h a t  p r o d u c e s  l e s s  s e v e r e  d a r k e n i n g  of  t h e  
s a t e l l i t e  s u r f a c e s ?  While no one knows t h e  answer ,  Voyager 2 
w i l l  hopef u l l y  d i s c o v e r  more d e t a i l s  abou t  t h e  r i n g  t h i c k n e s s ,  
r i n g  w i d t h s ,  c o m p o s i t i o n ,  a n d  p a r t i c l e  s i z e s  [ 8 r 9 r 1 0 a l % r  
12,13,141.  G u a r d i a n  o r  s h e p h e r d i n g  m o o n l e t s  [8 ,101 w ' i L 1  b e  
watched f o r ,  

When o n e  c o m p a r e s  t h e  r i n g  s y s t e m s  of t h e  v a r i o u s  o u t e r  
p l a n e t s ,  o n l y  S a t u r n  seems "c p o s s e s s  e x t e n s i v e  b r i g h t  r i n g s ,  
I n  c o n t r a s t ,  U r a n u s  and  J u p i t e r "  s i n g s  a r e  d a r k  and n a r r o w ,  
T h e  n e w l y  d i s c o v e r e d  N e p t u n i a n  r i n g  i s  p r o b a b l y  t h i n  
and i r r e g u l a r ,  p o s s i b l y  d i s c o n t i n u o u s .  The p h y s i c a l  r e l a t i o n -  
s h i p s  be tween t h e  Uranian r i n g s  and t h o s e  found a t  J u p i t e r  and 
Neptune may n o t  be c l e a r  u n t i l  a f  t e r  t h e  Neptune e n c o u n t e r  i n  
1989. 
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F i g u r e  2-7. Uranus has  n i n e  narrow r i n g s  t h a t  a r e  d a r k e r  t h a n  
c o a l  d u s t .  Some of t h e  r i n g s  a r e  n o n - c i r c u l a r  
and have v a r i a b l e  width.  

I n  some s e n s e ,  t h e  o b s e r v a t i o n s  made of  t h e  r i n g  s y s t e m  
s i n c e  1977  had t o  s e r v e  i n  p l a c e  of a P i o n e e r - l i k e  p r e c u r s o r  
nlissnon t o  Uranus. Because of t h e  p r e c i s i o n  of numerous s t a r  
o c c u l t a t i o n  m e a s u r e m e n t s ,  we know q u i t e  a  b i t  a b o u t  t h e  

U r a n i a n  r i n g  s y s t e m .  T h i s  i n f o r m a t i o n  h a s  b e e n  
e x t r e m e l y  v a l u a b l e  i n  d e s i g n i n g  t h e  Voyager-2  

- 

/ s c i e n c e  o b s e r v a t i o n a l  sequences.  
/ 



L e t  y o u r  s o u l  s t a n d  c o o l  and composed b e f o r e  a  
m i l l i o n  u n i v e r s e s .  

Walt Whi tman 

When you a r e  a s k e d  t o  t h i n k  a b o u t  s p a c e  m i s s i o n s  to t h e  
p l a n e t s ,  you w i l l  p robab ly  t h i n k  a b o u t  s t u f f .  T a n g i b l e  s t u f f .  
You m i g h t  t h i n k  a b o u t  t h e  s p a c e c r a f t ,  o v e r  8 0 0  k i l o g r a m s  
( n e a r l y  one  t o n )  of s t r u c t u r e  and e l e c t r o n i c s  gear .  You m i g l ~ t  
t h i n k  of g i a n t  a n t e n n a s  t o  r e c e i v e  t h e  s i g n a l s  f r o m  o u t e r  
space .  You might  t h i n k  of c o n t r o l  c e n t e r s  w i t h  v i d e o  d i s p l a y s  
and red,  g reen ,  and y e l l o w  l i g h t s .  

B u t  y o u  m i g h t  n o t  t h i n k  o f  p e o p l e ,  p l a n s ,  a n d  
c o o r d i n a t i o n .  You should ,  T h i s  is t h e  i n t a n g i b l e  s t u f f  from 
w h i e h  p l a n e t a r y  m i s s i o n s  a r e  made. Voyager  p e o p l e  is  t h e  
theme whieh w i l l  run  th rough  t h i s  c h a p t e r  of t h e  Guide, T h e i r  
p e r f o r m a n c e  t h r o u g h  J a n u a r y  1 9 8 6  w i l l  d e t e r m i n e  i f  Voyager  
Uranus e a r n s  a  g o l d  medal, 

The g o l d  medal,  r e m i n i s c e n t  of t h e  XXIII rd  Olympiad h e l d  
i n  L o s  A n g e l e s  i n  1 9 8 4 ,  p r o v i d e s  u s  a  good c o m p a r i s o n ,  The 
Voyager e n c o u n t e r  w i t h  Uranus is an  Olympian e v e n t ,  i n  t e r m s  
of c o s t ,  c o m p l e x i t y p  number of peop le ,  and world-wide e x t e n t ,  

S t a r t  w i t h  t h e  Voyager s c i e n t i s t s .  There  a r e  130 Voyager 
i n v e s t i g a t o r s  a t  u n i v e r s i t i e s ,  o b s e r v a t o r i e s ,  a n d  a e r o s p a c e  
c o m p a n i e s  a l l  o v e r  t h e  U n i t e d  S t a t e s  p l u s  Canada ,  E n g l a n d ,  
F r a n c e  a n d  G e r m a n y .  T h e  I n v e s t i g a t o r s  a r e  V o y a g e r o s  
c o m p e t i t o r s ,  s e l e c t e d  i n  a  c o m p e t i t i v e  p r o c e s s  a t  l e a s t  a s  
i n t e n s e  a s  t h e  O l y m p i c  t r i a l s .  They a r e  s u p p o r t e d  by h a l f  
a g a i n  t h e i r  number of r e s e a r c h  a s s i s t a n t s  and s t u d e n t s .  The 
i n v e s t i g a t o r s  f o r m u l a t e  t h e  b a s i c  q u e s t i o n s  t o  b e  a n s w e r e d  
a b o u t  Uranus, i ts  s a t e l l i t e s ,  and i t s  neighbor  hood. 



T h e s e  q u e s t i o n s  r e q u i r e  t h a t  Voyager  2  make s p e c i f i c  
o b s e r v a t i o n s  a t  U r a n u s  u n d e r  j u s t  t h e  r i g h t  c o n d i t i o n s .  To 
m a t c h  q u e s t i o n s  w i t h  o b s e r v a t i o n s  r e q u i r e s  a  v a s t  amount  of  
i n f o r m a t i o n  a b o u t  t h e  s p a c e c r a f t  and a b o u t  Uranus .  For  
e x a m p l e ,  j u s t  w h e r e  i s  t h e  s p a c e c r a f t ,  j u s t  w h e r e  a r e  t h e  
s a t e l l i t e s  of Uranus, and what  d i r e c t i o n  must t h e  s p a c e c r a f t  
l o o k  t o  s e e  t h e  s a t e l l i t e s .  D e t e r m i n i n g  t h e  s p a c e c r a f t  
p o s i t i o n  i s  t h e  j o b  of a  10-member g r o u p  of s p a c e c r a f t  
n a v i g a t o r s  a t  JPL who d e t e r m i n e  b o t h  t h e  s p a c e c r a f t  l o c a t i o n  
and t h e  r o c k e t  motor  b u r n s  needed t o  c o r r e c t  t h e  l o c a t i o n .  

Determining t h e  Uranianl  s a t e l l i t e  l o c a t i o n s  is i n i t i a l l y  
t h e  j o b  of  a n o t h e r  10-member g r o u p  of o r b i t  e x p e r t s ,  some a t  
JPL a n d  some a t  p l a c e s  l i k e  t h e  U n i v e r s i t i e s  of T e x a s  a n d  
V i r g i n i a .  They t a k e  t h e  l a t e s t  i n f o r m a t i o n  a v a i l a b l e  t o  
r e f i n e  t h e  p o s i t i o n s  of Uranus and i t s  s a t e l l i t e s .  Remember, 
Uranus t r a v e l s  around t h e  Sun s o  s l o w l y  t h a t  o n l y  2.5 Uranian 
y e a r s  have passed  s i n c e  i t s  d i s c o v e r y  and less t h a n  6 Uranian 
m o n t h s  have  p a s s e d  s i n c e  t h e  d i s c o v e r y  of i t s  s a t e l l i t e  
Miranda. I t %  no wonder t h a t  t h e r e  is s t i l l  some u n c e r t a i n t y  
a b o u t  p r e c i s e  l o c a t i o n s ,  b u t  t h e s e  e p h e m e r i s  e x p e r t s  c a n  
p r e d i c t  t h e  s a t e l l i t e  p o s i t i o n s  t o  a c c u r a c i e s  o f  5 ,000 k m  
(3 ,900 m i )  o r  b e t t e r  many months i n  advance of t h e  encounter .  

The s p a c e c r a f t  n a v i g a t o r s ,  however, a r e  a f t e r  even b e t t e r  
a c c u r a c i e s .  They a r e  e q u i p p e d  w i t h  some p r e t t y  f a n c y  o r b i t  
d e t e r m i n a t i o n  c o m p u t e r  p r o g r a m s  t h a t  s o l v e  f o r  t h e  
s i m u l t a n e o u s  p o s i t i o n s  of a l l  b o d i e s .  T h e i r  m o s t  i m p o r t a n t  
d a t a  f o r  u p d a t i n g  t h e  o r b i t a l  e l e m e n t s  of t h e  s a t e l l i t e s  w i l l  
b e  Voyager-2  i m a g e s  of t h e  s a t e l l i t e s  a g a i n s t  a  known s t a r  
b a c k g r o u n d .  By u s i n g  t h e  n a r r o w - a n g l e  TV c a m e r a  t o  s h o o t  
s a t e l l i t e - s t a r  i m a g e s  u n t i l  a  f e w  d a y s  b e f o r e  c l o s e s t  
a p p r o a c h ,  t h e s e  r e a l - t i m e  n a v i g a t o r s  c a n  e s t i m a t e  s a t e l l i t e  
p o s i t i o n s  r e l a t i v e  t o  U r a n u s  t o  1 0 0  k m  ( 6 2  m i )  o r  b e t t e r ,  
T h i s  i s  e q u i v a l e n t  t o  l o c a t i n g  t h e  f i n i s h  l i n e  f o r  t h e  
marathon t o  a n  accuracy  of 1/18 of a  inch.  

Okay, s o  we know where e v e r y t h i n g  is. What's our  m a s t e r  
p l a n ?  We have l i m i t e d  r e s o u r c e s  and a  r i g i d  t i m e  
s c h e d u l e ,  b u t  we w a n t  t h e  g r e a t e s t  p o s s i b l e  
m i s s i o n  r e t u r n .  The Miss ion  P lann ing  Off ice (MPO) 

\ 



F i g u r e  3-1. Miss ion  p lann ing  e s t a b l i s h e s  g u i d e l i n e s  f o r  t h e  
u s e  of  p r o j e c t  c o n s u m a b l e s  a n d  h e l p s  d e f i n e  t h e  
e n v e l o p e  w i t h i n  w h i c h  t h e  s e q u e n c e s  w i l l  b e  
developed.  

h a s  t h e  t a s k  of  p r e p a r i n g  a  l a r g e  c o l l e c t i o n  of  " " g u i d e l i n e s  
a n d  c o n s t r a i n t s "  t h a t  g o v e r n  how t h e  p r o j e c t  r e s o u r c e s  a n d  
s p a c e c r  a f t  c o n s u m a b l e s  w i l l  b e  u s e d  t o  a c h i e v e  h i g h - v a l u e  
s c i e n c e  r e t u r n ,  w h i l e  m a i n t a i n i n g  an a c c e p t a b l e  l e v e l  of r i s k ,  
A s  s u g g e s t e d  b y  t h e  c a r t o o n  s k e t c h  o f  F i g u r e  3 - 1 ,  t h e  
g u i d e l i n e s  e s t a b l i s h  t h e  e n v e l o p e  w i t h i n  w h i c h  t h e  m i s s i o r l  
s e q u e n c e s  w i l l  b e  d e s i g n e d ,  i m p l e m e n t e d ,  and  e x e c u t e d ,  T h e  
MPO f u n c t i o n  i s  a n a l o g o u s  t o  t h a t  of  t h e  Los  A n g e l e s  O l y m p i c  
Organ iz ing  Committee, The t i m e  span is even t h e  same. Many 
of  t h e  b a s i c  d e c i s i o n s  w h i c h  w e r e  e s s e n t i a l  t o  t h e  U r a n u s  
e n c o u n t e r  were made i n  t h e  mid-1970s, w e l l  b e f o r e  launch.  

G i v e n  knowledge  of t h e  s a t e l l i t e  a n d  t a r g e t  l o c a t i o n s  
w i t h  t i m e ,  scan  p l a t f o r m  p o i n t i n g  and o b s e r v i n g  c o n d i t i o n s  can 



be computed, The S c i e n c e  I n v e s t i g a t i o n  Suppor t  (SPS) Team a t  
JPL, a b o u t  30 s t r o n g ,  a c t  a s  t h e  f o c u s  f o r  t h e  d e t a i l e d  
s c i e n c e  p l a n n i n g ,  R e p r e s e n t a t  i v e s  f o r  e a c h  e x p e r i m e n t  
i n h r a c t  w i t h  i n v e s t i g a t o r s  and  o t h e r  p a r t s  of  t h e  Voyager  
P r o j e c t .  T h e  r e s u l t  i s  a n  i n t e g r a t e d  p l a n  f o r  a l l  
o b s e r v a t i o n s  in tended ,  

It i s  n o t  uncommon f o r  t h e  i n v e s t i g a t o r s  t o  d e s i r e  
e s n f  l i c k i n g  o b s e r v a t i o n s ,  To r e s o l v e  t h e s e  c o n f l i c t s ,  t h e  
V o y a g e r  S c i e n c e  S t e e r i n g  G r o u p  ( S S G ) ,  c o m p r i s e d  o f  t h e  
P r i n c i p a l  I n v e s t i g a t o r s ,  meets r e g u l a r l y  a t  JPL t o  r ev iew t h e  
o b s e r c v a t i o n  p l a n s ,  The members  of t h e  SSG make t h e  s c i e n c e  
d e c i s i o n s  r e q u i r e d  t o  e n s u r e  t h a t  t h e  o b s e r v a t i o n  p l a n s  w i l l  
yield t h e  b e s t  Uranus s c i e n c e .  

A s  s o o n  a s  t h e  f i n a l  o b s e r v a t i o n  p l a n  i s  r e a d y ,  p r i m a r y  
r e s p o n s i b i l i t y  p a s s e s  t o  t h e  sequence  development  eng inee rs .  
The S e q u e n c e  Team c o n s i s t s  of a b o u t  30 members a t  JPL who 
f l e s h  o u t  t h e  o b s e r v a t i o n  p l a n s  w i t h  t h e  i n s t r u m e n t  a n d  
s p a c e c r a f t  commands r e q u i r e d  t o  produce  t h e  d e s i r e d  r e s u l t s .  
The  S e q u e n c e  Team e n s u r e s  t h a t  no  o p e r a t i n g  c o n s t r a i n t s  a r e  
c q i o l a t e d  and  t h a t  a l l  of t h e  i n s t r u c t i o n s  t o  t h e  s p a c e c r a f t  
will f i t  i n t o  i t s  c o m p u t e r  mernory. The Voyager-2  c o m p u t e r ,  
t h e  Cornputel: Command Subsystem (CCS), has  rough ly  2500 words 
of memory r e s e r v e d  f o r  sequencing.  Two words a r e  r e q u i r e d  f o r  
a simplie i n s t r u c t i o n :  one t o  s p e c i f y  t h e  e v e n t  t o  t a k e  p l a c e ,  
%:he okh~er  t a  s p e c i f y  t h e  t i m e  of occur rence ,  For a  p e r i o d  of 
high a c t i v i t y  s u c h  a s  U r a n u s  n e a r - e n c o u n t e r ,  CCS w o r d s  a r e  
always a t  a  premium. 

The S p a c e c r a f t  Team, abou t  60 e n g i n e e r s  s t r o n g  a t  JPL, is 
r e s p o n s i b l e  f o r  t h e  h e a l t h  and o p t i m a l  use  of t h e  s p a c e c r a f t ,  
I t  must anallyze t h e  s p a c e c r a f t  e n g i n e e r i n g  t e l e m e t r y  i n  o r d e r  
tco d e t e r m i n e  how t h e  s p a c e c r a f t  i s  p e r f o r m i n g  a n d  p l a n  t h e  
e n g i n e e r i n g  s e q u e n c e s  w h i c h  a r e  n e e d e d  f o r  t h e  o b s e r v a t i o n  
p l a n s  t o  s u c c e e d ,  Roughly  h a l f  t h e  S p a c e c r a f t  Team w i l l  b e  

e n g a g e d  i n  p l a n n i n g  a t  a n y  g i v e n  t i m e ,  t h e  r e s t  
w i l l  be  invo lved  w i t h  d a t a  a n a l y s i s ,  Eng inee r ing  
s e q u e n c e s ,  s u c h  a s  s p a c e c r a f t  m a n e u v e r s ,  a r e  



F i g u r e  3-2. P e o p l e  o f t e n  h a v e  humorous  ways t o  v i e w  t h e i r  
w o r k i n g  i n t e r r e l a t i o n s h i p s ,  a n d  Voyager  is no 
e x c e p t i o n  ( e a r l y  v e r s i o n  o f  "ye  o l d e  s e q u e n c e  
d e s i g n  p r o c e s s " ) ,  

passed  from t h e  S p a c e c r a f t  Team p l a n n e r s  t o  t h e  Sequence Team 
f o r  i n c o r p o r a t i o n  i n t o  t h e  CCS loads .  

The t o t a l  s e q u e n c e  d e s i g n  p r o c e s s  f r o m  MPO g u i d e l i n e s  
th rough  on- the-shel f  CCS l o a d s  t y p i c a l l y  r e q u i r e s  many months 
of  t e c h n i c a l  i n t e r a c t i o n s ,  g i v e  and t a k e ,  t e a m w o r k ,  and  s f  
c o u r s e  d e c i s i o n s .  D u r i n g  s u c h  a p r o c e s s ,  t h e  p e o p l e  o f t e n  
d e v e l o p  humorous ways of v iewing t h e i r  r o l e s .  F i g u r e  3-2 is a 
s e v e r a l - y e a r s - o l d  c a r t o o n  s k e t c h  of t h e  p r o c e s s ,  b u t  is s t i l l  
c l o s e  enough t o  today ' s  p e r c e p t i o n s  t o  w a r r a n t  i ts  i n c l u s i o ~ ?  
i n  t h e  Guide .  

Once a CCS l o a d  h a s  b e e n  b u i l t  a n d  v e r i f i e d ,  it is r eady  
t o  be  s e n t  t o  t h e  Voyager-2 s p a c e c r a f t .  The f i n a l  s t e p  by the 



Sequence Team is t o  p r o c e s s  a CCS l o a d  from a  t e x t  l i s t i n g  of 
commands t o  t h e  s t r e a m  of Is and 0 s  ( b i t s )  which w i l l  a c t u a l l y  
b e  r e c e i v e d  by t h e  s p a c e c r a f t .  S t o r e d  on m a g n e t i c  c o m p u t e r  
t a p e ,  t h i s  b i n a r y  command s t r e a m  is p a s s e d  t o  t h e  F l i g h t  
Ope r a t i o n s  Off i c e  (FOO). 

The FOO, comprised  of about  40 e n g i n e e r s  l o c a t e d  a t  JPL, 
is t h e  r e a l  o p e r a t o r  of t h e  s p a c e c r a f t .  The FCPO c o n t r o l s  a l l  
t r a n s m i s s i o n s  t o  t h e  s p a c e c r a f t  and r e c e i v e s  a l l  d a t a  a t  JPL 
from t h e  s p a c e c r a f t .  I t  is r e s p o n s i b l e  f o r  c o o r d i n a t i n g  t h e  
Voyager  P r o j e c t  % a c t i v i t i e s  w i t h  o p e r a t i o n a l  o r g a n i z a t i o n s  
o u t s i d e  t h e  Voyager P r o j e c t ,  such  a s  NASA's Deep Space Network 
(DSN), JPL" m u l t i - m i s s i o n  c o n t r o l  c e n t e r ,  a n d  G o d d a r d  
Spacef 1:ight Center"  NNASCOM communicat ions network,  

Schedul ing  is one of FOO's most i m p o r t a n t  a c t i v i t i e s .  I f  
a CCS l o a d  c o n t a i n s  a  c r i t i c a l  o b s e r v a t i o n  of t h e  U r a n u s  
a tmosphere  n e a r  e n c o u n t e r ,  t h e  a p p r o p r i a t e  DSN ground a n t e n n a s  
must b e  t l r a c k i n g  Voyager  2 a t  t h a t  t i m e ,  o r  t h e  i n f o r m a t i o n  
r e tu rned  from t h e  s p a c e c r a f t  w i l l  f a l l  on deaf  e a r s ,  

D u r i n g  t h e  U r a n u s  e n c o u n t e r  t h e  DSN w i l l  t r a c k  n o t  o n l y  
Voyagers l and 2, b u t  a l s o  P i o n e e r s  10 ,  91  and 12,  t h e  Russ ian  
Vega H a l l e y  probes ,  t h e  European Space Agency's G i o t t o  Malley 
probe, t h e  J a p a n e s e  p r o b e s  MST-5 a n d  P l a n e t  A, and  t h e  
G i a c o b i n i - Z i n n e r  c o m e t  p r o b e  I C E .  I t  may a l s o  b e  a s k e d  t o  
track t h r e e  e a r l i e r  P i o n e e r s  (6, 7 ,  and  9 )  a n d  B e l i o s ,  W i t h  
such a demand f o r  i ts s e r v i c e s ,  t h e  DSN s c h e d u l i n g  p r o c e s s  is 
i-nvolved, indeed. 

R e p r e s e n t a t i v e s  of t h e  FOO meet w i t h  r e p r e s e n t a t i v e s  of 
o t h e r  p r o j e c t s  f a r  i n  advance of t h e  r e q u e s t e d  coverage  d a t e s  
to hammer o u t  an  e q u i t a b l e  a l l o c a t i o n  of DSN a n t e n n a  s u p p o r t  
t o  a11 p r o j e c t s ,  Using MPO g u i d e l i n e s ,  t h e  t r a c k i n g  s c h e d u l e  
which r e s u l t s  is used i n  t h e  g e n e r a t i o n  of o b s e r v a t i o n  p l a n s  
by the S c i e n c e  I n v e s t i g a t i o n  S u p p o r t  Teams,  t h e  N a v i g a t i o n  

Team, t h e  S p a c e c r a f t  Team and t h e  S e q u e n c e  Team. 
The amount of t r a c k i n g  which a  s p a c e c r a f t  r e c e i v e s  

\ i n  a n y  p e r i o d  d e p e n d s  on  t h e  r e l a t i v e  i m p o r t a n c e  



of  t h a t  p e r i o d  t o  i t s  m i s s i o n .  Voyager  2  w i l l  r e c e i v e  t h e  
f u l l  r e s o u r c e s  of  t h e  DSN d u r i n g  i t s  U r a n u s  f l y - b y ,  b u t  w i l l  
r e c e i v e  o n l y  s p o r a d i c  t r a c k i n g  s i x  weeks  l a t e r  d u r i n g  t h e  
Comet B a l l e y  encoun te r s .  

W i t h  t h e  command t a p e  p r e p a r e d  and t h e  DSN and NASCOM 
s c h e d u l e d ,  t h e  CCS l o a d  c a n  b e  t r a n s m i t t e d ,  o r  u p - l i n k e d ,  t o  
Voyager  2. The t a p e  w i l l  b e  p l a y e d  i n t o  t h e  Voyager  Command 
S y s t e m ,  t h e  command s t r e a m  f o r m a t t e d  t o  t h e  G r o u n d  
C o m m u n i c a t i o n  F a c i l i t y  (GCF) s t a n d a r d s ,  and  s e n t  v i a  GCF t o  
t h e  t r a n s m i t t i n g  Deep S p a c e  C o m m u n i c a t i o n s  Complex ( D S C C ) ,  
GCF u s e s  a  c o m b i n a t i o n  of  c o m m u n i c a t i o n  s a t e l l i t e  l i n k s  a n d  
c o n v e n t i o n a l  g r o u n d  c i r c u i t s  t o  l i n k  t o g e t h e r  J P E  a n d  t h e  
DSCC, j u s t  a s  t h e  TV ne tworks  d i d  t o  b r o a d c a s t  t h e  Los Angelles 
Games a r o u n d  t h e  w o r l d .  A s  t h e  GCF m e s s a g e  c o n t a i n i n g  t h e  
command s t r e a m  r e a c h e s  t h e  DSCC, it is c h e c k e d  f o r  c o r r e c t  
r e c e p t i o n  a n d  t h e  GCF f o r m a t t i n g  b i t s  removed. It i s  t h e n  
r o u t e d  t o  t h e  t r a n s m i t t i n g  s t a t i o n  and s e n t .  

T h e r e  a r e  t h r e e  DSCC l o c a t e d  i n  C a l i f o r n i a ,  A u s t r a l i a ,  
and  S p a i n .  T h e s e  l o c a t i o n s  w e r e  c h o s e n  a t  w i d e l y - s e p a r a t e d  
l o n g i t u d e s  t o  p r o v i d e  e s s e n t i a l l y  c o n t i n u o u s  t r a c k i n g  
c a p a b i l i t y  t o  any i n t e r p l a n e t a r y  s p a c e c r a f t .  The equipment  a t  
each s i t e  is s i m i l a r .  

The Golds tone  DSCC is l o c a t e d  n e a r  Golds tone  Dry Lake i n  
t h e  h e a r t  of t h e  Mojave D e s e r t  i n  C a l i f o r n i a .  Three antenrhas 
a t  G o l d s t o n e  s u p p o r t  Voyager  2: DSS 1 2 ,  a  34m ( 1 1 2  f t )  
d i a m e t e r  a n t e n n a  which can bo th  t r a n s m i t  and r e c e i v e ;  DSS 114, 
a  64m ( 2 1 0  f t )  d i a m e t e r  a n t e n n a  w h i c h  c a n  b o t h  t r a n s m i t  and 
r e c e i v e ;  and DSS 15 ,  a  34m (112 f t )  d i a m e t e r  a n t e n n a  which can 
o n l y  r e c e i v e .  F o r  i n c r e a s e d  p e r f o r m a n c e ,  more  t h a n  o n e  
a n t e n n a  c a n  b e  u s e d  s i m u l t a n e o u s l y  i n  a r r a y  t o  i n c r e a s e  t h e  
r e c e i v e d  s i g n a l  f r o m  Voyager  2 ( s e e  C h a p t e r  7 ,  What ' s  New). 
The G o l d s t o n e  DSCC i s  o p e r a t e d  f o r  NASA by JPL w i t h  a  s t a f f  of 
1 6 5  e n g i n e e r s  a n d  t e c h n i c i a n s .  An a d d i t i o n a l  c a d r e  of  
managers ,  development  e n g i n e e r s ,  and programmers fox t h e  DSM 
r e s i d e  i n  Pasadena,  CA. 



The C a n b e r r a  DSCC is  l o c a t e d  i n  t h e  s e m i - a r i d  r o l l i n g  
h i l l s  o f  N e w  S o u t h  W a l e s  a t  T i d b i n b i l l a ,  n o t  f a r  f r o m  t h e  
A u s t r a l i a n  C a p i t a l  T e r r i t o r y  of Canberra.  Three a n t e n n a s  a t  
C a n b e r r a  s u p p o r t  V o y a g e r  2: DSS 4 2 ,  a  34m ( 1 1 2  f t )  
t r a n s m i t / r e c e i v e  s t a t i o n ;  DSS 4 3 ,  a  64m ( 2 1 0  f t )  
t r a n s m i t / r e c e i v e  s t a t i o n ;  a n d  DSS 45, a  34m (112 f t )  r e c e i v e  
o n l y  s t a t i o n .  I n  a d d i t i o n ,  b e c a u s e  A u s t r a l i a  h a s  t h e  b e s t  
v i e w  of  t h e  Voyager-:! U r a n u s  e n c o u n t e r ,  t h e  P a r k e s  R a d i o  
O b s e r v a t o r y  l o c a t e d  320 k m  (200  m i )  t o  t h e  n o r t h w e s t  of 
T i d b i n b i l l a  w i l l  be  used  f o r  e x t r a  performance  ( s e e  Chapter  7 ,  
W h a t o s  New). The C a n b e r r a  DSCC i s  o p e r a t e d  f o r  NASA by 1 7 0  
e n g i n e e r s  a n d  t e c h n i c i a n s  f r o m  t h e  A u s t r a l i a n  Dept .  o f  
Sc ience .  

The  M a d r i d  DSCC i s  l o c a t e d  i n  t h e  f o o t h i l l s  a t  R o b l e d o ,  
S p a i n ,  n e a r  t h e  c a p i t a l  c i t y  o f  Madr id .  Two a n t e n n a s  a t  
M a d r i d  s u p p o r t  V o y a g e r  2 :  DSS 6 1 ,  a  34m ( 1 1 2  f t )  
t r a n s m i t / r e c e i v e  a n t e n n a ,  a n d  DSS 6 3 ,  a  64m ( 2 1 0  f t )  
t r a n s m i t / r e c e i v e  a n t e n n a .  The M a d r i d  DSCC i s  o p e r a t e d  f o r  
N A S A  by  t h e  S p a n i s h  N a t i o n a l  I n s t i t u t e  f o r  A e r o s p a c e  
T e c h n i q u e s  ( I N T A )  w i t h  a b o u t  220 e n g i n e e r s  and t e c h n i c i a n s  
( s e e  F i g u r e  3 - 3 ) .  V o i c e  c o m m u n i c a t i o n s ,  b a s i c a l l y  a  
c o n t i n u o u s  phone c a l l ,  a r e  m a i n t a i n e d  between a l l  t h r e e  DSCC 
and t h e  Network O p e r a t i o n s  C o n t r o l  Cen te r  i n  Pasadena,  CA. 

W e  l e f t  t h e  command l o a d  j u s t  r a d i a t i n g  f r o m  t h e  DSS 
a n t e n n a  o n  i t s  way t o  Voyager  2. Even a t  t h e  s p e e d  of l i g h t ,  
the f i n s t  command w i l l  n o t  a r r i v e  a t  Voyager  f o r  2.75 h o u r s ,  
a n d  a c k n o w l e d g e m e n t  of  i t s  r e c e i p t  c a n ' t  b e  s e e n  a t  E a r t h  
u n t i l  5.5 h o u r s  a f t e r  it was s e n t .  D a t a  t e l e m e t e r e d  f r o m  
Voyager  2  i s  2,75 h o u r s  o l d  t h e  i n s t a n t  it is r e c e i v e d ,  T h i s  
t i m e  l a g  c o m p l i c a t e s  o p e r a t i o n s  g r e a t l y .  I m a g i n e  d r i v i n g  a  
c a r  w h e r e  t h e  g a u g e  r e a d i n g s  a n d  e v e n  t h e  s i g h t s  s e e n  o u t  of  
t h e  windows  a r e  o v e r  2  h r  o l d ,  a n d  t h e  r e s p o n s e  t o  t u r n i n g  t h e  
s t e e r i n g  w h e e l  o r  a p p l y i n g  t h e  b r a k e  is  2  h r  i n  t h e  f u t u r e !  
E,uckily, t h e r e  is less t r a f f i c  on t h e  way t o  Uranus t h a n  t h e r e  
is  on t h e  Los Angeles  f reeways .  

-, > <  

1 The d a t a  r e c e i v e d  a r e  of enormous value .  F i r s t  





t h e r e  i s  t e l e m e t r y  w h i c h  c o n s i s t s  of i n f o r m a t i o n  d e s c r i b i n g  
t h e  performance  of t h e  s p a c e c r a f t  and i t s  i n s t r u m e n t s  and t h e  
s c i e n c e  measurements  themselves .  The t e l e m e t r y  is i d e n t i f  i e d  
w i t h  s p a c e c r a f t  t i m e  s o  t h a t  a  comple te  r e c o n s t r u c t i o n  of t h e  
s t a t e  s f  t h e  s p a c e c r a f t  c a n  b e  u s e d  t o  d e t e r m i n e  t h e  h e a l t h  of 
a l l  e n g i n e e r i n g  and s c i e n c e  subsys tems,  and t o  a i d  i n  s c i e n c e  
i n t e r p r e t a t i o n .  

Second t h e r e  a r e  n a v i g a t i o n  d a t a .  One t y p e  i s  d o p p l e r  
da"& which is c o n t a i n e d  i n  t h e  Voyager-2 r a d i o  s i g n a l  i t s e l f  
a n d  i s  d e p e n d e n t  u p o n  t h e  r e l a t i v e  m o t i o n  b e t w e e n  t h e  
s p a c e c r a f t  and t r a c k i n g  antenna.  Another is range  d a t a  which 
p r o v i d e s  a  d i s t a n c e  m e a s u r e m e n t  f r o m  t h e  s p a c e c r a f t  t o  t h e  
tracltirjlg antenna.  A t h i r d  u s e s  s i m u l t a n e o u s  t r a c k i n g  by two 
s t a t i o n s  of f i r s t  t h e  s p a c e c r a f t ,  t h e n  a  q u a s a r  of known 
c h a r a c t e r i s t i c s  t o  g e t  a  d i f f e r e n t  t y p e  of d o p p l e r  d a t a ,  
F i n a l l y ,  o p t i c a l  n a v i g a t i o n  v i d e o  images r e l a t e  t h e  s p a c e c r a f t  
and p l a n e t a r y  body p o s i t i o n s  t o  t h e  l o c a t i o n  of s t a r s .  

A l l  of t h e s e  d a t a  a r e  b o t h  r e l a y e d  v i a  GCF t o  JPL and  
r e c o r d e d  a t  t h e  DSCC. T h i s  way a n y  g a p s  c a n  b e  r e c o v e r e d  
a f t e r  t h e  f a c t  i f  a n y  d a t a  a r e  l o s t  on t h e  way t o  t h e i r  
u l t i m a t e  u s e r ,  The f i r s t  u s e r s  a r e  t h e  Miss ion  C o n t r o l  Team, 
t h e  N a v i g a t i o n  Team, and  t h e  S p a c e c r a f t  Team. E s s e n t i a l  
e n g i n e e r i n g  measurements  and s t a t u s  i n d i c a t o r s  a r e  d i s p l a y e d  
a s  t h e y  a r e  r e c e i v e d  s o  t h a t  c o r r e c t i v e  a c t i o n  may b e  
iiraitia"srd a t  any s i g n  of a  problem. 

The e n t i r e  d a t a  s t r e a m  is r o u t e d  th rough  t h e  Ground Da ta  
System (GDS) t o  JPL, t o  be p rocessed  by a n  assemblage  of some 
55 p e o p l e  and v a r i o u s  computers  a t  JPL,  Here t h e  t e l e m e t r y  is 
read  a n d  i d e n t i f i e d ,  t h e n  r e a s s e m b l e d  by m e a s u r e m e n t  r a t h e r  
t h a n  a s  a  s e r i a l  s t r e a m .  I f  c o d i n g  h a s  b e e n  a p p l i e d ,  it i s  
decoded, ,  I m a g i n g  i s  t r a n s f e r r e d  t o  t h e  M u l t i - m i s s i o n  Image  
P r o c e s s i n g  L a b o r a t o r y  (MIPL) t o  b e  c o n v e r t e d  f r o m  d i g i t a l  
p i c t u r e  e l e m e n t s  i n t o  p i c t u r e s .  I f  t h e  i m a g i n g  h a s  b e e n  
c o m p r e s s e d  ( s e e  C h a p t e r  7 ) ,  MIPL r e v e r s e s  t h e  c o m p r e s s i o n .  
D u r i n g  t h i s  p r o c e s s  t h e  i m a g e s  c a n  b e  e n h a n c e d  t o  b r i n g  o u t  

s u b t l e  f e a t u r e s  and, i n  some e a s e s ,  even c o r r e c t e d  
f o r  e r r o r s .  



A l l  i m a g i n g  a n d  n o n - i m a g i n g  d a t a  a r e  c o l l e c t e d  a n d  
p r o c e s s e d  i n t o  E x p e r i m e n t  D a t a  R e c o r d s  ( E D R ) ,  w h i c h  c o n t a i n  
a l l  a v a i l a b l e  s c i e n c e  and e n g i n e e r i n g  d a t a  f r o m  a g i v e n  
i n s t r u m e n t ,  The EDRs a r e  t h e  b a s i c  d e l i v e r y  of observed d a t a  
t o  t h e  i n v e s t i g a t o r s .  A companion record ,  t h e  Supplementary  
E x p e r i m e n t  D a t a  R e c o r d  (SEDR) c o n t a i n s  t h e  b e s t  e s t i m a t e  of  
t h e  c o n d i t i o n s  under which t h e  o b s e r v a t i o n s  were  taken,  

A s  t h e  e n c o u n t e r  w i t h  Uranus approaches ,  d e l i v e r y  of t h e  
d a t a  t o  t h e  I n v e s t i g a t o r s  w i l l  become e a s i e r  because  t h e y  w i l l  
b e  m i g r a t i n g  t o  J P L .  A s  t h e  p a c e  q u i c k e n s ,  m o n t h l y  
I n v e s t i g a t o r  m e e t i n g s  w i l l  become d a i l y  mee t i n g s  and, f i n a l l y ,  
a  s i n g l e ,  nea r -con t inuous  mee t ing  a t  c l o s e s t  approach.  I d e a s  
w i l l  be exchanged f u r i o u s l y  a s  t h e y  s t r i v e  t o  unders tand  t h e  
d e t a i l s  of  a  new p l a n e t a r y  s y s t e m .  When t h e  l a s t  of t h e  
Uranus d a t a  a r e  s a f e l y  a c q u i r e d ,  t h e  s c i e n t i s t s  w i l l  r e t r e a t  
w i t h  t h e  d a t a  t o  t h e i r  own i n s t i t u t i o n s  t o  beg in  t h e  i n t e n s i v e  
p r o c e s s  of c o n v e r t i n g  m e a s u r e m e n t s  i n t o  a n s w e r s  t o  t h o s e  
fundamenta l  q u e s t i o n s  r a i s e d  i n  Chapter  2, 

That  won" be  t h e  end, however. Archived,  t h e  Voyager-2 
U r a n u s  d a t a  w i l l  b e  a v a i l a b l e  f o r  y e a r s  t o  s c i e n t i s t s  t h e  
w o r l d  o v e r .  I t  i s  a  s a f e  b e t  t h a t  somewhere  t o d a y  there a r e  
t e n s  o r  h u n d r e d s  of  e l e m e n t a r y  s c h o o l  s t u d e n t s  who, i n  t h e  
e a r l y  t w e n t y - f i r s t  c e n t u r y ,  w i l l  b e  w r i t i n g  D o c t o r a l  
d i s s e r t a t i o n s  b a s e d  on t h e i r  s t u d y  of  t h e  Voyager-2  Uranus  
d a t a ,  And t h a t ,  i n  t h e  y e a r  of t h e  XXVIIth Olympiad ,  will be 
Voyager 's r e a l  g o l d  medal, 





Nan m a s t e r s  n a t u r e  n o t  by f o r c e  b u t  by u n d e r s t a n d i n g ,  
T h i s  is  why s c i e n c e  h a s  succeeded. . ,  

J acob  Bronowsk i 

You a r e  a b o u t  t o  go w h e r e  no  o n e  h a s  g o n e  b e f o r e ,  You 
d o n ' t  know q u i t e  w h a t  t o  e x p e c t ,  b u t  you do know how t o  p l a n  
y o u r  a c t i v i t i e s  f o r  t h e  b i g  a r r i v a l .  A f t e r  a l l ,  you a r e  a 
v e t e r a n  a t  d o i n g  t h i s  s o r t  o f  t h i n g .  I n  C h a p t e r  2 ,  y o u  
p r e p a r e d  a  shopping l i s t  of t h i n g s  you would l i k e  t o  f i n d  o u t  
a b o u t  t h i s  m y s t e r i o u s  p l a c e  c a l l e d  Uranus. 

You know t h a t  e v e r y t h i n g  you l e a r n  w i l l  come v i a  o n e  of 
y o u r  11 e x t e n d e d  s e n s e s .  So f o r  e a c h  i t e m  on  y o u r  slhopping 
l i s t ,  you s e l ec t  w h i c h  of your  11 s e n s e s  w i l l  b e  t h e  m o s t  
u s e f u l  i n  a c q u i r i n g  t h e  new knowledge. Try ing  t o  d e s c r i b e  t h e  
V i c t o r i a  w a t e r f a l l  w i t h  a  d i c t a p h o n e  h a s  some m e r i t ,  but i s  
n o t  n e a r l y  a s  e f f e c t i v e  a s  t a k i n g  a  wide-angle c o l o r  s l i d e ,  

I n  C h a p t e r  6 ,  you p l a n  t h e  o r d e r  i n  w h i c h  you w a n t  t o  
a c q u i r e  each  i t e m  on t h e  list. You want t o  spend a s  much t i m e  
a s  p o s s i b l e  " l o o k i n g "  a n d  a s  l i t t l e  t i m e  a s  p o s s i b l e  t u r n i n g  
y o u r  head.  A l s o  i n  C h a p t e r  6 ,  you d e c i d e  upon t h e  p r o p e r  time 
t o  make each  o b s e r v a t i o n .  Taking a  p i c t u r e  a f t e r  t h e  sun bas  
s e t  won" n e t  much, u n l e s s  you a r e  t r y i n g  t o  p h o t o g r a p h  
l i g h t n i n g  o r  t h e  n o r t h e r n  l i g h t s .  

The Voyager s p a c e c r a f t  has  11 senses .  These s e n s e s  can be 
c o n v e n i e n t l y  d i v i d e d  up  i n t o  2 t y p e s :  t h o s e  t h a t  p o i n t  a t  
s o m e t h i n g  ( c a l l e d  t a r g e t  body s e n s o r s )  and  t h o s e  t h a t  d o n ' t  
( c a l l e d  f i e l d s  and p a r t i c l e s  s e n s o r s ) .  The t a r g e t  body s e n s o r s  
a r e  t h e  f i r s t  f i v e  l i s t e d  below (assuming t h a t  RSS ""points" at 
E a r t h ) ,  a n d  t h e  r e m a i n i n g  s i x  i n s t r u m e n t s  a r e  t h e  f i e l d s  a n d  
p a r t i c l e s  s e n s o r s .  



I W I N G  SCIENCE SUBSYSTEM 
INFRARED INTERFEROMETER SPECTROMETER & RADIOMETER 
ULTRAVIOLET SPECTROMETER 
PHOTOPOLaRIMETER SUBSYSTEM 
RADIO SCIENCE SUBSYSTEM 
PLANETARY R A D I O  ASTRONOMY SUBSYSTEM 
MAGNETOMETER SUBSYSTEM 
PLMMA SUBSYSTEM 
LOW-ENERGY CHARGED PARTICLE SUBSYSTEM 
COSMIC RAY SUBSYSTEM 
PLMMA WAVE SUBSYSTEM 

ISS 
IRIS 
W S  
PPS 
RSS 
PRA 
MAG 
PLS 
LECP 
CRS 
PWS 

T h i s  c h a p t e r  c o n t a i n s  a d e s c r i p t i o n  of  h s r ~  e a c h  of t h e  
s e n s o r s  works, a  summary of t h e i r  e n g i n e e r i n g  c h a r a c t e r i s t i c s ,  
w h a t  t y p e s  o f  new k n o w l e d g e  e a c h  of  t h e  s e n s o r s  c a n  p r o v i d e ,  
and f i n a l l y ,  a  wrap-up d i s c u s s i o n  of t h e  fundamenta l  p h y s i c s  
upon which t h e  s e n s o r s  a re  based. 

Most  of  E a r t h ' s  c r e a t u r e s  h a v e  e v o l v e d  w i t h  t h e  a b i l i t y  
t o  see  a c e r t a i n  k i n d  of  l i g h t ,  c a l l e d  v i s i b l e  l i g h t .  T h e r e  
a r e  many o t h e r  t y p e s  o f  l i g h t  w h i c h a r e  i n v i s i b l e  t o o u r  e y e s ,  
s u c h  a s  i n f r a r e d  a n d  u l t r a v i o l e t .  I t  i s  m o s t  n a t u r a l ,  
t h e r e f o r e ,  when s e n d i n g  a s p a c e c r a f t  o f f  t o  unknown p l a c e s ,  
f o r  h u n a n s t o  i n c l u d e a t  l e a s t  o n e  s e n s o r  t h a t  i s  s e n s i t i v e  t o  
v i s i b l e  l i g h t .  Voyager  h a s  t w o  s c i e n c e  s e n s o r s  d e s i g n e d  
p r i m a r i l y  f o r  v i s i b l e  l i g h t  o p e r a t i o n :  t h e  ISS and t h e  PPS. 

The ISS c o n s i s t s  of two TV cameras and a s s o c i a t e d  c o n t r o l  
e l e c t r o n i c s ,  The ISS  f u n c t i o n s  j u s t  l i k e  a p a i r  o f  35mm 
c a m e r a s .  B o t h  t h e  I S S  a n d  a 35mm camera work on e x a c t l y  t h e  
same p r i n c i p l e  of n a t u r e .  Both d e v i c e s  r e c o r d  t h e  i n t e n s i t y  of 
l i g h t  r e f l e c t e d  from t h e  o b j e c t  one i s  photographing.  A 35mm 
earnera  r e c o r d s  t h e  l i g h t  o n  f i l m .  The ISS  c o n v e r t s  t h e  l i g h t  

i n t o  e l e c t r i c a l  s i g n a l s ,  w h i c h  a r e  e i t h e r  s e n t  
d i r e c t l y  t o  t h e  E a r t h  or s t o r e d  on t h e  s p a c e c r a f t  



W i t h  a n o r m a l  35mm c a m e r a  you h a v e  t h e  a b i l i t y  t o  
c o n f i g u r e  t h e  camera t o  t a k e  a  wide v a r i e t y  of p i c t u r e s ,  under 
a  wide v a r i e t y  of c i r c u m s t a n c e s .  A v a i l a b l e  t o  t h e  photographer  
a r e  v a r i o u s  l e n s e s ,  f i l t e r s ,  motor d r i v e s ,  a p e r t u r e  s e t t i n g s ,  
exposure  t i m e s ,  and f i l m  speeds .  The ISS h a s  many of t h e  same 
c a p a b i l i t i e s .  

I n s t e a d  of i n t e r c h a n g e a b l e  l e n s e s ,  t h e  I S S  h a s  t w o  
s e p a r a t e  cameras:  one w i t h  t h e  r e l a t i v e  e q u i v a l e n c e  of a  200mm 
l e n s  and  t h e  o t h e r  w i t h  t h e  e q u i v a l e n c e  of a  1500mm l e n s ,  To 
a n  E a r t h - b a s e d  p h o t o g r a p h e r ,  b o t h  w o u l d  b e  c o n s i d e r e d  
t e l e p h o t o  c a m e r a s  ( n o r m a l  b e i n g  55mm), b u t  t o  t h e  Voyager  
Imaging Team t h e  former  is known a s  t h e  "wide-angle" camera, 
On e a c h  I S S  c a m e r a ,  t h e  l e n s  i s  f i x e d .  The I S S  h a s  t h e  
a b i l i t y  t o  s h u t t e r  p i c t u r e s  o n e - a f t e r - a n o t h e r  o r  t o  s h u t t e r  
p i c t u r e s  a t  w i d e l y  s e p a r a t e d  t imes .  

The w i d e - a n g l e  ISS c a m e r a  h a s  e i g h t  d i f f e r e n t  f i l t e r s  
a v a i l a b l e .  The 1500mm t e l e p h o t o  ( a l s o  c a l l e d  t h e  narrow-angle)  
ISS  c a m e r a  h a s  s i x  d i f f e r e n t  f i l t e r s  a v a i l a b l e .  Each c a m e r a  
h a s  a  " c l e a r  f i l t e r "  t h a t  p e r m i t s  t h e  g r e a t e s t  amount of l i g h t  
t o  p a s s  t h r o u g h  t o  t h e  c a m e r a .  The o t h e r  f i l t e r s  a l l  work on. 
t h e  same p r i n c i p l e .  They p e r m i t  s p e c i f i e d  t y p e s  of  l i g h t  t o  
p a s s  th rough  and block a l l  o t h e r  t y p e s  of l i g h t  from r e a c h i n g  
t h e  c a m e r a  d e t e c t o r .  B o t h  c a m e r a s  p o s s e s s  a  v i o l e t ,  b l u e ,  
o r a n g e ,  a n d  g r e e n  f i l t e r .  The n a r r o w - a n g l e  c a m e r a  a l s o  
p o s s e s s e s  an u l t r a v i o l e t  f i l t e r .  The wide-angle camera a l s o  
c o n t a i n s  t h r e e  f i l t e r s  e x p l i c i t l y  d e s i g n e d  t o  d e t e c t  s o d i u m  
n e a r  I o ,  m e t h a n e  a t  b o t h  J u p i t e r  and S a t u r n ,  and  m e t h a n e  a t  
Uranus and Neptune. 

Both ISS cameras  a r e  f i x e d  a p e r t u r e  dev ices ,  However, one 
may va ry  t h e  exposure  t i m e  from .005 seconds  t o  l5,36 seconds,  
Time exposures  which a r e  i n t e g e r  m u l t i p l e s  of 4 8  seconds  a r e  
a l s o  p o s s i b l e ,  T h i s  c a p a b i l i t y  is  c r i t i c a l  b e c a u s e  t h e  
s u n l i g h t  r e a c h i n g  Uranus i s  13.5 t i m e s  dimmer t h a n  a t  J u p i t e r ,  
The ISS c a m e r a s  s t o r e  p i c t u r e s  i n  t h e  fo rm of e l e c t r i c a l  
impulses ,  Thus, e x c e p t  f o r  t h e  c h o i c e  between t h e  narrow-angle 
c a m e r a  a n d  t h e  ""faster"  w i d e - a n g l e  c a m e r a ,  t h e  a b i l i t y  t o  
s e l e c t  a  f a s t  o r  s low f i l m  does  n o t  e x i s t  f o r  t h e  ISS, 



Because each  succeed ing  p l a n e t  t h a t  Voyager e n c o u n t e r s  is 
f u r t h e r  away f r o m  t h e  E a r t h ,  t h e  r a t e  a t  w h i c h  p i c t u r e s  c a n  b e  
t r a n s m i t t e d  from t h e  s p a c e c r a f t  t o  t h e  E a r t h  d e c r e a s e s ,  Each 
ISS p i c t u r e  c o n s i s t s  of over  5 m i l l i o n  e l e c t r i c a l  i m p u l s e s  o r  
b i t s ,  A t  J u p i t e r ,  Voyager  c o u l d  s e n d  back  a  maximum of  75 
p i c t u r e s  p e r  h o u r ,  A t  U r a n u s ,  Voyager  w i l l  be  a b l e  t o  s e n d  
back a  maximum of o n l y  12-17 p i c t u r e s  p e r  h o u r .  T h i s  l o w e r  
r a t e  of  s e n d i n g  back  p i c t u r e s  i s  a c c o m p l i s h e d  by h a v i n g  t h e  
ISS cornpress t h e  5  m i l l i o n  b i t s  pe r  p i c t u r e  t o  o n l y  2  m i l l i o n  
b i t s ,  t h e n  f e e d  t h e s e  b i t s  i n t o  t h e  t e l e m e t r y  s t r e a m  a t  a  
lower  r a t e  t h a n  was done a t  J u p i t e r .  Without  t h i s  compress ion  
c a p a b i l : ' ~ t y  and t h e  DSN a r r a y i n g  ( C h a p t e r  7 ) ,  o n l y  7  p i c t u r e s  
pe r  hour would be  p o s s i b l e  from Uranus. 

The I S S  i s  u s e d  t o  o b s e r v e  a n d  r e c o r d  t h e  v i s i b l e  
c h a r a c t e r i s t i c s  of  p l a n e t s ,  a t m o s p h e r e s ,  moons, a n d  r i n g s .  
T h e s e  v i s i b l e  c h a r a c t e r i s t i c s  i n c l u d e  t h e  s i z e s ,  c o l o r s ,  
b r i g h t n e s s e s ,  a n d  s u r f a c e  t e x t u r e s  of  t h e s e  o b j e c t s ,  I n  
a d d i t i o n ,  g roups  of ISS p i c t u r e s  a r e  used t o  map t h e  s u r f a c e s  
of moons. 

F i n a l l y ,  t h e  Voyager Nav iga t ion  Team u s e s  ISS p i c t u r e s  of 
v a r i o u s  moons a g a i n s t  backgrounds of s t a r s  i n  known p o s i t i o n s  
t o  a c c u r a t e l y  d e t e r m i n e  where t h e  s p a c e c r a f t  is l o c a t e d  a t  t h e  
t i m e  t h e  p i c t u r e  was t aken ,  T h i s  t e c h n i q u e  is known a s  o p t i c a l  
n a v i g a t i o n .  

The I R I S  i s  e s s e n t i a l l y  a  v e r y  s p e c i a l i z e d  t y p e  o f  
c a m e r a ,  I t  c o m e s  e q u i p p e d  w i t h  a  p e r m a n e n t l y  a t t a c h e d  
t e 1 e p h o . t o  l e n s .  The I R I S  u s e s  a  s e n s o r  t h a t  c a n  " s e e "  a  
p a r t i c u l a r  t y p e  of l i g h t  c a l l e d  i n f r a r e d  l i g h t .  I n f r a r e d  means 
l e s s  t h a n  o r  b e l o w  r e d .  I n f r a r e d  i s  l i g h t  t h a t  i s  n e x t  t o  a n d  
below t h e  r e d  l i g h t  t h a t  o u r  e y e s  c a n  s e e .  The I R I S  a c t u a l l y  
a c t s  a s  two s e p a r a t e  i n s t r u m e n t s .  On t h e  one hand, t h e  IRIS is 
a v e r y  s o p h i s t i c a t e d  thermometer .  On t h e  o t h e r  hand, t h e  IRIS 
is a  d e v i c e  t h a t  can d e t e r m i n e  when c e r t a i n  t y p e s  of e l e m e n t s  

o r  compounds a r e  p r e s e n t  i n  an a tmosphere  o r  on a  
s u r f a c e .  



Any s o l i d ,  l i q u i d ,  o r  g a s  t h a t  h a s  a  t e m p e r a t L l r e  a b o v e  
a b s o l u t e  z e r o  e m i t s  h e a t  e n e r g y .  The amount  a n d  " c o l o r "  of 
h e a t  e n e r g y  t h a t  t h e  s u b s t a n c e  e m i t s  i s  d e p e n d e n t  upon i t s  
t e m p e r a t u r e .  F o r  e a c h  t e m p e r a t u r e ,  t h e  amount  a n d  " c o l o r "  of  
h e a t  ene rgy  e m i t t e d  is a p p r o x i m a t e l y  d e f i n e d  by a  ""black bodyvv 
r a d i a t i o n  curve.  

The IRIS can d e t e r m i n e  t h e  d i s t r i b u t i o n  of h e a t  ene rgy  a 
body o r  s u b s t a n c e  i s  e m i t t i n g ,  w h i c h  t h e n  a l l o w s  u s  t o  
d e t e r m i n e  t h e  t e m p e r a t u r e  of  t h a t  body o r  s u b s t a n c e ,  I n  t h e  
s p e c i a l  c a s e  of a n  a t m o s p h e r e ,  t h e  IRIS  c a n  d e t e r m i n e  t h e  
t e m p e r a t u r e  of t h e  a tmosphere  a t  v a r i o u s  a l t i t u d e s ,  producing 
what is c a l l e d  a  t e m p e r a t u r e  p r o f i l e .  

By m e a s u r i n g  t h e  t o t a l  amount  of  h e a t  e n e r g y  t h a t  a 
p l a n e t  is  e m i t t i n g ,  and comparing t h i s  t o  t h e  t o t a l  amount of 
ene rgy  r e c e i v e d  from t h e  sun,  s c i e n t i s t s  can d e t e r m i n e  i f  t h e  
p l a n e t  is g e n e r a t i n g  h e a t  i n  i t s  i n t e r i o r .  Some p l a n e t s  
(e,g., J u p i t e r  and S a t u r n )  e m i t  a b o u t  t w i c e  a s  much h e a t  
e n e r g y  a s  t h e y  r e c e i v e .  The t e r r e s t r i a l  p l a n e t s  ( M e r c u r y ,  
Venus,  E a r t h ,  a n d  Mars )  g e n e r a t e  l i t t l e  o r  no  h e a t  i n  t h e i r  
i n t e r i o r  and t h e r e f o r e  r e r a d i a t e  t o  s p a c e  t h e  same amount of 
h e a t  ene rgy  t h e y  r e c e i v e  from t h e  Sun. 

The I R I S  c a n  a l s o  d e t e r m i n e  i f  c e r t a i n  e l e m e n t s  a n d  
m o l e c u l e s  a r e  p r e s e n t  i n  a  p a r t i c u l a r  a t m o s p h e r e  o r  on a 
p a r t i c u l a r  s u r f a c e .  The p h y s i c a l  p r i n c i p l e  t h a t  p e r m i t s  t h i s  
t y p e  of e l ement /molecu le  d e t e r m i n a t i o n  is t h e  f o l l o w i n g .  Atoms 
c o n s i s t  o f  o n e  o r  more p r o t o n s  ( a n d  s o m e t i m e s  n e u t r o n s )  i n  a  
n u c l e u s ,  s u r r o u n d e d  b y  t h e  s a m e  n u m b e r  o f  " o r b i t i n g 8 @  
e l e c t r o n s .  L i g h t  e n e r g y  ( f o r  example, f rom t h e  Sun) may a t  any 
t i m e  s t r i k e  t h e  a tom.  The a t o m  may a b s o r b  t h e  l i g h t  e n e r g y .  
The a t o m  i s  now u n s t a b l e .  I t  h a s  t o o  much e n e r g y .  ~t m u s t  
r e l e a s e  t h e  excess .  I t  does  s o  by e m i t t i n g  t h e  energy ( F i g u r e  
4 - 1 ) -  I f  t h e  e m i t t e d  e n e r g y  i s  i n f r a r e d  e n e r g y ,  t h e  I R I S  c a n  
d e t e c t  t h e  e m i s s i o n .  More commonly,  c o n t i n u o u s  i n f  r a r e d  
( h e a t )  e n e r g y  b e i n g  e m i t t e d  f r o m  d e e p e r ,  warmer  l a y e r s  i s  
s e l e c t i v e l y  absorbed a t  d i s c r e t e  i n f r a r e d  c o l o r s ,  

Each a t o m  o r  m o l e c u l e  w i l l  e m i t  o r  a b s o r b  e n e r g y  of o n e  
o r  more  c o l o r s  ( w a v e l e n g t h  o r  f r e q u e n c y ) .  I t  i s  known f r o m  
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Figure  4-1. C e r t a i n  m o l e c u l e s  i n  t h e  a t m o s p h e r e  a b s o r b  t h e  
e n e r g y  f r o m  " s u n l i g h t " ,  t h e n  e m i t  i n f r a r e d  
" l i g h t "  which t h e  IRIS can "see". 

l a b o r a t o r y  s t u d i e s  what wavelengths a r e  e m i t t e d  o r  absorbed by 
a p a r t i c u l a r  e lement  or  compound, To d e t e c t  t h i s  e lement  o r  
compound, a l l  you have t o  do i s  s e e  t h e  a p p r o p r i a t e  c o l o r  o r  
c o l o r s  b e i n g  e m i t t e d  o r  a b s o r b e d  i n  t h e  i n f r a r e d  d a t a  
c o l l e c t e d  by IRIS. 

Using t h i s  procedure,  IRIS has d e t e c t e d  hydrogen, helium, 
w a t e r ,  methane ,  a c e t y l e n e ,  e t h a n e ,  ammonia, phosph ine ,  
germane,  and  d e u t e r a t e d  me thane  i n  t h e  uppe r  a t m o s p h e r e s  of 
J u p i t e r  and Saturn.  

The UVS i s  a l s o  e s s e n t i a l l y  a v e r y  s p e c i a l i z e d  t y p e  of 
camera. However, i n s t e a d  of us ing  a l e n s ,  t h e  WS l i m i t s  t h e  
area of sky it looks  a t  by us ing  a  s e r i e s  of "b l inde r s "  c a l l e d  

a p e r t u r e  p l a t e s .  I t  is s e n s i t i v e  t o  a  p a r t i c u l a r  
t y p e  o f  l i g h t  c a l l e d  u l t r a v i o l e t  l i g h t ,  
" U l t r a v i o l e t "  means more t h a n  o r  beyond v i o l e t .  



U l t r a v i o l e t  l i g h t  i s  n e x t  t o  a n d  a b o v e  t h e  v i o l e t  l i g h t  t h a t  
o u r  e y e s  c a n  s e e .  I t  i s  a l s o  r e s p o n s i b l e  f o r  t h o s e  ""bonze  
g o d s  a n d  g o d d e s s e s "  a n d  " p i n k  l o b s t e r s "  s e e n  o n  s u m m e r  
beaches .  

The UVS i s  u s e d  t o  d e t e r m i n e  when c e r t a i n  a t o m s  o r  
molecu les  a r e  p r e s e n t ,  o r  when c e r t a i n  p h y s i c a l  p r o c e s s e s  a r e  
going on. I t  works on b a s i c a l l y  t h e  same p h y s i c a l  p r i n c i p l e  a s  
t h e  IRIS.  The UVS l o o k s  f o r  s p e c i f i c  c o l o r s  of l i g h t  t h a t  
c e r t a i n  e l e m e n t s  and compounds a r e  known t o  e m i t  o r  absorb ,  

The Sun emi t s  a  l a r g e  r a n g e  of c o l o r s  of  l i g h t ,  If 
s u n l i g h t  p a s s e s  t h r o u g h  a n  a t m o s p h e r e ,  c e r t a i n  e l e m e n t s  and 
m o l e c u l e s  i n  t h e  a t m o s p h e r e  w i l l  a b s o r b  v e r y  s p e c i f i c  
f r e q u e n c i e s  of l i g h t .  I f  t h e  UVS, when l o o k i n g  a t  f  i l t e r e d  
s u n l i g h t ,  n o t i c e s  t h e  a b s e n c e  of  a n y  of t h e  t h e s e  s p e c i f i c  
c o l o r s  ( w a v e l e n g t h s ) ,  t h e n  p a r t i c u l a r  e l e m e n t s  a n d / o r  
c o m p o u n d s  h a v e  b e e n  d e t e c t e d .  T h i s  p r o c e s s  i s  c a l l e d  
i d e n t i f y i n g  e l e m e n t s  o r  compounds  by a t o m i c  o r  m o l e c u l a r  
a b s o r p t i o n  ( F i g u r e  4-2). 

The UVS can o n l y  u s e  t h e  a t o m i c  a b s o r p t i o n  t e c h n i q u e  when 
i t  i s  i n  a  p o s i t i o n  t o  l o o k  back  a t  t h e  Sun ( o r  a  s u i t a b l y  
b r i g h t  s t a r ) ,  t h r o u g h  a  p l a n e t a r y  o r  s a t e l l i t e  a t m o s p h e r e ,  
T h i s  geometry  is  c a l l e d  a  s o l a r  ( o r  s t e l l a r )  o c c u l t a t i o n ,  

The UVS has  used t h e s e  e m i s s i o n  and a b s o r p t i o n  t e c h n i q u e s  
t o  d e t e c t  h y d r o g e n ,  h e l i u m ,  m e t h a n e ,  e t h a n e ,  a c e t y l e n e ,  
sodium, s u l f u r ,  n i t r o g e n ,  and oxygen. The UVS, l i k e  I R I S a  can 
be used,  i n  p r i n c i p l e ,  t o  d e t e c t  most of t h e  g a s s e s  and t h e i r  
photochemical  p r o d u c t s  found i n  t h e  a tmospheres  of t h e  g i a n t  
p l a n e t s .  

I n  a d d i t i o n ,  t h e  UVS is  s e n s i t i v e  t o  e n e r g y  t h a t  i s  
e m i t t e d  when l i g h t n i n g  o c c u r s  (under  c e r t a i n  c o n d i t i o n s ) ,  t o  
e n e r g y  t h a t  i s  e m i t t e d  when a n  a u r o r a l  d i s p l a y  is  g o i n g  on,  
a n d  t o  e n e r g y  e m i t t e d  f r o m  p a r t i c l e s  i n d e p e n d e n t l y  o r b i t i k q g  
t h e  p l a n e t s .  

F i n a l l y ,  t h e  UVS c a n  b e  u s e d  t o  s t u d y  t h e  s t a r s .  The UVS 
c a n  d e t e r m i n e  when c e r t a i n  e l e m e n t s  a r e  p r e s e n t  i n  v a r i o u s  
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F igure  4-2. C e r t a i n  m o l e c u l e s  i n  t h e  a t m o s p h e r e  can  a b s o r b  
p a r t i c u l a r  wavelengths from t h e  sun 's  energy, and 
t h e  UVS can s p o t  t h e s e  miss ing " l ines" .  

s t a r s ,  The UVS i n s t r u m e n t s  on b o t h  Voyagers  have been u s e d  
f o r  y e a r s  a s  s t e l l a r  o b s e r v a t o r i e s .  The  UVS i s  mak ing  
fundamental  c o n t r i b u t i o n s  t o  u l t r a v i o l e t  astronomy. 

The PPS is t h e  l a s t  of t h e  5 s p e c i a l i z e d  c a m e r a s  on b o a r d  
Voyager. The PPS is very much l i k e  t h e  ISS t e l epho to  camera i n  
t h a t  it has a  very high magn i f i ca t ion  t e l e p h o t o  lens .  I t  is 
un l ike  t h e  ISS t e l e p h o t o  camera i n  t h a t  each PPS measurement 
p r o d u c e s  one p i x e l ,  w h e r e a s  e a c h  ISS  image c o n s i s t s  of 8 0 0  
l i n e s ,  w i t h  e a c h  l i n e  c o n s i s t i n g  of 8 0 0  p i x e l s .  Of t h e  
Voyager s c i e n c e  s e n s o r s  t h a t  a r e  p r i m a r i l y  s e n s i t i v e  t o  

v i s i b l e  l i g h t  ( t h e  two ISS c a m e r a s  and  t h e  PPS), 
t h e  PPS is  by f a r  t h e  most s e n s i t i v e .  



The PPS a l l o w s  t h e  m o s t  f l e x i b i l i t y  i n  a d a p t i n g  t h e  
c a m e r a  t o  v a r y i n g  c i r c u m s t a n c e s .  T h e  PPS h a s  4 d i f f e r e n t  
a p e r t u r e  s e t t i n g s .  The PPS c a n  u s e  3 s e p a r a t e  c o l o r  f i l t e r s ,  
and  4 s e p a r a t e  p o l a r i z i n g  f i l t e r s .  The PPS h a s  2 s e p a r a t e  
commandable s e n s i t i v i t i e s ,  t h u s  g i v i n g  it t h e  e q u i v a l e n c e  of 
two  f i l m  s p e e d s  t o  work wi th .  

The PPS works on e x a c t l y  t h e  same p r i n c i p l e  of n a t u r e  a s  
t h e  ISS c a m e r a s .  The PPS- s t u d i e s  how l i g h t  c h a n g e s  a s  it i s  
r e f l e c t e d  f r o m  o r  a b s o r b e d  by o b j e c t s  of i n t e r e s t .  Such 
" o b j e c t s "  i n c l u d e  t h e  s u r f a c e s  of  moons, c o n s t i t u e n t s  of 
a t m o s p h e r e s ,  and  r i n g  p a r t i c l e s .  The PPS c a n  i n f e r  t h e  
t e x t u r e  a n d  c o m p o s i t i o n  of  a  s o l i d  s u r f a c e ,  t h e  d e n s i t y ,  
p a r t i c l e  s i z e s ,  and  c o m p o s i t i o n  o f  a  p l a n e t a r y  r i n g ,  a n d  t h e  
e x i s t e n c e ,  s i z e s ,  a n d  c o m p o s i t i o n  of  o u t e r - a t m o s p h e r i c  
p a r t i c l e s .  

P e r h a p s  t h e  m o s t  f a s c i n a t i n g  PPS o b s e r v a t i o n  i s  t h e  
s t e l l a r  o c c u l t a t i o n  ( F i g u r e  4-31, The PPS is s e n s i t i v e  enough 
t o  l i g h t  t o  b e  a b l e  t o  t r a c k  a  s t a r  a s  i t  moves b e h i n d  a  s e m i -  
s o l i d  o b j e c t .  P l a n e t a r y  r i n g s  o r  t h e  t h i n  p a r t  of a  p l a n e t a r y  
o r  s a t e l l i t e  a tmosphere  a r e  examples of what i s  meant by semi-  
s o l i d  o b j e c t s .  P l a n e t a r y  r i n g s  a r e  n o t h i n g  more  t h a n  a 
c o l l e c t i o n  of  b i l l i o n s  of  s m a l l  o b j e c t s  i n  o r b i t  c l o s e  
t o g e t h e r  a b o u t  t h e  same p l a n e t ,  The r i n g s  a r e  n o t  s o l i d ,  s o  
l i g h t  c a n  p a s s  t h r o u g h ,  The PPS is u s e d  t o  t r a c k  a  s t a r  of 
known b r i g h t n e s s ,  a s  it p a s s e s  behind a  set  of r ings .  How much 
l i g h t  p a s s e s  t h r o u g h  i s  a n  i n d i c a t i o n  o f  how t h i c k  t h e  r i n g s  
a r e ,  a n d  w h e r e  g a p s  a r e  l o c a t e d .  The PPS s t e l l a r  o c c u l t a t i o n  
t e c h n i q u e  produced a  bounty of i n f o r m a t i o n  abou t  t h e  complex 
s t r u c t u r e  of S a t u r n ' s  r i n g s .  

A l l  of t h e  s e n s o r s  on t h e  s p a c e c r a f t ,  e x c e p t  f o r  t h e  RSS, 
a r e  c a l l e d  p a s s i v e  s e n s o r s .  A p a s s i v e  s e n s o r  m u s t  w a i t  f o r  
energy o r  p a r t i c l e s  t o  come t o  it b e f o r e  it can s e e  any th ing ,  
A p a s s i v e  s e n s o r  must have a n o t h e r  s o u r c e  c r e a t e  t h e  energy  o r  
p a r t i c l e s  t h a t  it s e e s ,  

There  is a n o t h e r  t y p e  of s e n s o r ,  c a l l e d  an  a c t i v e  s e n s o r ,  
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Figuce  4,-3. Like  wa tch ing  a  f l a s h l i g h t  moving behind a  p i c k e t  
f e n c e ,  t h e  PPS c a n  p r e c i s e l y  m e a s u r e  t h e  amount  
of  s t a r l i g h t  p a s s i n g  t h r o u g h  t h e  " g a p l e t s "  i n  a  
p l a n e t a r y  r i n g  system. 

A n  a c t i v e  s e n s o r  c r e a t e s  i t s  own e n e r g y  a n d  s e n d s  i t  o u t  a t  
t h e  t a r g e t  of  i n t e r e s t .  The RSS i s  t h e  o n l y  a c t i v e  s e n s o r  o n  
t h e  Voyager s p a c e c r a f t .  

The RSS i s  e s s e n t i a l l y  a  r a d i o  t r a n s m i t t e r .  I t  is ,  i n  
f a c t ,  t h e  same r a d i o  t r a n s m i t t e r  t h a t  is used t o  communicate 
from t h e  s p a c e c r a f t  t o  t h e  E a r t h .  I n  r e a l i t y ,  t h e  R a d i o  
S c i e n c e  s e n s o r s  a r e  t h e  i n s t r u m e n t a t i o n  l o c a t e d  on  t h e  
t r a c k i n g  s t a t i o n s  o n  E a r t h .  The  RSS i s  c a p a b l e  o f  
t r a n s m i t t i n g  s t a b l e  c a r r i e r  f r e q u e n c i e s  a t  b o t h  S  and X band 
u s i n g  an U l t r a  S t a b l e  O s c i l l a t o r  (USO) onboard t h e  s p a c e c r a f t .  
T o  a c h i e v e  e v e n  more s t a b l e  c a r r i e r  f r e q u e n c i e s ,  t h e  RSS c a n  
r e c e i v e  and r e t r a n s m i t  an  e x t r e m e l y  p r e c i s e  s i g n a l  s e n t  from 

t h e  DSN a n t e n n a e .  A s  a  s e n s o r ,  t h e  RSS i s  u s e d  i n  
4 b a s i c  and t o t a l l y  d i f f e r e n t  exper iments .  
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F i g u r e  4-4. The R a d i o  S c i e n c e  S u b s y s t e m  u s e s  t h e  s p a c e c r a f t  
r a d i o  t r a n s m i t t e r  t o  beam a  s i g n a l  t h r o u g h  t h e  
ionosphere  and n e u t r a l  a tmosphere  f o r  d e t e c t i o n  
by t h e  DSN a n t e n n a s  on Ear th .  The s i g n a l  changes 
a l l o w  a n  e s t i m a t e  of  t h e  d e n s i t y ,  t e m p e r a t u r e ,  
and p r e s s u r e  of t h e  atmosphere.  

(1) The RSS is  u s e d  t o  p r o b e  b o t h  p l a n e t a r y  a n d  s a t e l l i t e  
a t m o s p h e r e s .  When t h e  s p a c e c r a f t  i s  a b o u t  t o  p a s s  
b e h i n d ,  o r  come o u t  f r o m  b e h i n d ,  a  p l a n e t  o r  a  moon 
w i t h  a n  a t m o s p h e r e ,  t h e  s p a c e c r a f t "  c o m m u n i c a t i o n s  
a n t e n n a  i s  p o i n t e d  n e a r  ( b u t  n o t  d i r e c t l y  a t ]  t h e  
E a r t h ,  The r a d i o  s i g n a l  p a s s e s  t h r o u g h  t h e  a t m o s p h e r e  
of i n t e r e s t .  

The s i g n a l  w i l l  b e  b e n t  a n d  s l o w e d  by t h e  a t m o s p h e r e  ( a  
p r o c e s s  c a l l e d  r e f r a c t i o n ) .  The s p a c e c r a f t  a n t e n n a  i s  
p o i n t e d  s u c h  t h a t  t h e  b e n t  r a d i o  s i g n a l  r e a c h e s  t h e  
E a r t h  ( F i g u r e  4-4). T h i s  v iewing  geometry is c a l l e d  an  
E a r t h  o c c u l t a t i o n .  



From t h e  changes i n  t h e  f requency of t h e  X-band and S- 
band s i g n a l s ,  t h e  t e m p e r a t u r e  and p r e s s u r e  of t h e  
a t m o s p h e r e  a t  d i f f e r e n t  a l t i t u d e s  c a n  be c a l c u l a t e d .  
The a t m o s p h e r i c  d e n s i t y  can be c a l c u l a t e d  f rom t h e  
a m o u n t  t h e  a t m o y p h e r e  b e n d s  t h e  s i g n a l .  I f  a n  
ionosphere e x i s t s  o u t s i d e  t h e  atmosphere, it w i l l  a l s o  
change t h e  r ad io  s igna l .  S t u d i e s  of t h e  corona of t h e  
Sun a r e  c a r r i e d  o u t  i n  a  s i m i l a r  f a s h i o n  when t h e  
s p a c e c r a f t  pa s se s  behind t h e  Sun as viewed from Earth. 

( 2 )  The second  t y p e  of RSS e x p e r i m e n t  i n v o l v e s  d i r e c t i n g  
t h e  X-band r a d i o  s i g n a l  t h r o u g h  p l a n e t a r y  r i n g s .  When 
t h e  s p a c e c r a f t  is b e h i n d  ( f rom t h e  E a r t h ' s  p o i n t  of 
view) a s e t  of p l a n e t a r y  r ings ,  t h e  antenna is poin ted  
d i r e c t l y  a t  t h e  E a r t h .  The s i g n a l  p a s s e s  t h r o u g h  t h e  
r i n g s  and is  r e c e i v e d  on t h e  E a r t h .  Changes i n  t h e  X- 
band and S-band s i g n a l  i n t e n s i t i e s  and f r equenc ie s  can 
be  used  t o  e s t i m a t e  t h e  number, s i z e ,  shape ,  and 
t h i c k n e s s  of t h e  r i n g s ,  and t h e  s i z e s  of t h e  p a r t i c l e s  
t h a t  make up t h e  r ings .  

( 3 )  The t h i r d  t y p e  of RSS e x p e r i m e n t  i s  t h e  d e t e r m i n a t i o n  
of t h e  mass  of a  p l a n e t  o r  moon t h a t  t h e  s p a c e c r a f t  
p a s s e s  a t  c l o s e  r a n g e .  The p r i n c i p l e  t h a t  t h i s  
exper iment  works on is t h e  Doppler p r inc ip l e .  

When t h e  r a d i o  t r a n s m i t t e r  s e n d s  a  s i g n a l ,  it s e n d s  
t h a t  s i g n a l  a t  a  w e l l  known f r e q u e n c y .  Any change i n  
speed  ( a c c e l e r a t i o n )  t h a t  t h e  s p a c e c r a f t  e x p e r i e n c e s  
w i l l  cause t h e  f requency of t h e  r ad io  s i g n a l  r e f l e c t e d  
by t h e  s p a c e c r a f t  t o  change.  The amount of f r e q u e n c y  
change is only  dependent on t h e  change i n  speed of 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  p a s s e s  c l o s e  t o  a  p l a n e t  o r  moon, 
t h e  p l a n e t  o r  moon p u l l s  on t h e  s p a c e c r a f t ,  causing i ts  
s p e e d  t o  i n c r e a s e  d u r i n g  a p p r o a c h  and d e c r e a s e  d u r i n g  
d e p a r t u r e .  The amount of change  i n  s p e e d  depends  o n l y  

upon  t h e  mass o f  t h e  p l a n e t  o r  moon a n d  t h e  
d i s t a n c e  of t h e  s p a c e c r a f t  f r o m  t h e  p l a n e t  o r  
moon. Thus, by measu r ing  t h e  change  i n  f r e q u e n c y  



of t h e  t r a n s m i t t e d  r a d i o  s i g n a l ,  t h e  mass of t h e  p l a n e t  
o r  moon can be e s t i m a t e d .  

( 4 )  T h e  f i n a l  RSS e x p e r i m e n t  i s  a  t e s t  o f  G e n e r a l  
R e l a t i v i t y .  The Theory of Genera l  R e l a t i v i t y  p r e d i c t s  a 
c h a n g e  i n  t h e  f r e q u e n c y  of a  r a d i o  s i g n a l ,  when t h e  
s i g n a l ' s  s o u r c e  p a s s e s  n e a r  any mass ive  body. Each t i m e  
t h e  Voyager  s p a c e c r a f t  p a s s e s  c l o s e  t o  a  p l a n e t ,  t h e  
r a d i o  t r a n s m i t t e r  c a r r i e r  f r equency  change is measured 
a n d  c o m p a r e d  t o  t h e  c h a n g e  p r e d i c t e d  b y  G e n e r a l  
R e l a t i v i t y .  So f a r ,  G e n e r a l  R e l a t i v i t y  h a s  p a s s e d  t h e  
t e s t  each t ime.  

T h e r e  a r e  s i x  F & P - t y p e  s e n s o r s .  The PRA is  d e s i g n e d  t o  
measure r a d i o  waves from t h e  Sun and p l a n e t s .  The remaining 
f i v e  s e n s o r s  a r e  p a r t i c u l a r l y  i n t e r e s t e d  i n  measuring s o l a r -  
r e l a t e d  phenomena. 

The Sun,  a s  a  c o n s e q u e n c e  of f u s i n g  4 h y d r o g e n  n u c l e i  
t o g e t h e r  t o  produce 1 he l ium n u c l e u s ,  e j e c t s  mass and energy,  
m o r e  o r  l e s s  u n i f o r m l y  i n  a l l  d i r e c t i o n s .  The e n e r g y  i s  
e j e c t e d  i n  t h e  fo rm of  l i g h t  a n d  h e a t .  The m a s s  i s  e j e c t e d  i n  
t h e  f o r m  of p r o t o n s ,  n e u t r o n s ,  and e l e c t r o n s  by t h e m s e l v e s ,  
and i n  v a r i o u s  combina t ions ,  The mass f l o w i n g  o u t  from t h e  sun  
i s  c a l l e d  t h e  s o l a r  wind ,  and it t r a v e l s  a t  a n  a v e r a g e  s p e e d  
of  a b o u t  400 km/sec  ( n e a r l y  900,000 mph),  b u t  c a n  " " g s t U Y o  
over  t w i c e  t h i s  a v e r a g e  speed. 

T h e  V o y a g e r  s p a c e c r a f t  i s  e q u i p p e d  w i t h  5 s e n s o r s  
des igned  t o  d e t e c t  t h e  s o l a r  wind and i t s  i n t e r a c t i o n  w i t h  t h e  
v a r i o u s  p l a n e t s  and  moons o f  t h e  o u t e r  s o l a r  s y s t e m ,  T h e s e  
s e n s o r s  a r e :  t h e  M a g n e t o m e t e r  ( M A G ) ,  t h e  P l a s m a  S u b s y s t e m  
(PLS), t h e  Low-Energy Charged P a r t i c l e  Subsystem (LECP) ,  t h e  
C o s m i c  Ray S u b s y s t e m  (CRS), a n d  t h e  P l a s m a  Wave S u b s y s t e m  
(PWS) . 

The P R A  i s ,  i n  e s s e n c e ,  a  s o p h i s t i c a t e d  r a d i o  r e c e i v e r ,  



a t t a c h e d  t o  a  p a i r  of  1 0  m e t e r  ( 3 3  f o o t )  r a b b i t  e a r s ,  The PRA 
l i s t e n s  f o r  r a d i o  s i g n a l s  produced by t h e  Sun and t h e  p l a n e t s ,  
t h e i r  m a g n e t o s p h e r e s ,  a n d  l i g h t n i n g .  B o t h  t h e  J u p i t e r  a n d  
S a t u r n  s:ystems produced such s i g n a l s ,  

The PRA w o r k s  i n  o n e  of t w o  ways. I f  you t u n e  y o u r  r a d i o  
to o n e  s t a t i o n  a n d  l e a v e  it t h e r e ,  you a r e  o p e r a t i n g  i n  t h e  
s i n g l e  f r equency  mode. I f  you knew which s t a t i o n  you wanted t o  
l i s t e n  t o ,  t h i s  i s  how you w o u l d  m o s t  l i k e l y  c h o o s e  t o  t u n e  
your r a d i o  r e c e i v e r .  

C o n s i d e r ,  h o w e v e r ,  a  s e c o n d  c a s e ,  S u p p o s e  you knew t h a t  
t h e r e  was g o i n g  t o  b e  a  c o l l e g e  f o o t b a l l  ( s o c c e r )  game 
b r o a d c a s t  a t  1 PM o n  S a t u r d a y ,  b u t  y o u  d i d n ' t  know t h e  
s t a t i o n ,  You w o u l d  s t a r t  y o u r  r a d i o  r e c e i v e r  a t  t h e  e x t r e m e  
l e f t  end of t h e  r a d i o  d i a l ,  and sweep a c r o s s .  You would s t o p  
a t  e a c h  s t a t i o n  l o n g  e n o u g h  t o  r e c o g n i z e  t h e  s i g n a l .  I f  it 
w a s n n t  t h e  game,  you would  p a s s  on  t o  t h e  n e x t  s t a t i o n .  I f  
none  of  t h e  s t a t i o n s  w e r e  b r o a d c a s t i n g  t h e  game ( p e r h a p s  
b e c a u s e  it was on  FM and you a r e  t u n i n g  t h e  AM b a n d ) ,  you 
w o u l d  h a v e  s u r v e y e d  t h e  e n t i r e  band. T h i s  i s  how t h e  PRA w o r k s  
i n  i t s  scann ing  mode. 

A l t h o u g h  t h e  MAG c a n  d e t e c t  some of t h e  e f f e c t s  of  t h e  
s o l a r  wind on t h e  o u t e r  p l a n e t s  and moons, i ts p r i m a r y  j o b  is 
t o  measure changes  i n  t h e  Sun's magne t i c  f i e l d  w i t h  d i s t a n c e  
and t i m e ,  and t o  d e t e r m i n e  i f  each  of t h e  o u t e r  p l a n e t s  h a s  a  
m a g n e t i c  f i e l d ,  and  how t h e  moons and  r i n g s  of t h e  o u t e r  
p l a n e t s  i n t e r a c t  w i t h  t h o s e  magne t i c  f i e l d s .  I f  it d e t e c t s  a  
p l a n e t a r y  magne t i c  f i e l d ,  i t s  job  t h e n  becomes t o  measure  t h e  
c h a r a c t e r i s t i c s  of t h e  m a g n e t i c  f i e l d .  

The MAG c a n  b e  v i s u a l i z e d  a s  4 s e t s  o f  c o m p a s s e s .  Each 
s e t  of  c o m p a s s e s  c o n s i s t s  o f  3 c o m p a s s e s ,  mounted  a t  r i g h t  
a n g l e s  t o  e a c h  o t h e r .  Two of  t h e  c o m p a s s  sets a r e  v e r y  
s e n s i t i v e ,  and hence can d e t e c t  weak magne t i c  f i e l d  s t r e n g t h s ,  

a s  weak a s  1 / 1 0 , 0 0 0  t h e  s t r e n g t h  of t h e  m a g n e t i c  
f i e l d  of  t h e  E a r t h "  s u r f a c e .  The o t h e r  t w o  s e t s  

In 31 a r e  n o t  n e a r l y  s o  s e n s i t i v e ,  and  a r e  d e s i g n e d  t o  



d e t e c t  l a r g e  magne t i c  f i e l d  s t r e n g t h s ,  some 20 t i m e s  s t r o n g e r  
t h a n  t h e  E a r t h ' s  magne t i c  f i e l d .  

The  CRS, PLS, a n d  LECP a l l  d e t e c t  t h e  i m p a c t  o f  
e l e c t r i c a l l y - c h a r g e d  p a r t i c l e s .  The d i f f e r e n c e  between t h e  3 
s e n s o r s  is t h a t  t h e  PLS b a s i c a l l y  looks  f o r  t h e  lowest -energy 
p a r t i c l e s ,  a n d  t h e  LECP a n d  CRS l o o k  f o r  h i g h e r - e n e r g y  
p a r t i c l e s .  A l l  3 s e n s o r s  work t h e  same way, They s e n s e  
p a r t i c l e s  t h a t  h i t  them. 

A " p l a s m a "  i s  a  g a s  o r  " s o u p "  o f  c h a r g e d  p a r t i c l e s .  I t  
t y p i c a l l y  c o n s i s t s  of e l e c t r o n s  and p o s i t i v e l y - c h a r g e d  n u c l e i ,  
w h e r e  t h e  l a t t e r  h a v e  b e e n  p r o d u c e d  when t h e  o r i g i n a l  a t o m s  
l o s t  o n e  o r  more of t h e i r  e l e c t r o n s .  The PLS l o o k s  f o r  t h e  
lowest -energy p a r t i c l e s .  I t  a l s o  has  t h e  a b i l i t y  t o  look f o r  
p a r t i c l e s  moving a t  p a r t i c u l a r  speeds.  The PLS can be  imagined 
a s  a  p i e c e  of  wood w i t h  a  v a r i a b l e  amount  of  s y r u p  i n  f r o n t  of  
t h e  wood. The s y r u p  s l o w s  t h e  p a r t i c l e  down s o  t h a t  it c a n  
j u s t  h i t  t h e  wood and s t i c k  t o  it. Up t o  a  p o i n t ,  i f  one wants  
t o  l o o k  f o r  f a s t e r  p a r t i c l e s ,  o n e  s i m p l y  p u t s  more s y r u p  i n  
f r o n t  of t h e  wood, I n  a c t u a l i t y ,  t h e  PLS s t e p s  t h r o u g h  v a r i o u s  
a m o u n t s  of  " s y r u p "  l o o k i n g  f o r  p a r t i c l e s  moving a t  v a r i o u s  
speeds .  

The LECP and CRS look f o r  p a r t i c l e s  of h i g h e r  energy t h a n  
t h e  PLS, a t  o v e r l a p p i n g  e n e r g y  r a n g e s .  The LECP h a s  t h e  
b r o a d e s t  ene rgy  range  of t h e  t h r e e  p a r t i c l e  s e n s o r s .  The CRS 

l o o k s  o n l y  f o r  v e r y  e n e r g e t i c  p a r t i c l e s ,  and  h a s  t h e  h i g h e s t  
s e n s i t i v i t y .  

The LECP c a n  b e  i m a g i n e d  a s  a  p i e c e  of wood, w i t h  t h e  
p a r t i c l e s  of i n t e r e s t  p l a y i n g  t h e  r o l e  of b u l l e t s .  The f a s t e r  
a  b u l l e t  moves,  t h e  d e e p e r  it w i l l  p e n e t r a t e  t h e  wood. T h u s ,  
t h e  dep th  of p e n e t r a t i o n  measures t h e  speed of t h e  p a r t i c l e s ,  
The number of b u l l e t  h o l e s  o v e r  t i m e  i n d i c a t e s  how many 



p a r t i c l e s  t h e r e  a r e  i n  v a r i o u s  p l a c e s  i n  t h e  s o l a r  w i n d ,  a n d  
a t  t h e  v a r i o u s  o u t e r  p l a n e t s .  The o r i e n t a t i o n  of t h e  wood 
i n d i c a t e s  t h e  d i r e c t i o n  f rom which t h e  p a r t i c l e s  came. 

The CRS l o o k s  f o r  p a r t i c l e s  w i t h  t h e  h i g h e s t  e n e r g i e s  of 
a l l ,  Very  e n e r g e t i c  p a r t i c l e s  c a n  be  f o u n d  a t  p l a n e t s  t h a t  
have l a r g e  amounts  of t r a p p e d  energy ( l i k e  J u p i t e r ) .  P a r t i c l e s  
w i t h  t h e  h i g h e s t - k n o w n  e n e r g i e s  come f r o m  o t h e r  s t a r s .  The 
CRS loolrs f o r  both.  

No a t t e m p t  is made t o  s low o r  c a p t u r e  t h e  s u p e r - e n e r g e t i c  
p a r t i c l e s .  They s i m p l y  p a s s  c o m p l e t e l y  t h r o u g h  t h e  CRS. 
However,  i n  p a s s i n g  t h r o u g h ,  t h e  p a r t i c l e s  l e a v e  s i g n s  t h a t  
t h e y  w e r e  t h e r e ,  Thus ,  t h e  CRS c a n  b e  v i s u a l i z e d  a s  s i m p l y  a 
p i e c e  of  wood t h a t  t h e  b u l l e t s  p a s s  c o m p l e t e l y  t h r o u g h .  One 
s i m p l y  c o u n t s  t h e  b u l l e t  h o l e s ,  t o  know when a  h i g h  s p e e d  
p a n t i c l e  i m p a c t e d ,  a n d  how o f t e n .  The CRS h a s  s e v e n  s e p a r a t e  
" p i e c e s  of wood" o r i e n t e d  i n  d i f f e r e n t  d i r e c t i o n s ,  and l o o k i n g  
f o r  d i f f e r e n t  t y p e s  of h i g h l y - e n e r g e t i c  p a r t i c l e s .  

The PWS, l i k e  t h e  PRA, i s  e s s e n t i a l l y  a  r a d i o  r e c e i v e r  
and a m p l i f i e r .  I t  l i s t e n s  f o r  s i g n a l s  a t  f r e q u e n c i e s  t h a t  t h e  
human e a r  c o u l d  h e a r  ( a u d i o  f r e q u e n c i e s ) .  The PWS s h a r e s  t h e  
I10 m e t e r  ( 3 3  f o o t )  p a i r  of r a b b i t  e a r s  w i t h  t h e  PRA. The PWS 
n o r m a l l y  o p e r a t e s  i n  a  scann ing  mode. I f  you tuned your r a d i o  
r e c e i v e r  f i r s t  t o  one s t a t i o n ,  t h e n  a n o t h e r ,  t h e n  a n o t h e r ,  up 
t o  16 s t a t i o n s ,  you would  b e  o p e r a t i n g  y o u r  r e c e i v e r  a s  t h e  
PWS does  when it is scanning.  

T h e  PWS h a s  a  s e c o n d  mode o f  o p e r a t i o n .  I t  c a n  
s i m u l t a n e o u s l y  l i s t e n  t o  a l l  t h e  s t a t i o n s  on  i t s  a u d i o  band. 
T h i s  mode is used most f r e q u e n t l y  when t h e  s p a c e c r a f t  is n e a r  
a  p l a n e t ,  T h i s  mode c a n  o p e r a t e  s i m u l t a n e o u s l y  w i t h  t h e  
scann ing  mode, 

The PWS s a m p l e s  t h e  b e h a v i o r  of p l a s m a s  i n  and a r o u n d  
p l a n e t a r y  m a g n e t o s p h e r e s  by m e a s u r i n g  t h e  r a d i o  
w a v e s  g e n e r a t e d  by t h o s e  p l a s m a s ,  I t  c a n  a l s o  
d e t e c t  p l a n e t a r y  l i g h t n i n g  a n d  t h e  p r e s e n c e  of  



I S S  
THE IMAGING SCIENCE 
SUBSYSTEM CONSISTS OF TWO 
TELEVISION-TYPE CAMERAS 
MOUNTED ON A SCAN PLAT. 
FORM. ONE OF THE CAMERAS 
HAS A 200 mm WIDE-ANGLE 
LENS WITH AN APERTURE OF 113. 
WHILE THE OTHER USES A 
1.500 mm Y8.5 LENS TO PRO- 
DUCE NARROW-ANGLE IMAGES. 

P P S  
THE PHOTOPOLARIMETER 
SYSTEM CONSISTS OF A 0.2 m 
TELESCOPE FITTED WITH 
FILTERS AND POLARIZATION 
ANALYZERS AND IS MOUMTEO 
OM A SCAM PLATFORM. IT 
COVERS EIGHT WAVELENGTHS IN 
THE REGION BETWEEN 235 p m  
AND 750 pm. 

IR IS  U V S  
THE INFRARED RADIOMETER THE ULTRAVlOLET SPEC 
INTERFEROMETER AND SPEC- TROMETER COVERS THE WAVE- 
TROMETER MEASURES RADIA. LEWGTN RANGE OF 40 pm TO 
TIOM IN TWO REGIONS OF THE 180 p m  LOOKING AT PLANETARY 
INFRARED SPECTRUM, FROM 2.5 ATMOSPHERES b\ND INTER 
TO 50 p m  AMD FROM 0.3 to PLANETARY SPACE. 
2.0 pm. 

P L S  
THE PLASMA EXPERIMENT 
STUDIES THE PROPERTIES OF 
THE VERY HOT IONIZED GASES 
THAT EXIST IN THE INTER- 
PLANETARY REGIONS. THE 
INSTRUMENT CONSISTS OF TWO 
PLASMA DETECTORS, ONE 
POINTING IN THE DIRECTION OF 
THE EARTH AH0 THE OTHER AT 
A RIGHT ANGLE TO THE FIRST. 

L E C P  
THE LOW.ENERGY CHARGED 
PARTICLE EXPERIMENT USES 
TWO SOLID-STATE DETECTOR 
SYSTEMS MOUNTED ON A 
ROTATING PLATFORM. THE TWO 
SUBSYSTEMS COIUSIST OF THE 
LOW ENERGY PARTICLE 
TELESCOPE (LEPT) AND THE LOW 
ENERGY MAGNETOSPHERIC 
PARTICLE ANALYZER (LEMPA). 

P W S  AND P R A  
TWO SEPARATE EXPERIMENTS, 
THE PLASMA WAVE SYSTEM 
AMD THE PLADlETARY RADIO 
ASTROWOYY EXPERIMENT. 
SHARE THE M E  OF THE TWO 
LONG ANTENMAS WHICH 
STRETCH OUT AT RIGHT-ANGLES 
TO ONE ANOTHER FORMIWG A 
"V". THE PWS COVERS A FRE- 
QUEWCY RAWGE OF 10 Hz - 
56 kHz. THE PRA RECEIVER 
COVERS TWO FREQUENCY 
BANDS, THE FIRST IN THE 
RANGE OF 20.4 kHz TO 
1.300 kHz, AND THE SECOND 
BETWEEN 2.3 MHz and 40.5 MHz. 

C R S  
THE COSMIC RAY DETECTOR 
SYSTEM IS DESOGNED TO 
MEASURE THE ENERGY SPEC. 
TRUM OF ELECTRONS AND 
COSMIC RAY NUCLEI. THE 
EXPERIMENT USES THREE 
INDEPENDENT SYSTEMS: A HIGH. 
ENERGY TELESCOPE SYSTEM 
(WETS). A LOW-ENERGY 
TELESCOPE SYSTEM (LETS), AND 
AN ELECTRON TELESCOPE [TETI. 

R S S  
THE IIUVESTlGATIONS OF THE 
RADIO SCIENCE SYSTEM ARE 
BASED ON THE RADIO EQUIP- 
MENT WHICH IS ALSO USED FOR 
TWO.WAY COMNlUNlCATlONS 
BETWEEN THE EARTH AND 
VOYAGER. FOR EXAMPLE, THE 
TRAJECTORY OF THE SPACE- 
CRAFT CAN BE MEASURED 
ACCURATELY FROM THE RADIO 
SIGNALS IT TRANSMITS: 
AMALYSIS OF THE FLIGHT PATH 
AS IT PASSES HEAR A PLANET 
OR SATELLITE MAKES IT 
POSSIBLE TO DETERMINE THE 
MASS. OEMSlTY AMD SHAPE OF 
THE OBJECT IF4 OUESTIDN. THE 
RADIO SIGNALS ARE ALSO 
STUDIED AT OCCULTATIONS FOR 
lNFORMATlON ABOUT THE 
OCCULTING BODV'S ATMOSPHERE 
AND IONOSPHERE. 

M A G  
THE MAGNETIC FIELDS EXPERI. 
MEIIIT CONSISTS OF FOUR 
MAGNETOMETERS: TWO ARE 
LOW-FIELD INSTRUMENTS 
MOUNTED OM A I 0  m BOOM 
AWAY FROM THE FIELD OF THE 
SPACECRAFT, WHILE THE OTHER 
TWO ARE HIGN.FIELO MAGNETO- 
METERS MOUNTED OM THE BODY 
OF THE SPACECRAFT. 

F i g u r e  4-5. Each Voyager s p a c e c r a f t  c a r r i e s  a s c i e n c e  payload 
of 1 1 0  Kg ( 2 4 0  I b )  t h a t  u s e s  1 0 0  w a t t s  olf power, 
E l e v e n  i n v e s t i g a t i o n s  a r e  d e s i g n e d  t o  r e t u r n  
complementary s c i e n c e  a c r o s s  a b road  spect rum,  



t i n y  r i n g  p a r t i c l e s  t h a t  s t r i k e  t h e  s p a c e c r a f t  w h i l e  it f l i e s  
th rough  t h e  p l a n e  of t h e  r i n g s .  

F i g u r e  4 - 5  ( c o u r t e s y  , Hunt a n d  Moore, Rand 
M c r J a l l y  & Co., 1 9 8 1 )  p r o v i d e s  a  b r i e f  s u m m a r y  o f  t h e  
e n g i n e e r i n g  c h a r a c t e r i s t i c s  o f  e a c h  of t h e  e l e v e n  Voyager  
s ~ c i e n t i f i c  s e n s o r s .  P r i o r  t o  l a u n c h ,  a n  a t t e m p t  was  made t o  
pe r f  e c t l y  a l i g n  t h e  o p t i c a l  i n s t r u m e n t  f i e l d s - o f - v i e w  when 
t h e y  were mounted on t h e  scan  p l a t f o r m .  T h i s  e n a b l e s  them t o  
p r o v i d e  c o m p l e m e n t a r y  i n f o r m a t i o n  a s  t h e y  a l l  v i e w  t h e  s a m e  
t a r g e t ,  

A s  you might  imagine,  it is n o t  e a s y  t o  a l i g n  r e l a t i v e l y  
bulky e l e c t r o n i c  equipment  t o  u l t r a  h igh  p r e c i s i o n .  However, 
a s  shown i n  F i g u r e  4 -6 ,  t h e  a l i g n m e n t  m e c h a n i c s  d i d  a  f i x s t -  
c l a s s  job,  be ing  w i t h i n  0.10 of t h e i r  o b j e c t i v e .  

I f  y o u k e  s t i l l  w i t h  us ,  you must b e  q u i t e  i n t e r e s t e d  i n  
how t h e  Voyager  s e n s o r s  l e a r n  a b o u t  o t h e r  w o r l d s .  So now is 
t h e  t i m e  f o r  y o u r  p h y s i c s  r e f r e s h e r ,  t o  t i e  o f f  some of t h e  
b a s i c  c o n c e p t s .  The Voyager  o p t i c a l  s e n s o r s  t h a t  a c t u a l l y  
p o i n t  a t  s o m e t h i n g  ( t h e  ISS,  IRIS,  W S  a n d  PPS) a l l  work on  
t h e  same b a s i c  p r i n c i p l e s  of a t o m i c  physics .  

A l l  m a t t e r  i n  t h e  u n i v e r s e  a b o v e  a b s o l u t e  z e r o  
t e m p e r a t u r 4  i s  u n d e r g o i n g  some t y p e  of  a t o m i c  ( i n c l u d i n g  
molecu la r )  motion,  I n  f a c t ,  t e m p e r a t u r e  is n o t h i n g  more t h a n  
t h e  m e a s u r e  of t h e  a v e r a g e  amount  of  m o t i o n  of a  g r o u p  of  
a t o m s  o r  m o l e c u l e s .  M a t t e r  t h a t  i s  h o t t e r  ( h i g h e r  i n  
t e m p e r a t u r e )  is s i m p l y  moving f a s t e r .  

When a n  a t o m  o r  m o l e c u l e  a b s o r b s  o r  r e l e a s e s  e n e r g y ,  i t  
may d o  s o  o n l y  i n  c e r t a i n  ways. The c e n t r a l  ( a n d  f o u n d i n g )  
i d e a  of Quantum Mechanics is t h a t  m a t t e r  may a b s o r b  or  r e l e a s e  

e n e r g y  o n l y  i n  " c h u n k s "  o r  q u a n t a .  T h i s  i d e a  was  
conceived of and p u b l i s h e d  by Max Planck i n  1900. 

!{ '\ F i v e  y e a r s  l a t e r ,  A l b e r t  E i n s t e i n  e x t e n d e d  t h e  

1 I \ 



F i g u r e  4-6. An a t t e m p t  was made t o  p e r f e c t l y  a l i g n  ( f o r  
c o m p l e m e n t a r y  s c i e n c e )  t h e  v i e w i n g  a x e s  of t h e  
s c a n  p l a t f o r m  o p t i c a l  i n s t r u m e n t s  b e f o r e  launch,  
b u t  s l i g h t  m i s a l i g n m e n t s  o f  up t o  0 -10  w e r e  
unavo idab le  when mounting f a i r l y  bulky i n s t r u m e n t  
packages .  

i d e a ,  by  p o s t u l a t i n g  t h a t  e n e r g y  i t s e l f  c a n  o n l y  e x i s t  i n  
q u a n t i z e d  a m o u n t s ,  i.e., i n  i n t e g e r  m u l t i p l e s  o f  s o m e  
f u n d a m e n t a l  amount  of  e n e r g y .  T h e s e  t w o  i d e a s  f o r m  t h e  
i n t e l l e c t u a l  s t a r t i n g  p o i n t  f o r  Quantum Mechanics (of which, 
Atomic P h y s i c s  is  b u t  a  branch) .  

We have been l o o s e l y  u s i n g  t h e  t e r m  "a tomic  -otionV",ut 
we can  s e e  i n  F i g u r e  4-7 t h a t  we must v i s u a l i z e  t h r e e  d i s t i n c t  
t y p e s  of motion, Molecules,  c o n s i s t i n g  of two o r  more a toms,  
may r o t a t e  and v i b r a t e  a t  d i f f e r e n t  d i s c r e t e  ene rgy  l e v e l s ,  A 

m o l e c u l e  may a b s o r b  a  s p e c i f i c  quan tum of e n e r g y ,  t h e r e b y  
moving t o  a  h i g h e r  e n e r g y  s t a t e ,  o r  it may r e l e a s e  a  q u a n t u m  
of ene rgy  i n  t h e  form of an e l e c t r o m a g n e t i c  wave. The lowest 



t----wAvELENGTH X - 
LOW ENERGY 
LOW FREQUENCY 
LONG WAVELENGTH 

RADIO. MICROWAVE, 

ELECTROMAGNETIC 
(FAR INFRAREO ) 

RADIATION 

HIGH ENERGY 
HIGH FREQUENCY 
SHORT WAVELENGTH 
VlSl8LE L IGHT ( ULTRAVIOLET ) 

KEY EQUATIONS: C = f X ,  E =  hf 

F i g u r e  4-7. A l l  m a t t e r  a b o v e  a b s o l u t e  z e r o  t e m p e r a t u r e  i s  
c o n s t a n t l y  i n  motion, absorb ing  and r e - e m i t t i n g  
e n e r g y .  M o l e c u l e s ,  c o n s i s t i n g  of t w o  o r  more  
a t o m s ,  c a n  p o s s e s s  r o t a t i o n a l  and  v i b r a t i o n a l  
e n e r g y ,  a s  w e l l  a s  e l e c t r o n  o r b i t  t r a n s f e r s .  
S i n g l e  atoms,  however, t y p i c a l l y  p o s s e s s  o n l y  t h e  
o r b i t a l  t r a n s f e r s  of e l e c t r o n s .  

e n e r g y  s t a t e  c h a n g e s  a r e  a s s o c i a t e d  w i t h  c h a n g e s  i n  t h e  
r o t a t i o n a l  ene rgy  of t h e  molecule.  

B o t h  m o l e c u l e s  a n d  i n d i v i d u a l  a t o m s  c a n  u n d e r g o  
r e l a t i v e l y  l a r g e  energy  s t a t e  changes whenever t h e i r  o r b i t a l  
e l e c t r o n s  jump b e t w e e n  s p e c i f i c  o r b i t s ,  a g a i n  e x p e r i e n c i n g  
d i s c r e t e  e n e r g y - l e v e l  changes c h a r a c t e r i s t i c  of t h e  p a r t i c u l a r  
molecule o r  a t o m  i n  q u e s t i o n .  A s  shown i n  b o t h  F i g u r e s  4-7 
a n d  4-8, t h e s e  e l e c t r o n  o r b i t  t r a n s i t i o n s  r e s u l t  i n  g r e a t e r  

e n e r g y - s t a t e  c h a n g e s  t h a n  t h o s e  a s s o c i a t e d  w i t h  
c h a n g e s  i n  m o l e c u l a r  r o t a t i o n  a n d  v i b r a t i o n  
s t a t e s .  



T R A N S I T I O N S  

SECOND 

E L E C T R O N  - 
L E V E L  

F I R S T  
E X C I T E D  

E L E C T R O N  
L E V E L  

G R O U N D  
E L E C T R O N  

O R B I T  
S T A T E  

F i g u r e  4-8. M o l e c u l e s  and  a t o m s  c a n  o n l y  a b s o r b  and  r e - e m i t  
d i s c r e t e  p a c k e t s  of energy. The e x a c t  v a l u e s  of 
t h e s e  e n e r g y  l e v e l  c h a n g e s  a r e  u n i q u e  t o  
d i f f e r e n t  m o l e c u l e s  a n d  a t o m s ,  a c t i n g  l i k e  
f i n g e r p r i n t s  t o  i d e n t i f y  t h e  m a t t e r  i n  q u e s t i o n .  

A s  e a c h  c h a n g e  i n  e n e r g y  l e v e l  is u n i q u e ,  a  p a r t i c u l a r  
t y p e  of atom o r  molecu le  may be  i d e n t i f i e d  when e i t h e r  l i g h t  
(more g e n e r a l l y ,  a n  e l e c t r o m a g n e t i c  wave) of a  f r equency  it is 
known t o  e m i t  i s  p r e s e n t ,  o r  when l i g h t  of  a  f r e q u e n c y  it i s  
known t o  a b s o r b  is a b s e n t .  The f o r m e r  is known a s  a t o m i c  o r  
m o l e c u l a r  emiss ion .  The l a t t e r  i s  known a s  a t o m i c  o r  molecu la r  
a b s o r p t i o n .  B o t h  t e c h n i q u e s  a r e  u s e d  by t h e  Voyager  o p t i c a l  
t a r g e t  body s e n s o r s  t o  i d e n t i f y  t h e  p r e s e n c e  of p a r t i c u l a r  
a toms  and molecules.  

The f r e q u e n c i e s  of  l i g h t  t h a t  a  d i a t o m i c  o r  p o l y a t o m i e  
molecule  can a b s o r b  o r  e m i t  can be c a l c u l a t e d .  By d e t e r m i n i n g ,  



i n  advance, t h e  atoms and molecules t h a t  0n.e wants t o  l o c a t e ,  
one  can  d e t e r m i n e  t h e  r a n g e  of e l e c t r o - m a g n e t i c  f r e q u e n c i e s  
t h a t  m u s t  b e  d e t e c t a b l e .  Once t h e  d e s i r e d  r a n g e  o f  
f r e q u e n c i e s  i s  known, one can d e s i g n  s e n s o r s  s e n s i t i v e  t o  
t h o s e  f r e q u e n c i e s  t h a t  w i l l  i n d i c a t e  t h e  p r e s e n c e  of t h e  
p a r t i c u l a r  m a t t e r  one is looking  for .  

F igure  4-9 shows both t h e  range of wavelengths t h a t  t h e  
Voyager o p t i c a l  t a r g e t  body senso r s  can sense ,  and some of t h e  
a t o m s  and m o l e c u l e s  t h a t  emit o r  a b s o r b  e n e r g y  w i t h i n  t h i s  
wavelength range.  One can  s e e  t h e  l a r g e  number of m o l e c u l e s  
d e t e c t a b l e  by t h e  IRIS ( u s e s  i n f r a r e d ) ,  hence t h e  i m p o r t a n c e  
of p re se rv ing  t h e  ins t rument  h e a l t h  t o  Neptune i f  poss ib le .  

Sc i ence  Links 

The Voyager s p a c e c r a f t  is  a  v e r y  complex  machine.  A s  
s u c h ,  it must  be  t o l d  what  t o  do. To u s e  a  p a r t i c u l a r  s e n s o r  
t o  make a d e s i r e d  observa t ion ,  a l is t  of i n s t r u c t i o n s  must be 
g e n e r a t e d  t o  t e l l  t h e  s e n s o r  what  t o  do and  when t o  do it. 
This  l i s t  of i n s t r u c t i o n s  is c a l l e d  a sc ience  l ink.  

The sc i ence  l i n k s  have a well-defined naming convention. 
The f i r s t  l e t t e r  d e s i g n a t e s  t h e  ins t rument  (P = PPS, R = IBIS, 
U = D S ,  V = ISS OR TY, X = RSS S/X-band, A = PRA, W = PHs, 
and F = E&P = LECP/CRS/PLS/MAG). Link name f i r s t  l e t t e r s  can 
a l s o  r e f e r  t o  S n g i n e e r  i n g  o r  U a v i g a t i o n  a c t i v i t i e s .  The 
second l e t t e r  i n  t h e  l i n k  name d e s i g n a t e s  t h e  t a r g e t  body (P = 
p l a n e t ,  R = r i n g s ,  M = Miranda,  A = Ariel ,  U = Umbr ie l ,  T = 
T i t a n i a ,  0 = Oberon, S  = System,  H = H e l i o s  o r  Sun, * = S t a r ,  
and  C = C a l i b r a t i o n ) .  The r e m a i n i n g  l e t t e r s  and  numbers  i n  
e a c h  l i n k  name p r o v i d e  a  s h o r t h a n d  d e s c r i p t i o n  o f  t h e  
observa t ion .  

The s c i e n t i f i c  g o a l s  o f  t h e  U r a n u s  e n c o u n t e r  were 
summar ized  i n  C h a p t e r  2. T h i s  c h a p t e r  h a s  summar ized  how 
Voyager ' s  s e n s o r s  work. T a b l e  4 - 1  summar i zes  t h e  most  
i m p o r t a n t  s c i e n c e  l i n k s  t h a t  w i l l  b e  u s e d  i n  t h e  upcoming 

Uranus encounter. The t a b l e  shows which senso r  has  
been chosen t o  accomplish which s c i e n t i f i c  goal ,  
and when t h e  o b s e r v a t i o n  w i l l  be.made. The s t a r t  
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F i g u r e  4-9, 'Toyager 's  o p t i c a l  i n s t r u m e n t s  c o v e r  a  r e s p e c t a b l e  r a n g e  of t h e  
electromagnet ic  spectrum, enabling t h e  de tec t ion  of many poss ib le  substances,  
We m u s t  thank such  g r e a t  s c i e n t i f i c  p i o n e e r s  a s  F lanck ,  Newton, Bohr, 
Sommerfeld, E ins te in ,  Heisenbergp and ~ c h r o d i n g e r ,  



t i m e  i s  g i v e n  i n  h o u r s  r e l a t i v e  t o  U r a n u s  c l o s e s t  a p p r o a c h ,  
w i t h  n e g a t i v e  b e f o r e  a n d  p o s i t i v e  a f t e r  c l o s e s t  a p p r o a c h .  
A d d i t i o r l a l  i n f o r  ma t i o n  on t h e s e  m a j o r  s c i e n c e  o b s e r v a t i o n s  is  
p r o v i d e d  i n  F i g u r e  6-4 and T a b l e  9-1. 

T a b l e  4-1. T h e r e  a r e  3 3  p r i o r  i t y - 1  s c i e n c e  o b s e r v a t i o n a l  
l i n k  e x e c u t i o n s  o u t  of a  t o t a l  o f  1 4 0 0  l i n k  
e x e c u t i o n s  d u r i n g  t h e  1 1 4 - d a y  U r a n u s  e n c o u n t e r  
p e r i o d .  2 5  o f  t h e s e  t o p  p r i o r i t y  l i n k s  o c c u r  
be tween  U - 1 0  h o u r s  and U+l0 hours .  
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One w o n d e r s  i f  t h e i r  m e s s a g e s  came l o n g  a g o ,  h u r t l i n g  
i n t o  t h e  swamp of t h e  s t e a m i n g  c o a l  f o r e s t s ,  t h e  b r i g h t  
p r o j e c t i l e  c lambered over  by h i s s i n g  r e p t i l e s ,  and t h e  
d e l i c a t e  i n s t r u m e n t s  r u n n i n g  m i n d l e s s l y  down w i t h  n o  
r e p o r t .  

Lor en E i s e l e y  

You have become a c q u a i n t e d  i n  t h e  l a s t  c h a p t e r  w i t h  each 
o f  t h e  s c i e n c e  i n s t r u m e n t s  a n d  t h e i r  o b j e c t i v e s .  T h e  
o b j e c t i v e s  c a n  o n l y  b e  c a r r i e d  o u t  b y  d e l i v e r i n g  t h e  
s p a c e c r a f t  t o  t h e  Uranian sys tem a long  t h e  chosen t r a j e c t o r y ,  
p r o p e r l y  o r i e n t i n g  t h e  s p a c e c r a f t  s o  i t s  i n s t r u m e n t s  may p o i n t  
a t  t h e  p r o p e r  c e l e s t i a l  b o d i e s ,  p o w e r i n g  t h e  i n s t r u m e n t s ,  
g i v i n g  i n s t r u c t i o n s  t o  t h e m ,  a n d  c h a n n e l i n g  t h e  s c i e n c e  
i n f o r m a t i o n  o b t a i n e d  by t h e  i n s t r u m e n t s  t o  t h e  r a d i o  subsys tem 
f o r  t r a n s m i s s i o n  t o  E a r t h ,  I n  o t h e r  w o r d s ,  a  c o m p l e x  
i n f r a s t r u c t u r e  i s  n e c e s s a r y  t o  s u p p o r t  t h e  s c i e n c e  
i n s t r u m e n t s ,  T h i s  c h a p t e r  d e s c r i b e s  t h e  s p a c e c r a f t  and  t h e  
way it o p e r a t e s .  

The b a s i c  s t r u c t u r e  of t h e  s p a c e c r a f t  is c a l l e d  t h e  bus, 
I t  i s  a  d e c a g o n a l  ( 1 0  s i d e d )  s t r u c t u r e  ( s e e  F i g u r e  5-It), The 
s y m m e t r y  a x i s  of  t h e  b u s  i s  c a l l e d  t h e  z - a x i s ,  o r  r o l l  a x i s ,  
The s p a c e c r a f t  is d e s i g n e d  t o  r o l l  a b o u t  t h i s  a x i s  by f i r i n g  
t i n y  jets, f u e l e d  by hydraz ine ,  which a r e  a t t a c h e d  to1 t h e  bus, 
The s p a c e c r a f t  w i l l  u s u a l l y  be a l i g n e d  s o  t h i s  z - a x i s  p o i n t s  
a t  E a r t h .  

Each of  t h e  t e n  s i d e s  of  t h e  b u s  c o n t a i n s  a  bay t h a t  
h o u s e s  v a r i o u s  e l e c t r o n i c  a s s e m b l i e s .  Bay 1, f o r  e x a m p l e ,  
c o n t a i n s  t h e  r a d i o  t r a n s m i t t e r s .  The bays  a r e  numbered from l 
t o  1 0  (numbered c l o c k w i s e  a s  s e e n  from Ear th ) .  

Two a d d i t i o n a l  t u r n  axes ,  i n  t h e  p l a n e  of t h e  decagon and 
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Figure  5-1. The c e n t r a l  p a r t  of t h e  Voyager s p a c e c r a f t  "bus" 
is a  decagon ( ten-s ided)  s t r u c t u r e  of "bays" t h a t  
h o u s e s  v a r i o u s  s u b s y s t e m s  and e l e c t r o n i c s . .  The 
" p i t c h "  X-axis and "yaw" Y-axis may a l s o  be  s e e n  
i n  t h i s  sketch.  

a t  r i g h t  a n g l e s  t o  e a c h  o t h e r ,  a r e  n e e d e d  t o  g i v e  t h e  
s p a c e c r a f t  f u l l  maneuverabi l i ty .  These a r e  t h e  x-axis and t h e  
y - a x i s  shown i n  F i g u r e  5-1. The x - a x i s  is c a l l e d  t h e  p i t c h  
a x i s  and  t h e  y - a x i s  is c a l l e d  t h e  yaw a x i s .  I n  t h e  a i r c r a f t  
i ndus t ry ,  t h e  convention is x  f o r  r o l l ,  y  f o r  p i t c h ,  and z f o r  
yaw, 

On most  s p a c e c r a f t ,  a  s m a l l  a n t e n n a  d i s h  s i t s  on t h e  
s p a c e c r a f t  b u s  and  i s  s t e e r a b l e .  Bu t  Voyager i s  
d i f f e r e n t ;  i t  may a l m o s t  b e  s a i d  t h a t  t h e  
s p a c e c r a f t  bus sits on t h e  high g a i n  antenna ( s e e  
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onboard computer f a u l t  de tec t ion  and response  t o  
p ro tec t  i t s e l f .  



F i g u r e s  5-1  a n d  5-2).  The r e a s o n  f o r  t h i s ,  o b v i o u s l y ,  i s  t h a t  
t h e  a n t e n n a  d i s h  must be  v e r y  l a r g e  (3.7 m e t e r s ,  o r  1 2  f e e t  i n  
d i a m e t e r )  t o  s e n d  a  s i g n a l  b a c k  t o  E a r t h  f r o m  t h e  v a s t  
d i s t a n c e s  of t h e  o u t e r  p l a n e t s .  T h i s  d i s h  is c a l l e d  t h e  High 
Gain Antenna (HGA) because  it f o c u s e s  t h e  r a d i o  energy i n t o  a  
h i g h l y  c o n c e n t r a t e d  narrow beam. The half-power p o i n t s  of t h e  
BGA a r e  0.5 d e g r e e s  o f f  a x i s  f o r  t h e  X-Band and  2.3 d e g r e e s  
for:  t h e  S-Band. T h e r e  i s  a l s o  a  Low G a i n  A n t e n n a ,  b u t  it i s  
n o t  used anymore e x c e p t  i n  r e sponse  t o  c e r t a i n  onboard f a u l t s .  

T h e  HGA t r a n s m i t s  d a t a  t o  E a r t h  o n  t w o  f r e q u e n c y  
channe l s ,  One, a t  a b o u t  8.4 GHz ( g i g a h e r t z )  (8400  Megahertz) ,  
is  t h e  M-Band channel ,  which c o n t a i n s  s c i e n c e  and e n g i n e e r i n g  
t e l e m e t r y  da ta .  For comparison,  t h e  FM r a d i o  band is c e n t e r e d  
a r o u n d  1 0 0  m e g a h e r t z .  The X-band d o w n l i n k  t e l e m e t r y  d a t a  
ra-s  v a r y  f r o m  4.8 t o  21.6 Kbps ( k i l o - b i t s  p e r  s e c o n d ) .  The 
o t h e r  channe l ,  a round 2.3 GNz, is i n  t h e  S-Band. Th i s  channe l  
i s  con£  i g u r e d  t o  c o n t a i n  o n l y  e n g i n e e r i n g  d a t a  on  t h e  h e a l t h  
and s t a t e  of t h e  s p a c e c r a f t  a t  t h e  low-ra te  of 40 bps. 

There a r e  two c l a s s e s  of s p a c e c r a f t :  s p i n  s t a b i l i z e d  and 
t h r e e - a x i s  s t a b i l i z e d .  T h e  f o r m e r ,  s u c h  a s  P i o n e e r  
s p a c e c r a f t ,  o b t a i n  s t a b i l i z a t i o n  by s p i n n i n g  s o  t h a t  t h e  
e n t i r e  s p a c e c r a f t  a c t s  a s  a  gyroscope. T h r e e - a x i s - s t a b i l i z e d  
s p a c e c r a f t ,  such  a s  Voyager, m a i n t a i n  a  f i x e d  o r i e n t a t i o n ,  o r  
a t t i t u d e ,  i n  s p a c e  e x c e p t  when maneuvering. 

S p a c e c r a f t  s t a b i l i z a t i o n ,  a s  w e l l  a s  s p a c e c r a f t  m o t i o n  
( m a n e u v e r i n g ) ,  i s  c o n t r o l l e d  by a n  o n b o a r d  c o m p u t e r  i s  t h e  
A t t i t u d e  and A r t i c u l a t i o n  C o n t r o l  S u b s y s t e m  (AACS). T h i s  
computer a l s o  c o n t r o l s  s c a n  p l a t f o r m  motion. 

Vo:yager h a s  two ways of m a i n t a i n i n g  i t s  a t t i t u d e :  by gyro  
c o n t r o l  a n d  by c e l e s t i a l  c o n t r o l .  Gyro c o n t r o l  i s  u s e d  f o r  
s p e c i a l  p u r p o s e s  and  s h o r t  p e r i o d s  of  t i m e ,  u p  t o  s e v e r a l  
h o u r s ,  

I n  c e l e s t i a l  c o n t r o l  mode, Voyager m a i n t a i n s  
i t s  f i x e d  a t t i t u d e  i n s p a c e b y  v i e w i n g  t h e  Sun a n d  



a  b r i g h t  s t a r ,  s u c h  a s  C a n o p u s ,  A l k a i d ,  F o m a l h a u t a  o r  
A c h e r n a r .  I f  t h e  s p a c e c r a f t  s h o u l d  d r i f t  f r o m  i t s  p r o p e r  
o r i e n t a t i o n  b y  m o r e  t h a n  a  c e r t a i n  a n g l e  ( c a l l e d  t h e  
d e a d b a n d ) ,  t h e  AACS w i l l  i s s u e  commands t o  f i r e  t h e  t i n y  
a t t i t u d e - c o n t r o l  t h r u s t e r s  ( h y d r a z i n e  j e t s )  t o  b r i n g  it back 
t o  p roper  o r i e n t a t i o n .  

The s e n s o r  i n s t r u m e n t s u s e d t o t r a c k t h e  Sun a n d  s t a r  a r e  
t h e  Sun S e n s o r  (mounted  on t h e  High G a i n  A n t e n n a )  a n d  t h e  
Canopus  S t a r  T r a c k e r  (CST) , s o  named b e c a u s e  Canopus  i s  
u s u a l l y  t h e  p r e f e r r e d  s t a r  t o  u s e .  Canopus ,  t h e  s e c o n d  
b r i g h t e s t  s t a r  i n  t h e  s k y ,  i s  a  s o u t h e r n  h e m i s p h e r e  s t a r  and  
is o n l y  b a r e l y  v i s i b l e  from t h e  s o u t h e r n  Uni ted  S t a t e s ,  

When i t  c o m e s  t o  p o i n t i n g  p r e c i s i o n ,  t h e  V o y a g e r  
s p a c e c r a f t  d o e s  a  f i r s t - c l a s s  job .  F i g u r e  5-3 shows t h e  
c e l e s t i a l  s e n s o r  a n d  g y r o  a c c u r a c i e s ,  t h e  l i m i t  c y c l e  
deadband, and t h e  f i n a l  s c a n  p l a t f o r m  p o i n t i n g  accuracy,  

There a r e  many t y p e s  of s p a c e c r a f t  maneuvers. We choose 
one  t h a t  is f a i r l y  s i m p l e ,  and a l s o  somewhat common, t o  u s e  a s  
a n  example - t h i s  is t h e  S t e l l a r  Reference  Change. 

Canopus is used a l m o s t  e x c l u s i v e l y  a s  t h e  r e f e r e n c e  s t a r  
by  Voyager  2 d u r i n g  i n t e r p l a n e t a r y  c r u i s e  (Voyager  I u s e s  
R e g u l u s ) .  T h e r e  a r e  t i m e s  d u r i n g  e n c o u n t e r ,  however ,  when 
Canopus is n o t  s u i t a b l e .  For  example, t h e  p l a n e t  might  be on 
t h e  o t h e r  s i d e  of t h e  bus from t h e  s c a n  p l a t f o r m  when Canopus 
i s  t h e  l o c k  s t a r .  Imaging t h e  p l a n e t  would t h e n  be i m p o s s i b l e  
because  of s p a c e c r a f t  o b s c u r a t i o n .  I n  t h i s  c a s e ,  an  a l t e r n a t e  
s t a r  i s  c h o s e n  w h i c h  i s  on t h e  o t h e r  s i d e  of t h e  s k y  f r o m  
C a n o p u s ,  a n d  t h e  S t e l l a r  R e f e r e n c e  C h a n g e  m a n e u v e r  i s  
r e q u i r e d .  

The maneuver is  c o n t r o l l e d  by t h e  AACS computer ,  F i r s t ,  
t h e  s p a c e c r a f t  goes  t o  gyro  c o n t r o l  ( a l l - a x i s  i n e r t i a l  mode), 
Then t h e  AACS f i r e s  t h e  h y d r a z i n e  t h r u s t e r s  t o  s t a r t  t h e  
s p a c e c r a f t  t u r n i n g  a b o u t  t h e  r o l l  a x i s  ( z - a x i s ) .  The t u r n  
r a t e  i s  p r e c i s e l y  c o n t r o l l e d  by t h e  AACS. T h i s  is  done  by 
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Figure  5-3. When it comes t o  po in t ing  p r e c i s i o n ,  t h e  Voyager 
s p a c e c r a f t  is q u i t e  an amazing machine. 

us ing t h e  gyros  t o  e s t i m a t e  t h e  a c t u a l  t u r n  angle ,  t hen  us ing  
AACS s o f t w a r e  t o  e s t i m a t e  t h e  t u r n  r a t e  and t o  E i r e  t h e  
t h r u s t e r s  when a p p r o p r i a t e  t o  match  a chosen  s t a n d a r d  t u r n  
rate, This  s t anda rd  r a t e  may be chosen t o  be t h e  nominal t u r n  
r a t e  (0,18 degrees  per  second) or a  new h igher  t u r n  r a t e  (0.30 
degrees  p e r  second). 

Af t e r  t h e  s p a c e c r a f t  has been tu rn ing  f o r  t h e  p re sc r ibed  
t ime ,  t h e  AACS f i r e s  t h e  oppos i t e  s e t  of t h r u s t e r s  t o  h a l t  t h e  
t u r n ,  S ince  t h e  t u r n  is about t h e  a x i s  po in t ing  toward Ear th ,  
the s u n  w i l l  h a v e  " c o n e d "  a r o u n d  t h i s  a x i s  a n d  b e  a t  a  
d i f f e r e n t  s p o t  on t h e  sun senso r  p l a t e .  The sun senso r  t hen  
locks  on to  t h e  sun i n  i t s  new pos i t i on .  (This  d i sp lacement  of 
t h e  suri f rom t h e  r o l l  a x i s  is c a l l e d  t h e  s u n  s e n s o r  b i a s . )  

F i n a l l y ,  t h e  s t a r  t r a c k e r  l o c k s  o n t o  t h e  new 
r e f e r e n c e  s t a r ,  and t h e  s p a c e c r a f t  i s  r e t u r n e d  
from gyro c o n t r o l  t o  c e l e s t i a l  con t ro l .  



S e v e r a l  a p p e n d a g e s  a r e  a t t a c h e d  t o  t h e  s p a c e c r a f t  b u s ,  
T h e s e  a r e  t h e  BGA ( d i s c u s s e d  a b o v e ) ,  t h e  m a g n e t o m e t e r  boom, 
t h e  PRA a n t e n n a  ( r a b b i t  e a r s ) ,  t h e  RTG boom ( supp ly ing  power) ,  
a n d  t h e  S c a n  P l a t f o r m .  T h e s e  a r e  a l l  shown i n  F i g u r e  5--2,  a  
comple ted  view of t h e  s p a c e c r a f t .  

Many of t h e  s c i e n c e  i n s t r u m e n t s  a r e  on t h e  Sean P l a t f o r m ,  
i n c l u d i n g  t h o s e  t h a t  n e e d  t o  b e  p o i n t e d  a t  t h e  t a r g e t  body 
( t h e  p l a n e t ,  a  s t a r ,  o r  o n e  o f  t h e  s a t e l l i t e s ) .  A g l a n c e  a t  
F i g u r e  5-2 w i l l  show you why i t  is n e c e s s a r y  t o  mount t h e s e  
i n s t r u m e n t s  on such  a  long  boom. I f  t h e y  were mounted on t h e  
b u s ,  t h e y  c o u l d  n o t  l o o k  b a c k w a r d s  b e c a u s e  of o b s c u r a t i s n  by 
t h e  h i g h  g a i n  antenna.  These i n s t r u m e n t s  need t o  be away from 
t h e  bus  t o  be a b l e  t o  s e e  around t h e  HGA t o  look backwards,  a s  
d u r i n g  p o s t - e n c o u n t e r .  By p l a c i n g  t h e  s c a n  p l a t f o r m  on t h e  
o t h e r  s i d e  of t h e  b u s  f r o m  t h e  r a d i o a c t i v e  power  s o u r c e ,  t h e  
s p a c e c r a f t  mass d i s t r i b u t i o n  is  balanced.  

The s c a n  p l a t f o r m  has  motors  and g e a r s  ( c a l l e d  a c t u a t o r s )  
w h i c h  s l e w  t h e  p l a t f o r m  t o  p o i n t  i n  v a r i o u s  d i r e c t i o n s ,  I f  
y o u  i m a g i n e  " u p "  a s  b e i n g  i n  t h e  d i r e c t i o n  o f  t h e  H G A  
b o r e s i g h t  ( g e n e r a l l y  t o w a r d  E a r t h ) ,  t h e n  a  m o t i o n  up  o r  down 
i s  a c c o m p l i s h e d  by a n  e l e v a t i o n  s l e w ,  a n d  a  m o t i o n  t o  t h e  
r i g h t  o r  l e f t  is a c c o m p l i s h e d  by a n  a z i m u t h  s l e w *  T h e s e  a r e  
c a l l e d ,  f o r  s h o r t ,  E l  s l e w s  a n d  Az slews. The conver lk ion  i s  
c h o s e n  t h a t  t h e  l8O0 a z i m u t h  p o s i t i o n  i s  i n  t h e  y-x p l a n e .  
The l o c a t i o n s  a n d  a p p e a r a n c e  of t h e  a c t u a t o r s  a r e  shown i n  
F i g u r e s  5-4 and 5-5. 

A l m o s t  1 0 0  m i n u t e s  a f t e r  Voyager-2  c l o s e s t  a p p r o a c h  t o  
S a t u r n  i n  1 9 8 1 ,  t h e  a z i m u t h  m o t i o n  of  t h e  s c a n  p l a t f o r m  
u n e x p e c t e d l y  h a l t e d ,  and  s c i e n c e  d a t a  w e r e  l o s t  f r o m  t h e  
i n s t r u m e n t s  t h a t  r e q u i r e  p o i n t i n g .  A p p a r e n t l y  t h i s  s e i z u r e ?  
was  d u e  t o  h e a v y  u s e  of h i g h - r a t e  s l e w s  t o  move t h e  s c a n  
p l a t f o r m  a t  1 d e g / s e c ,  c a u s i n g  a  v i t a l  l u b r i c a n t  t o  m i g r a t e  
away f r o m  a  t i n y  s h a f t - g e a r  i n t e r f a c e  ( s p i n n i n g  a t  1 7 0  arpm), 
which t h e n  expanded s l i g h t l y  w i t h  t h e  a d d i t i o n a l  h e a t ,  f i n a l l y  
l e a d i n g  t o  a  s e i z u r e .  A t t e m p t s  t o  resume scan  p l a t f o r m  mot ion  
took two days. 
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Figure  5-4. This  view of t h e  Voyager scan p l a t fo rm shows t h e  
l o c a t i o n s  of t h e  two e l e c t r i c  mo to r s  known a s  
" a c t u a t o r s "  t h a t  d r i v e  t h e  p l a t f o r m  t o  l ook  i n  
d i f f e r e n t  d i r e c t i o n s .  

N e e d l e s s  t o  s a y ,  t h e  f a s t e r  s l e w s  w i l l n o t  be used d u r i n g  
t h e  Urantls encounter,  except  f o r  four  medium-rate s l ews  used 
t o  c a p t u r e  c r i t i c a l  s c i e n c e  o b s e r v a t i o n s .  A l l  o t h e r  s l e w s  
w n L l  n o t  exceed  t h e  low r a t e  of 0.08 deg /sec .  N e v e r t h e l e s s ,  
t h e  s c a n  p l a t f o r m  mot ion  w i l l  be  m o n i t o r e d  q u i t e  c l o s e l y  by 
t h e  t o r q u e  marg in  t e s t  (TMT) ( s e e  C h a p t e r  6 ) .  A c o n t i n g e n c y  
near-encounter sequence has been prepared f o r  use  j u s t  i n  e a s e  
t h i s  t e s t  should i n d i c a t e  t h e  l i k e l i h o o d  of t h e  scan p l a t f o r m  
motion s t i c k i n g  again. 

Spacecraf t  e l e c t r i c a l  power is suppl ied  from 
< '  \ t h r e e  Radioisotope Thermoelec t r ic  Generators  (RTG) 
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F i g u r e  5-5. S m a l l  e l e c t r i c  m o t o r s  d r i v e  t h e  Voyager  s c a n  
p l a t f o r m  a b o u t  " a z i m u t h "  a n d  " e l e v a t i o n "  a x e s ,  
The Voyager-2  a z i m u t h  a c t u a t o r  s t u c k  s h o r t l y  
a f t e r  t h e  S a t u r n  e n c o u n t e r ,  b u t  is running a g a i n  
and w i l l  be  used f o r  t h e  Uranus encoun te r ,  

w h i c h  a r e  m i n i a t u r e  n u c l e a r  power  p l a n t s  t h a t  c o n v e r t  a b o u t  
7 0 0 0  w a t t s  of  h e a t  i n t o  some 4 0 0  w a t t s  o f  e l e c t r i c i t y ,  T h e s e  
l i e  a l o n g  t h e  RTG boom, away f r o m  t h e  s p a c e c r a f t  b u s  a n d  
o p p o s i t e  t h e  s c a n  p l a t f o r m  ( s e e  F i g u r e  5-2.) 

A t  l a u n c h  t h e  power  o u t p u t  f r o m  t h e  R T G s  was 475  w a t t s ,  
However, t h e  power o u t p u t  d e c r e a s e s  by abou t  7 w a t t s  each  y e a r  
d u e  t o  s e v e r a l  c a u s e s ,  i n c l u d i n g  t h e  h a l f - l i f e  of t h e  
f i s s i o n a b l e  p lu ton ium d i o x i d e  and d e g r a d a t i o n  of t h e  s i l i c o n -  
g e r m a n i u m  t h e r m o c o u p l e s e  The power  o u t p u t  of t h e  Voyager-2 
R T G s  f o r  each of t h e  p l a n e t a r y  e n c o u n t e r s  is g i v e n  below: 



J u p i t e r  4 4 8  w a t t s  
Saturn 429  w a t t s  
Uranus 398 w a t t s  
Neptune 372 w a t t s  (p ro j ec t ed )  

The power requi rements  of t h e  s p a c e c r a f t  a r e  cons t r a ined  
t o  be l e s s  t h a n  t h e  RTG ou tpu t ,  and excess  power is d i s s i p a t e d  
through t h e  shunt  r e g u l a t o r  a s  heat .  The d i f f e r e n c e  between 
t h e  a v a i l a b l e  p o w e r  a n d  t h e  p o w e r  u s e d  i n  r u n n i n g  t h e  
s p a c e c r a f t  is  c a l l e d  t h e  "power margin".  S i n c e  t h e  power 
a v a i l a b l e  is s u b s t a n t i a l l y  l e s s  f o r  Uranus than  f o r  p rev ious  
encounters ,  g r e a t  c a r e  is taken t o  p l an  t h e  power management 
s t r a t e g y .  F o r  e x a m p l e ,  S-Band h i g h - p o w e r  s t a t e  c a n n o t  
r e g u l a r l y  be  u s e d ,  and  s e v e r a l  o t h e r  key power l o a d s  have  t o  
be t u r n e d  o f f  ( a t  some r i s k )  t o  u s e  t h e  S-Band high-power 
s t a t e  f o r  t h e  Ea r th  Occu l t a t i on  Experiment. 

T h e r e  a r e  p r o j e c t  g u i d e l i n e s  t h a t  r e q u i r e  t h i s  power 
m a r g i n  be k e p t  f a i r l y  l a r g e  (above  1 2  w a t t s )  a s  a  s a f e g u a r d  
a g a i n s t  power su rges  o r  m i s c a l c u l a t i o n s  which might cause  t h e  
s p a c e c r a f t  t o  t r y  t o  draw more power than  is ava i l ab l e .  Were 
t h i s  t o  happen,  t h e  onboard  compu te r  h a s  a  f a u l t  p r o t e c t i o n  
a l g o r i t h m  t h a t  c o u l d  t u r n  o f f  power t o  some s u b s y s t e m s  t o  
reduce power consumption. This  would be a  major inconvenience 
and ,  i f  it happened d u r i n g  e n c o u n t e r ,  would c a u s e  l o s s  of 
s c i ence  data.  But t h i s  is an example of how t h e  s p a c e c r a f t  is 
designed t o  p r o t e c t  i t s e l f .  

The re  a r e  o c c a s i o n s  when t h e  Voyager s p a c e c r a f t  c a n n o t  
i m m e d i a t e l y  s e n d  s c i e n c e  t e l e m e t r y  d a t a  t o  Ea r th .  These  
o c c a s i o n s  c o u l d  o c c u r  d u r i n g  a  s p a c e c r a f t  maneuver when t h e  
HCA is no t  po in ted  a t  Ear th ,  or  dur ing  t h e  t ime  t h e  s p a c e c r a f t  
i s  beh ind  t h e  p l a n e t  (Ear th .  O c c u l t a t i o n ) .  Also ,  it is no 
longer  p o s s i b l e  t o  send c e r t a i n  t ypes  of d a t a  (such a s  PWS and 
PRA h i g h - r a t e  f r a m e s )  d i r e c t l y  i n t o  t h e  t e l e m e t r y  s t r e a m  
b e c a u s e  t h e  d a t a  r a t e  i s  t o o  h i g h  t o  be  r e c e i v e d  w i t h o u t  

e r r o r .  I n  a l l  t h e s e  i n s t a n c e s  t h e  D i g i t a l  Tape 
R e c o r d e r  (DTR) i s  a v a i l a b l e  t o  s t o r e  t h e  d a t a  f o r  
l a t e r  playback t o  Earth. 



The DTR h a s  t h r e e  speeds  i n  u s e  a t  Uranus encoun te r ,  B u t  
r a t h e r  t h a n  c i t i n g  t h e  s p e e d  i n  i n c h e s  p e r  s e c o n d ,  a s  f o r  
c o n v e n t i o n a l  t a p e  r e c o r d e r s ,  t h e  s p e e d  is  c i t e d  i n  u n i t s  of  
i n f o r m a t i o n  p e r  second,  k i l o b i t s  p e r  second (Kbps). The t h r e e  
s p e e d s  a r e :  115.2 Kbps ( r e c o r d  o n l y ) ;  21.6 Kbps ( p l a y b a c k  
o n l y ) ;  and 7.2 Kbps ( b o t h  r e c o r d  and p layback) .  

There a r e  8 t r a c k s  on t h e  DTR. Each of t h e s e  can hold  u p  
t o  1 2  i m a g e s  i f  o n l y  i m a g e s  a r e  r e c o r d e d .  T h i s  i s  s e l d o m  t h e  
c a s e  s i n c e  d a t a  f r o m  o t h e r  i n s t r u m e n t s  n e e d  t o  b e  r e c o r d e d  
a l s o .  

A s  c a n  b e  i m a g i n e d ,  t h e  e x p e r i m e n t e r s  o f t e n  l i k e  t o  
r e c o r d  more d a t a  t h a n  t h e  t a p e  r e c o r d e r  h a s  t h e  c a p a c i t y  t o  
s t o r e .  ( T h i s  is a  consequence of Pa rk inson ' s  Law.) Thus, DTR 
d a t a  management is  a  c r i t i c a l  concern.  I t  is importand: t o  g e t  
t h e  d a t a  p layed  back q u i c k l y  s o  t h a t  t h e  t a p e  r e c o r d e r  can  be 
f i l l e d  again .  But p l a y b a c k s  i n t e r £  e r e  w i t h  s c i e n c e  g a t h e r i n g  
a n d  r e q u i r e  c e r t a i n  DSN c o n f i g u r a t i o n s  w h i c h  a r e  n o t  a l w a y s  
a v a i l a b l e .  So d a t a  management  d u r i n g  b u s y  p e r i o d s  r e m a i n s  a  
c h a l l e n g i n g  t a s k ,  

P e r i o d i c a l l y ,  i n s t r u c t i o n s  a r e  s e n t  f r o m  t h e  g r o u n d  t o  
t h e  s p a c e c r a f t .  T h e s e  i n s t r u c t i o n s ,  c a l l e d  commands, a r e  
modulated o n t o  r a d i o  s i g n a l  and a r e  t r a n s m i t t e d  a t  16  b i t s  p e r  
second by one of t h e  DSN t r a c k i n g  s t a t i o n s .  T r a v e l l i n g  a t  t h e  
s p e e d  of l i g h t ,  t h e y  w i l l  r e a c h  t h e  s p a c e c r a f t  a t  U r a n u s  i n  
a b o u t  2  hours ,  45 minutes .  

The r a d i o  s i g n a l  c a r r y i n g  t h e  commands i s  p i c k e d  u p  by  
t h e  s p a c e c r a f t  HGA. The r e c e i v e r  s t r i p s  t h e  s u b c a r r i e r  f rom 
t h e  c a r r i e r  and  s e n d s  it t o  t h e  Command D e t e c t o r  U n i t  (CDU), 
H e r e  t h e  c o m m a n d s  a r e  d e m o d u l a t e d  ( r e m o v e d  f r o m  t h e  
s u b c a r r i e r )  and c o n v e r t e d  t o  d i g i t a l  form. The commands a r e  
t h e n  s e n t  t o  t h e  Computer Command Subsystem (CCS). 



On A p r i l  6 ,  1978 ,  a  f a i l u r e  p r o t e c t i o n  a l g o r i t h m  i n  t h e  
CCs  a u t o m a t i c a l l y  s w i t c h e d  f r o m  t h e  p r i m e  t o  t h e  b a c k u p  
r e c e i v e r , ,  B u t  t h e  b a c k u p  r e c e i v e r  was d i s c o v e r e d  t o  have  a  
f a i l e d  t r a c k i n g  l o o p  c a p a c i t o r .  Soon a f t e r  a  commanded r e t u r n  
$0 t h e  p r ime  r e c e i v e r ,  it sudden ly  f a i l e d .  Seven d a y s  l a t e r ,  
t h e  f a u l t  p r o t e c t i o n  a l g o r i t h m  s w i t c h e d  back t o  t h e  c r i p p l e d  
b a c k u p  r e c e i v e r ,  B e c a u s e  o f  t h e s e  t w o  f a i l u r e s ,  d i f f e r e n t  
p r o c e d u r e s  a r e  used  f o r  commanding Voyager 2 t h a n  a r e  used f o r  
Voyager 1. 

I f  t h e  s e c o n d  r e c e i v e r  w e r e  t o  f a i l ,  t h e r e  would  b e  no  
way t o  command t h e  s p a c e c r a f t  t o  e x e c u t e  f u r t h e r  a c t i v i t y .  W e  
would  n o t  b e  a b l e  t o  p o i n t  t h e  s c a n  p l a t f o r m  i n s t r u m e n t s  a t  
t h e i r  t a r g e t s  nor  p o i n t  t h e  HGA a t  Ear th ,  We could  n o t  have a  
s u e c e s s f  l u l  e n c o u n t e r .  To p r o t e c t  a g a i n s t  f a i l u r e  of t h e  
remain ing  r e c e i v e r ,  a  s p e c i a l  CCS Load h a s  been p l a c e d  i n  t h e  
CCS, T h i s  c o n t i n g e n c y  Back-up M i s s i o n  Load (BML) c o n t a i n s  a  
few commands t h a t  w i l l  a l l o w  some s c i e n c e  t o  be  g a t h e r e d  i n  
t h e  e v e n t  t h a t  t h e  r e g u l a r  e n c o u n t e r  CCS Loads  c a n n o t  b e  
r e c e i v e d  by t h e  s p a c e c r a f t  because  of r e c e i v e r  f a i l u r e .  There  
a r e  s e v e r a l  d e s i g n s  f o r  t h e  BML, e a c h  r e s i d e n t  i n  t h e  CCS over  
a d i f f e r e n t  i n t e r v a l  of t ime ,  

The r e c e i v e r  was d e s i g n e d  t o  l o c k  o n t o  t h e  s i g n a l  i n  
ordea:  t o  f o l l o w  s h i f t s  i n  f r e q u e n c y ,  b u t  t h i s  f u n c t i o n  is no  
l o n g e r  p o s s i b l e  d u e  t o  a  f a i l u r e  of t h e  t h e  t r a c k i n g  l o o p  
c a p a c i t o r  i n  t h e  r e c e i v e r ,  ( T h e s e  s h i f t s  i n  f r e q u e n c y  a r e  
d o p p l e a  s h i f t s  t h a t  r e s u l t  f r o m  c h a n g e s  i n  t h e  r e l a t i v e  
v e l o c i t y  b e t w e e n  t h e  s p a c e c r a f t  a n d  t h e  DSN a n t e n n a  d u e  
p r i m a r i l y  t o  t h e  E a r t h ' s  r o t a t i o n . )  I n  commanding Voyager 1, 
t h e  D S N  t r a n s m i t s  a t  a  c o n s t a n t  f r e q u e n c y  a n d  t h e  r e c e i v e r  
l o c k s  o n t o  and f o l l o w s  t h e  moving f requency,  

However, f o r  Voyager 2 t h e  f a i l e d  t r a c k i n g  l o o p  c a p a c i t o r  
makes it n e c e s s a r y  f o r t h e  r e c e i v e d  s i g n a l  t o b e  a t a  c o n s t a n t  
f r e q u e n e y ,  To accommoda te  t h e  d o p p l e r  s h i f t s ,  it i s  t h e n  
n e c e s s a r y  f o r  t h e  DSN t r a c k i n g  s t a t i o n  t o  t r a n s m i t  a t  t h e  
moving frequency.  I f  t h e  t r a n s m i t t e d  f requency  is n o t  w i t h i n  

96 H e r t z  of  t h e  r e c e i v e r  r e s t  f r e q u e n c y ,  t h e n  
Voyager  2 w i l l  t u r n  a  d e a f  e a r  on i n s t r u c t i o n s  
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f r o m  E a r t h ,  F u r t h e r m o r e ,  a n  u n p r e d i c t e d  



t e m p e r a t u r e  c h a n g e  of a s  l i t t l e  a s  0.250 C i n  t h e  r e c e i v e r  
w i l l  s h i f t  t h e  r e s t  f r e q u e n c y  by 96 H e r t z  f r o m  i t s  p r e d i c t e d  
value.  A l l  of t h e s e  f a c t o r s  c o m p l i c a t e  t h e  p r o c e s s  of send ing  
commands t o  Voyager 2. 

The Compute r  Command S u b s y s t e m  (CCS) c o n s i s t s  of t w o  
i d e n t i c a l  computer p r o c e s s o r s ,  t h e i r  s o f t w a r e  a l g o r i t h m s ,  and 
some a s s o c i a t e d  e l e c t r o n i c  hardware. The CCS is t h e  c e n t r a l  
c o n t r o l l e r  of t h e  s p a c e c r a f t  ( t h e  b r a i n  of t h e  s p a c e c r a f t ,  i f  
you w i l l ) .  F i g u r e  5-6 s h o w s  t h e  CCS i n  r e l a t i o n  t o  t h e  WAGS 
a n d  FDS c o m p u t e r s ,  a s  w e l l  a s  t o  t h e  DTR ( t h e  main  componen t  
i n  t h e  Da ta  S t o r a g e  Subsystem) and o t h e r  subsystems.  

The CCS h a s  two main f u n c t i o n s :  t o  c a r r y  o u t  i n s t r u c t i o n s  
f r o m  t h e  g r o u n d  t o  o p e r a t e  t h e  s p a c e c r a f t  t o  p e r f o r m  
h o u s e k e e p i n g  f u n c t i o n s  a n d  t o  g a t h e r  s c i e n c e  d a t a ;  a n d  t o  be  
e v e r  a l e r t  f o r  a  p r o b l e m  w i t h  o r  m a l f u n c t i o n  of any  of t h e  
v a r i o u s  s p a c e c r a f t  subsys tems  and t o  respond t o  it. 

The l a t t e r  o f  of t h e s e  CCS f u n c t i o n s  i s  c a r r i e d  o u t  by a  
s e r i e s  o f  s o f t w a r e  r o u t i n e s  c a l l e d  F a i l u r e  P r o t e c t i o n  
Algor i thms  (FPAs). These a l g o r i t h m s ,  which occupy rough ly  t e n  
p e r c e n t  of t h e  CCS memory, make t h e  s p a c e c r a f t  semi-autonornous 
and a b l e  t o  a c t  q u i c k l y  t o  p r o t e c t  i t s e l f .  T h i s  is i m p o r t a n t  
because  of t h e  long  d e l a y  t i m e  r e q u i r e d  f o r  a  r e sponse  t o  t h e  
problem from E a r t h  f i v e  and a  h a l f  hours  r o u n d t r i p  l i g h t  t i m e ,  
p l u s  t h e  r e a c t i o n  t i m e  of t h e  e n g i n e e r s  t o  d e t e c t  t h e  problem 
a n d  p r e p a r e  t h e  p r o p e r  r e s p o n s e .  I n  many i n s t a n c e s  s u c h  a 
d e l a y  would be  i n t o l e r a b l e .  

The o t h e r  of  t h e  CCS f u n c t i o n s ,  s t o r i n g  and p r o c e s s i n g  
commands f r o m  E a r t h ,  a l l o w s  t h e  s p a c e c r a f t  t o  a c t  a s  a n  
i n t e l l i g e n t  r o b o t  t o  c a r r y  o u t  i ts  s c i e n c e  g a t h e r i n g  f u n c t i o n s  
i n  s t r i c t  a c c o r d a n c e  w i t h  t h e  c a r e f u l l y  d e v e l o p e d  m i s s i o n  
p l a n .  

I t  is  c o n v e n i e n t  t o  s e n d  up o n e  t r a n s m i s s i o n  t o  t h e  
s p a c e c r a f t  which c o n t a i n s  most o r  a l l  of t h e  commands needed 
t o  o p e r a t e  it f o r  a  p e r i o d  of t i m e ,  r a n g i n g  f r o m  3 0  d a y s  



Figure  15-45. V o y a g e r ' s  t h r e e  c o m p u t  e r  s u b s y s t e m s  c o n t a i n  
n e a r l y  33,000 words  of memory s t o r a g e ,  w i t h  t h e  
Computer Command Subsystem d i r e c t i n g  most of t h e  
a c t i v i t i e s .  

d u r i n g  O b s e r v a t o r y  P h a s e  t o  o n l y  t w o  d a y s  d u r i n g  Nea r  
Encoun te r ,  Each of t h e s e  t r a n s m i s s i o n s  n e a r l y  f i l l s  t h e  
remaining (non-FPA) memory i n  t h e  two CCS computers, and t h e  
c o n t e n t s  of each of t h e s e  t r a n s m i s s i o n s  is c a l l e d  a  CCS Load, 
Each CCS Load is g iven  an i d e n t i f y i n g  number. ""A' l o a d s  r e f e r  
to Voyager 1, and  "Bun l o a d s  t o  Voyager 2, Examples  i n c l u d e  
A621, B701, B702, e t c ,  The n e x t  c h a p t e r  c o n t a i n s  a  t i m e l i n e  
which shows each of t h e  encounter  CCS Loads. 

T h e r e  i s  two-way c o m m u n i c a t i o n  w i t h  t h e  V o y a g e r  
s p a c e c r a f t .  Upl ink  c o n t a i n s  t h e  command d a t a  
d i scus sed  above; t h e  downlink c o n t a i n s  t h e  s c i ence  
and engineer ing  t e l e m e t r y  data.  



The e n g i n e e r i n g  d a t a ,  g e n e r a l l y  a t  4 0  b i t s  p e r  s e c o n d ,  
a r e  on t h e  S-Band d o w n l i n k  a n d  a r e  embedded i n  s c i e n c e  
t e l e m e t r y  d a t a  on t h e  X-Band d o w n l i n k  a s  w e l l .  E n g i n e e r i n g  
d a t a  r e p o r t  on t h e  s t a t u s  of t h e  i n s t r u m e n t s ,  on t h e  h e a l t h  of 
t h e  v a r i o u s  s p a c e c r a f t  s u b s y s t e m s ,  and  on t h e  s p a c e c r a f t  
a t t i t u d e  and s c a n  p l a t f o r m  p o s i t i o n .  

T h e  s c i e n c e  d a t a  ( t h e  r e s u l t s  o f  t h e  s c i e n c e  
o b s e r v a t i o n s )  a r e  on  t h e  h i g h  d a t a  r a t e  c h a n n e l  (4 .8  t o  21,6 
K b p s )  a n d  a r e  d o w n l i n k e d  o n l y  o n  X-Band. ( S e e  a b o v e  
d i s c u s s i o n  of t h e  HGA f o r  t r a n s m i s s i o n  f r e q u e n c i e s  of S-Band 
a n d  X-Band.) 

The t e l e m e t r y  d a t a  a r e  a s s e m b l e d ,  o r  f o r m a t t e d ,  by t h e  
F l i g h t  D a t a  S u b s y s t e m  (FDS), w h i c h  i s  c o m p r i s e d  of  t w o  
r e p r o g r a m m a b l e  d i g i t a l  c o m p u t e r s  and  a s s o c i a t e d  e n c o d i n g  
h a r d w a r e ,  B e s i d e s  c o l l e c t i n g  a n d  f o r m a t t i n g  t h e  t e l e m e t r y  
d a t a ,  t h e  FDS a l s o  pe r fo rms  a  few o t h e r  t a s k s .  

The FDS d o e s  some d a t a  p r o c e s s i n g  on  t h e  ISS d a t a  i n  a 
p r o c e s s  c a l l e d  " i m a g e  d a t a  c o m p r e s s i o n "  ( I D C ) ,  I n  this 
p r o c e s s ,  t h e  FDS t h r o w s  away r e d u n d a n t  d a t a ,  l e a v i n g  f e w e r  
b i t s  t o  p u t  i n t o  t h e  t e l e m e t r y  d a t a  s t r e a m .  ( S e e  Ch, 7 f o r  
f u r t h e r  d i s c u s s i o n  of IDC.) Image d a t a  compress ion  r e q u i r e s  a 
c h a n g e  i n  t h e  way t h e  FDS c o m p u t e r s  w e r e  u s e d  a t  J u p i t e r  and 
Sa tu rn .  Ra the r  t h a n  u s e  t h e  secondary  FDS p r o c e s s o r  a s  a ""hot 
b a c k u p "  f ~ r  t h e  p r i m a r y  c o m p u t e r  ( b o t h  c o n t a i n i n g  t h e  
i d e n t i c a l  s o f t w a r e ) ,  a t  Uranus encoun te r  t h e  FDS computers  a r e  
u s e d  i n  a " d u a l  p r o c e s s o r  mode." I n  t h i s  mode the two 
p r o c e s s o r s  work i n  p a r a l l e l  a n d  e a c h  p e r f o r m  d i f f e r e n t  
f u n c t i o n s ,  e f f e c t i v e l y  doub l ing  t h e  computer  memory and t i m e  
a v a i l a b l e  f o r  computing t a s k s .  

The FDS " e n c o d e s "  t h e  t e l e m e t r y  d a t a .  I n  t h i s  p r o c e s s ,  
r e d u n d a n t  b i t s  a r e  a d d e d  t o  t h e  t e l e m e t r y  d a t a  i n  s u c h  a  way 
t h a t  b i t s  l o s t  i n  t h e  s t a t i c  may b e  r e c o n s t r u c t e d  ( i a e e r  
i n t e l l i g e n t l y  g u e s s e d  a t ) .  F o r  e x a m p l e ,  t h e  G o l a y  e n c o d i n g  
p r o c e s s  a d d s  3600 t o  e v e r y  3600 b i t s  of  raw s c i e n c e  data 
t e l e m e t e r e d  t o  E a r t h .  However,  t h e  more e f f i c i e n t  Weed- 
Solomon e n c o d i n g  p r o c e s s  o n l y  a d d s  1 2 0 0  b i t s  t o  e v e r y  3 6 0 0  
b i t s  of raw s c i e n c e  d a t a  s e n t  t o  Ear th .  (See Ch. 7 f a r  futcther  



d i s c u s s i o n  of Reed-Solomon encoding.) 

The FDS a l s o  prov ides  a p p r o p r i a t e  ins t rument  c o n t r o l  f o r  
t h e  s c i e n c e  i n s t r u m e n t s  and t h e  d i g i t a l  t a p e  r e c o r d e r .  For  
example ,  c o n t r o l  d a t a  f o r  t h e  imag ing  i n s t r u m e n t s  i n  a n  
"imaging parameter  t a b l e n  i n  FDS memory provides  i n s t r u c t i o n s  
f o r  imaging s h u t t e r  modes, f i l t e r  cho ices  and exposure l e v e l s  
f o r  each camera. 

One of t h e  FDS computer memories has l o s t  a block of 256 
memory l o c a t i o n s ,  o u t  of a t o t a l  of 8192. T h i s  is  a r a t h e r  
minor  f a i l u r e .  However, t h e  l o s s  of  512 more words  f rom t h e  
p r i m a r y  memory would be  s e r i o u s ,  f o r  i t  would mean we would 
have t o  abandon t h e  d u a l  p r o c e s s o r  mode, and hence t h e  
va luab le  image d a t a  compression capab i l i t y .  

Science Instruments 

There a r e  e l even  s c i e n t i f i c  exper iments  on Voyager 2, and 
t h e  l o c a t i o n s  of  t h e i r  i n s t r u m e n t s  a r e  shown i n  F i g u r e  5-2. 
F i g u r e  4-5 g i v e s  s k e t c h e s  and b r i e f  d e s c r i p t i o n s  of e a c h  of 
t h e  i n s t r u m e n t s .  Of t h e s e ,  o n l y  f o u r  a r e  n o t  l o c a t e d  on t h e  
scan  p l a t f o r m  o r  its suppor t ing  boom. The Magnetometer u ses  
i ts  own boom; t h e  P l ane t a ry  Radio Astronomy (PRA) exper iment  
s h a r e s  t h e  r a b b i t  e a r  antennae w i t h  t h e  Plasma Wave Subsystem 
(PWS); and  t h e  Rad io  S c i e n c e  Subsys tem (RSS) u s e s  t h e  r a d i o  
beams from t h e  HGA. 

Four i n s t r u m e n t s  on t h e  s c a n  p l a t f o r m  t h a t  r e q u i r e  
a c c u r a t e  p o i n t i n g  a r e  t h e  Imaging Science Subsystem (ISS) wide 
and narrow-angle cameras, t h e  U l t r a v i o l e t  Spectrometer  (WS) , 
t h e  I n f r a r e d  I n t e r f e r o m e t e r  S p e c t r o m e t e r  ( IRIS)  and  t h e  
P h o t o p o l a r i m e t e r  Subsys tem (PPS). F i g u r e  4-6 shows  t h e  
r e l a t i v e  f i e l d s  of v i ew  of t h e s e  i n s t r u m e n t s ,  and  t h e i r  
p o i n t i n g  o f f s e t s  from each o ther .  These i n s t rumen t s  may a l l  
make obse rva t ions  s imul taneously .  

N o t e  t h e  l o n g  r e c t a n g u l a r  UVS s l i t .  F o r  s o m e  
o b s e r v a t i o n s  t h i s  s l i t  n e e d s  t o  be  a l i g n e d  i n  a 
p a r t i c u l a r  d i r e c t i o n ,  r e q u i r i n g  a s p a c e c r a f t  r o l l  
maneuver. 



The remain ing  t h r e e  i n s t r u m e n t s  on t h e  s c a n  p l a t f o r m  boom 
a r e  f i e l d s  a n d  p a r t i c l e s  e x p e r i m e n t s .  T h e s e  a r e  t h e  Cosmic  
Ray S u b s y s t e m  ( C R S ) ,  t h e  Low E n e r g y  C h a r g e d  P a r t i c l e  
e x p e r i m e n t  (LECP), and t h e  Plasma Subsystem (PLS), 

A l l  o f  t h e s e  e x p e r i m e n t s  e x c e p t  f o r  RSS s e n d  t h e i r  
o b s e r v a t i o n a l  d a t a  t o  t h e  FDS t o  be  f o r m a t t e d  i n t o  t e l e m e t r y ,  
A l l  o f  t h e m ,  e x c e p t  RSS a n d  I S S ,  c o n t r i b u t e  d a t a  t o  a  
t e l e m e t r y  f o r m a t  c a l l e d  " g e n e r a l  s c i e n c e  a n d  e n g i n e e r i n g "  
(GS&E). T h i s  GS&E t e l e m e t r y  d a t a  mode h a s  a  downllink d a t a  
r a t e  o f  4800 o r  7200 b p s ,  d e p e n d i n g  on  t h e  t y p e  of  e n c o d i n g  
t h e  FDS u s e s ,  b u t  t h e  i n f o r m a t i o n  c o n t e n t  ( symbols  p e r  second) 
i s  3600 bps.  The PRA,  f o r  e x a m p l e ,  c o n t r i b u t e s  266 b i t s  p e r  
s e c o n d  ( b p s ) ,  a n d  t h e  I R I S  c o n t r i b u t e s  1 1 2 0  b p s ,  o u t  of t h i s  
t o t a l  of 3600 bps. 

The I S S  h a s  s e v e r a l  d a t a  f o r m a t s  o f  i t s  own, a t  h i g h e x  
d a t a  r a t e s  b e c a u s e  of  t h e  l a r g e  number of d a t a  b i t s  r e q u i ~ e d  
t o  d e f i n e  a  p i c t u r e .  Real - t ime d a t a  r a t e s  of 8,400 and 1 4 , 4 0 0  
b p s  a l l o w  t h e  i m a g e s  t o  b e  i m m e d i a t e l y  r e t u r n e d  t o  E a r t h  i n  
t h e  t e l e m e t r y  s t r eam.  Non-compressed images may be recorded 
on t h e  t a p e  r e c o r d e r  a t  115,200 bps, t h e n  r e t u r n e d  a t  a s l o w e r  
p l a y b a c k  r a t e  t o  E a r t h  a t  ,a l a t e r  t i m e ,  Two o t h e r  
e x p e r i m e n t s ,  PRA a n d  PWS, c a n  a l s o  p r o v i d e  a  h i g h  d a t a  r a t e ,  
a n d  p e r i o d i c a l l y  s h o r t  b u r s t s  of  t h e s e  d a t a  a r e  p u t  o n t o  t h e  
DTR a t  115,200 bps  f o r  l a t e r  p layback a t  a  s l o w e r  r a t e ,  

You h a v e .  r e a d  i n  C h a p t e r  4 a b o u t  t h e  w o r k i n g  a n d  
o b j e c t i v e s  of each  of t h e  s c i e n c e  i n s t r u m e n t s .  T h i s  c h a p t e r  
h a s  d e a l t  w i t h  t h e  way i n  w h i c h  t h e  s p a c e c r a f t  p r o v i d e s  t h e  
n e c e s s a r y  s u p p o r t  t o  o p e r a t e  t h e s e  i n s t r u m e n t s  a n d  r e t u r n  
t h e i r  d a t a  t o  E a r t h .  The n e x t  c h a p t e r  w i l l  d i s c u s s  t h e  
o v e r a l l  m i s s i o n  h i g h l i g h t s ,  i n c l u d i n g  many o f  t h e  m o s t  
i m p o r t a n t  s c i e n c e  a c t i v i t i e s .  





Some men s ee  t h i n g s  a s  t h e y  a r e  and  s a y ,  why? 1 d r e a m  
of t h i n g s  t h a t  n e v e r  w e r e  a n d  s a y ,  why n o t ?  

George Bernard Shaw 

On J a n u a r y  24,  1 9 8 6 ,  a t  a b o u t  1 8 0 0  GMT (10  AM P S T ) ,  t h e  
Voyager  2 s p a c e c r a f t  w i l l  make i t s  c l o s e s t  a p p r o a c h  t o  t h e  
p l a n e t  U r a n u s  w h i l e  on a  f l y - b y  t r a j e c t o r y  t h a t  wi1.l t a k e  i t  
on t o  t h e  p l a n e t  Neptune. A t  t h e  t ime  of Uranus e n c o u n t e r ,  t h e  
s p a c e c r a f t  w i l l  have been t r a v e l l i n g  f o r  1625 days  (4y 5 m  12d) 
s i n c e  i t s  encoun te r  w i t h  t h e  p l a n e t  S a t u r n ,  and 3078 days  ( 8 y  
5m 4d) s i n c e  i t s  d e p a r t u r e  from E a r t h  on August 20, 1977, 

A s  t h e  s p a c e c r a f t  a p p r o a c h e s  U r a n u s ,  t h e  p l a n e t  w i l l  
appear  l a r g e r  and l a r g e r ,  and s p a c e c r a f t  a c t i v i t i e s  w i l l  be- 
come more complex, r e a c h i n g  a  c rescendo  t h e  day o r  two around 
c l o s e s t  a p p r o a c h .  Then, l o o k i n g  b a c k w a r d s ,  t h e  s p a c e - c r a f t  
w i l l  o b s e r v e  Uranus a p p e a r i n g  t o  s h r i n k  a s  it recedes  i n t o  t h e  
d i s t a n c e .  

Encounter  a c t i v i t i e s  b e g i n  n e a r l y  t h r e e  months p r i o r  t o  
c l o s e s t  a p p r o a c h ,  i n  t h e  f i r s t  week of  November 1985,  Tl?ey 
e x t e n d  t h r o u g h  t h e  t h i r d  week of  F e b r u a r y  1 9 8 6 ,  f o r  a n  
encoun te r  d u r a t i o n  of j u s t  over  16 weeks. Voyager b e g i n s  i t s  
c r u i s e  p h a s e  t o  N e p t u n e  j u s t  p r i o r  t o  t h e  t i m e  a  f l e e t  of 
s p a c e c r a f t  encoun te r  H a l l e y l s  comet i n  l a t e  February  and March 
1986. 

I f  we i n c l u d e  t h e  f i n a l  one-month c r u i s e  l o a d  immedia te ly  
p r e c e d i n g  t h e  s t a r t  of t h e  encoun te r  p e r i o d ,  t h e  t o t a l  twenty-  
week p e r i o d  of Voyager  i n t e n s i v e  a c t i v i t i e s  c a n  b e  d i v i d e d  
i n t o  f i v e  p h a s e s .  The s t a r t i n g  a n d  e n d i n g  d a t e s  of t h e s e  
phases  a r e  l i s t e d  i n  Tab le  6-1, and t h e y  a r e  a l s o  shown on t h e  
overview t i m e l i n e  ( F i g u r e  6-1). 

S i n c e  U r a n u s  i s  s o  f a r  away,  it is n e c e s s a r y  t o  a r r a y  
s e v e r a l  a n t e n n a s  t o  r e c e i v e  a  s t r o n g  enough  s i g n a l  f r o m  t h e  
s p a c e c r a f t  t o  s u p p o r t  h i g h  d a t a  r a t e s .  T h i s  a r r a y i n g  is shown 
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i n  t h e  b a r  c h a r t  a t  t h e  bot tom of  F i g u r e  6-1. The b a s e l i n e  of 
t h e  b a r  c h a r t  i n d i c a t e s  no a r r a y i n g  b u t  c o n t i n u o u s  coverage  by 
64-meter an tennas .  A b a r  above t h e  b a s e l i n e  may have a h e i g h t  
of l r  2 o r  3 ,  i n d i c a t i n g  a r r a y i n g  a t  o n e  o r  more  DSN compexes  
a t  G o l d s t o n e  ( C a l i f o r n i a ) ,  C a n b e r r a  ( A u s t r a l i a ) ,  a n d  M a d r i d  
( S p a i n ) ,  

TABLE 6-1: D a t e s  of Phases  

Pre-Encounter  T e s t  & C a l i b r a t i o n  O c t .  7 t o  NOV. 4 GMT 
Observa to ry  Phase  (OB) Nov, 4 t o  Jan. 1 0  
F a r  Encounter  Phase (FE) Jan.  1 0  t o  Jan. 22 
Near Encounter  Phase  (NE) Jan. 22  t o  Jan. 26 
P o s t  Encounter  Phase (PE) Jan. 26 t o  Feb. 25 

Before  beg inn ing  t h e  a c t u a l  Uranus e n c o u n t e r  a c t i v i t i e s ,  
c e r t a i n  f u n c t i o n s  of t h e  s p a c e c r a f t  n e e d  t o  b e  t e s t e d ,  and  
s c i e n c e  i n s t r u m e n t s  need t o  be  c a l i b r a t e d .  These a c t i v i t i e s  
a r e  c a r r i e d  o u t  i n  s e v e r a l  of t h e  l a t e  c r u i s e  l o a d s ,  w i t h  
s p e c i a l  emphasis  on t h e  f i n a l  c r u i s e  l o a d  (B624). 

S e v e r a l  tes ts  a r e  performed d u r i n g  B624 i n  October.  The 
v e r y  i m p o r t a n t  Near Encounter  T e s t  (NET) w i l l  be  a n  o p e r a t i o n s  
r e a d i n e s s  t e s t  of  t h e  e n c o u n t e r  c o n f i g u r a t i o n  of  t h e  DSN 
t r a c k i n g  s t a t i o n s ,  t h e  Ground Data System (GDS), and t h e  p l a n s  
a n d  p r o c e d u r e s  of t h e  Voyager  F l i g h t  Team. I t  w i l l ,  i n  a  
s e n s e ,  be  a  d r e s s  r e h e a r s a l  f o r  t h e  Near Encounter  Phase. 

Of s p e c i a l  i n t e r e s t  w i l l  b e  a n  a c t i v e  s e q u e n c e  o f  
s p a c e c r a f t  maneuvers,  a  t e s t  of t h e  r a d i o  s c i e n c e  o c c u l t a t i o n -  
r e l a t e d  a c t i v i t i e s ,  a  s p a c e c r a f t  p o w e r - m a r g i n  t e s t ,  a n d  a 
c a r e f u l  a n a l y s i s  of t h e  r e c e i v e r  bes t - lock-f requency p r o f i l e ,  
The Voyager F l i g h t  Team w i l l  a s s e s s  t h e  s p a c e c r a f t  per formance  
a s  i t  e x e c u t e s  c r i t i c a l  p o r t i o n s  of  t h e  N e a r - E n c o u n t e r  CCS 
Load B 7 5 2  f o r t h e  s i m u l a t e d t i m e  p e r i o d  f r o m  U-2 t o  U+6 h o u r s ,  
i n c l u d i n g  t h e  M i r a n d a  i m a g e  m o t i o n  c o m p e n s a t i o n  ( I M C )  

maneuver. Wide-angle images of s t a r  f i e l d s  w i l l  
b e  p e r i o d i c a l l y  s h u t t e r e d  t o  m e a s u r e  t h e  s p a c e -  
c r a f t  t u r n i n g  and p o i n t i n g  accuracy.  







The NET w i l l  a l s o  i n c l u d e  a  c l o s e  m a t c h  of  t h e  medium- 
r a t e  s c a n  p l a t f o r m  s l e w s  d e s i g n e d  f o r  B752, a s  w e l l  a s  a 
p o s s i b l e  u p d a t e  of  t h e  movab le  b l o c k  a n d  s e l e c t e d  e l l c o u n t e r  
pa ramete r s .  

The i n s t r u m e n t  c a l i b r a t i o n s  a r e  a l w a y s  an  i m p o r t a n t  p a r t  
of  a n y  s c i e n c e  e x p e r i m e n t .  An e x a m p l e  of  a n  i n s t r u m e n t  
c a l i b r a t i o n  would  b e  t o  p l u n g e  a  C e l s i u s  t h e r m o m e t e r  i n t o  a 
g l a s s  of  i c e  w a t e r .  The t e m p e r a t u r e  r e a d i n g  s h o u l d  b e  z e r o ,  
I f  it is n o t ,  t h e n  t h e  thermometer  is  m i s c a l i b r a t e d  and w i l l  
n o t  g i v e  t r u e  r e a d i n g s .  What you would  l i k e  t o  know i s  'how f a r  
o f f  t h e  t e m p e r a t u r e  r e a d i n g s  a re .  

Another example might  be t o  c a l i b r a t e  your camera" s l ight  
m e t e r .  You would  s h o o t  a  p i c t u r e  a t  t h e  e x p o s u r e  s e t t i n g  
i n d i c a t e d  by y o u r  l i g h t  m e t e r ;  t h e n ,  b r a c k e t  it by s h o o t i n g  
t h e  same p i c t u r e  o n e  s t o p  a b o v e  a n d  b e l o w  t h e  i n d i c a t e d  
s e t t i n g .  Looking a t  t h e  r e s u l t i n g  t h r e e  p i c t u r e s  would t e l l  
you w h e t h e r  y o u r  l i g h t  m e t e r  is  i n a c c u r a t e  a n d ,  i f  s o ,  i n  
which d i r e c t i o n  and by how much. 

A m a j o r  c a l i b r a t i o n  p e r f o r m e d  on t h e  s p a c e c r a f t  d u r i n g  
t h e  CCS Load B624 i s  t h e  T a r g e t  Maneuver (TGTMVR), T h i s  
p r o v i d e s  t h e  b a s i c  c a l i b r a t i o n s  of  t h e  I S S  and  t h e  IRIS 
r a d i o m e t e r  b y  v i e w i n g  a  t a r g e t  p l a t e ,  a f i x e d  t o  t h e  
s p a c e c r a f t ,  which has  known p h o t o m e t r i c  response.  

The O b s e r v a t o r y  P h a s e  i s  d i v i d e d  i n t o  t h r e e  CCS Loads:  
B701, B702, and B703. T h i s  phase  p r o v i d e s  t h e  f i r s t  
o p p o r t u n i t y  t o  o b s e r v e  U r a n u s  a t  b e t t e r  t h a n  g r o u n d - b a s e d  
r e s o l u t i o n .  (The n a r r o w - a n g l e  c a m e r a  a c h i e v e d  r e s o l u t i o n  a s  
good a s  E a r t h - b a s e d  t e l e s c o p e s  a r o u n d  March 19851,  The  
I m a g i n g  S u b s y s t e m  ( i .e . ,  TV c a m e r a s )  w i l l  m o n i t o r  t h e  l o n g -  
t e r m  a t m o s p h e r i c  motion t h r o u g h  s e v e r a l  c o l o r  f i l t e r s ,  

A g l a n c e  a t  F i g u r e  6-1 w i l l  show s e v e r a l  m o v i e s  i n  t h e  OB 
phase  and t h e  Far  Encounter  (FE) Phase. Each of t h e s e  movies 
w i l l  t a k e  images f o r  a b o u t  38 hours ,  o r  j u s t  over  two comple te  
r o t a t i o n s  of t h e  p l a n e t .  These movies w i l l  t r a c k  a t m o s p h e r i c  
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f e a t u r e s  a n d  h e l p  e s t a b l i s h  w i n d  v e l o c i t i e s  a n d  o t h e r  
m e t e o r o l o g i c a l  f e a t u r e s  i n  t h e  a tmosphere  of Uranus. 

The U l t r a v i o l e t  S p e c t r o m e t e r  (WS) w i l l  obse rve  e m i s s i o n s  
f r o m  t h e  U r a n i a n  s y s t e m ,  s e a r c h i n g  f o r  h y d r o g e n  and  o t h e r  
g a s e s  i n  t h e  s p a c e  b e t w e e n  t h e  s a t e l l i t e s  a n d  U r a n u s ,  
p r o v i d i n g  c l u e s  t o  t h e  c o m p o s i t i o n  of  U r a n u s ,  o r  p o s s i b l y  
s a t e l l i t e s ,  f r o m  w h i c h  t h e s e  g a s e s  e s c a p e d ,  I t  w i l l  a l s o  
s e a r c h  f o r  and moni to r  u l t r a v i o l e t  l i g h t  from Uranus a u r o r a l  
e m i s s i o n s ,  which m i m i c  t h e  a u r o r a  b o r e a l i s  on Earth.  

The RSS s o l a r  c o n j u n c t i o n  e x p e r i m e n t  w i l l  m e a s u r e  t h e  
e l e c t r o r l  d e n s i t y  and v a r i a t i o n s  of t h e  Sun's atmosphere.  T h i s  
exper iment  is p o s s i b l e  because  t h e  sun  p a s s e s  a l m o s t  d i r e c t l y  
b e t w e e n  t h e  s p a c e c r a f t  a n d  t h e  E a r t h ,  s o  t h a t  t h e  S- a n d  X- 
Band r a d i o  beams p a s s  t h r o u g h  t h e  Sun's atmosphere,  

The m i n i - c r u i s e  s c i e n c e  maneuver (CRSMVR) c o n s i s t s  of  4 
yaw t u r n s  f o l l o w e d  by 4 r o l l  t u r n s .  D u r i n g  t h i s  maneuver  t h e  
magnetometer  is c a l i b r a t e d ,  t h e  WS makes measurements  of t h e  
i n t e r p l a n e t a r y  m e d i u m ,  a n d  t h e  f i e l d s  a n d  p a r t i c l e s  
e x p e r i m e n t s  t a k e  s c i e n c e  da ta .  

I n  t h e  t r a j e c t o r y  c o r r e c t i o n  maneuver TCMBl3, h y d r a z i n e  
t h r u s t e r s  a r e  f i r e d  t o  c o r r e c t  t h e  s p a c e c r a f t  t r a j e c t o r y  t o  
a s s u r e  t h a t  t h e  s p a c e c r a f t  i s  headed  i n  p r e c i s e l y  t h e  r i g h t  
d i r e c t i o n  a n d  a r r i v e s  a t  U r a n u s  w i t h i n  1 2  m i n u t e s  of  t h e  
d e s i r e d  a r r i v a l  t i m e .  A b a c k u p  window is p r o v i d e d  i n  t h e  
u n l i k e l y  c a s e  t h e  TCM is n o t  p r o p e r l y  executed .  

F a r  E n c o u n t e r  P h a s e  i s  d i v i d e d  i n t o  t w o  CCS Loads ,  B721 
a n d  B723. ( T h e r e  o n c e  was  a  B722 b u t  it was d i v i d e d  b e t w e e n  
t h e  o t h e r  two l o a d s ) .  A s  t h e  d i s t a n c e  t o  Uranus d e c r e a s e s  and 
i t s  s i z e  a p p e a r s  t o  i n c r e a s e ,  it becomes  n e c e s s a r y  t o  t a k e  a  
m o s a i c  of i m a g e s  ( a n  e n l a r g e d  g r i d  of p i c t u r e s )  i n  o r d e r  t o  
o b t a i n  c o m p l e t e  c o v e r a g e  of t h e  p l a n e t  a n d  r i n g  s y s t e m  w i t h  

t h e  n a r r o w  a n g l e  camera .  S a t e l l i t e  a n d  d e t a i l e d  
r i n g  o b s e r v a t i o n s  a r e  b e g u n  by  t h e  I m a g i n g  

S O  expe r  iment  . 



I R I S  o b s e r v a t i o n s  of  U r a n u s  b e g i n  i n  FE. F o r  e x a m p l e ,  
t h e  h i g h - p r i o r i t y  RPDISK o b s e r v a t i o n ,  made when t h e  d i s k  o f  
t h e  p l a n e t  f i l l s  t h e  IRIS f i e l d  of view, i s  des igned  t o  a s s i s t  
i n  d e t e r m i n i n g  t h e  g l o b a l  h e a t  b a l a n c e  of  t h e  p l a n e t  a n d  
whether  ene rgy  is g e n e r a t e d  i n  t h e  c o r e  of t h e  p l a n e t ,  

A l s o  i n  FE,  many o p t i c a l  n a v i g a t i o n  f r a m e s  a r e  t a k e n  of  
t h e  s a t e l l i t e s  a g a i n s t  t h e  background s t a r s .  These p r o v i d e ,  
by t r i a n g u l a t i o n ,  t h e  p r e c i s e  p o s i t i o n  of t h e  s p a c e c r a f t  as  it 
approaches  t h e  Uranian  system. 

TCMBl4 is p e r f o r m e d  t o  make f i n a l  c o r r e c t i o n s  i n  t h e  
t a r g e t - p l a n e  a i m i n g  c o o r d i n a t e s ,  b u t  i t  may n o t  make 
c o r r e c t i o n s  ( d e p e n d i n g  upon p r o p e l l e n t  a l l o c a t i o n s )  t o  t h e  
a r r i v a l  t i m e  u n l e s s  it is  more  t h a n  s e v e r a l  m i n u t e s  o f f  t h e  
d e s i r e d  18:00 GMT nominal ,  

Many c r i t i c a l  a c t i v i t i e s  o c c u r  on t h e  g r o u n d  a n d  o n  t h e  
s p a c e c r a f t  d u r i n g  t h e  f i n a l  week b e f o r e  U r a n u s  c l o s e s t  
a p p r o a c h .  T h e s e  a c t i v i t i e s ,  shown i n  F i g u r e  6-2 ,  make l a s t -  
m i n u t e  h e a l t h  c h e c k s  of  t h e  s c a n  p l a t f o r m  a n d  make P a t e  
n a v i g a t i o n - b a s e d  u p d a t e s  t o  t h e  t i m i n g  and s c a n  p l a t f o r m  
p o i n t i n g  f o r  c r i t i c a l  NE s c i e n c e  o b s e r v a t i o n s .  

A f i n a l  T o r q u e  M a r g i n  T e s t  (TMT) i s  p e r f o r m e d  on  t h e  s c a n  
p l a t f o r m  a c t u a t o r s  4,s d a y s  b e f o r e  c l o s e s t  a p p r o a c h .  T h i s  
t e s t  p r o v i d e s  t h e  l a s t  c h a n c e  t o  d e t e r m i n e  w h e t h e r  t h e  s c a n  
p l a t f o r m  m o t i o n  i s  n o r m a l  a n d ,  i f  it is  n o t ,  s t i l l  p r o v i d e s  
t i m e  t o  u p d a t e  and  t r a n s m i t  t h e  c o n t i n g e n c y  s e q u e n c e  of 
s c i e n c e  a c t i v i t i e s  i n  c a s e  t h e  t e s t  i n d i c a t e s  e x c e s s i v e  
f r i c t i o n  i n  t h e  p l a t f o r m  d r i v e  t r a i n .  

The B752 L a t e  E p h e m e r i s  U p d a t e  makes  s c a n  p l a t f o r m  
p o i n t i n g  u p d a t e s  j u s t  p r i o r  t o  u p l i n k  of  t h e  l o a d ,  b a s e d  on 
t h e  l a t e s t  k n o w l e d g e  of  t h e  t r a j e c t o r i e s  of  t h e  s p a c e c r a f t ,  
p l a n e t ,  and s a t e l l i t e s ,  

B u t  e v e n  t h i s  may n o t  b e  g o o d  e n o u g h .  Our o r b i t  
k n o w l e d g e  c o n t i n u e s  t o  i m p r o v e  s i g n i f i c a n t l y  a s  a  r e s u l t  of 



t h e  l a t e s t  o p t i c a l  n a v i g a t i o n  images.  Use of t h i s  improved 
knowledge i s  n e c e s s a r y  t o  o p t i m i z e  t h e  m i s s i o n .  But t h e  
l a t e n e s s  of t h e s e  o p t i c a l  n a v i g a t i o n  f r a m e s  r e q u i r e s  t h a t  
s p e c i a l  commands ( l a t e  s t o r e d  u p d a t e s )  b e  s e n t  t o  t h e  
s p a c e c r a f t  t o  update t iming  and p o i n t i n g  parameters  again.  

The most  c h a l l a n g i n g  of t h e s e  l a t e  u p d a t e s  i n v o l v e s  t h e  
Miranda IMC maneuver, Because t h e  s p a c e c r a f t  pa s se s  s o  c l o s e  
t o  Miranda ,  even t h e s e  l a t e  u p d a t e s  may be u n a b l e  t o  c a p t u r e  
t h e  s a t e l l i t e  i n  a l l  of t h e  images  t h a t  we would l i k e .  T h a t  
i s  why t h e  Miranda I M C  d e s i g n  is  begun w e l l  b e f o r e  t h e  o t h e r  
l a t e  s t o r e d  u p d a t e s .  The f i n a l  Miranda I M C  d e s i g n  won' t  be 
a v a i l a b l e  u n t i l  j u s t  3 0  h o u r s  p r i o r  t o  i t s  e x e c u t i o n  on t h e  
s p a c e c r a f t ,  

The o t h e r  l a t e  s t o r e d  updates  a r e  t h e  movable block t i m e  
s h i f t ,  t h e  XPOCC v e r n i e r  t iming  ad jus tment ,  t h e  LECP s t epp ing  
c y c l i c ,  t h e  UVS l imb d r i f t  s lew tweak, and s e v e r a l  o t h e r  scan 
g l a t f  orm p o i n t i n g  adjustments ,  Indeed, people  and computers 
must  be  p e r f o r m i n g  a t  t o p  e f f i c i e n c y  d u r i n g  t h e s e  f i n a l  few 
days be fo re  Voyager 2 r aces  p a s t  Uranus. 

The Near Encoun te r  Phase  h a s  two  CCS Loads, B751 and 
H3752, D u r i n g  t h e  N E  P h a s e ,  t h e  h i g h e s t  r e s o l u t i o n  
o b s e n v a t i o n s  w i l l  be  made of t h e  p l a n e t ,  i t s  r i n g s ,  and 
s a t e l l i t e s .  The s t r u c t u r e  of t h e  magne tosphe re  w i l l  be  
c h a r a c t e r i z e d  by t h e  F i e l d s  a n d  P a r t i c l e s  e x p e r i m e n t s ,  
P e r t u r b a t i o n s  on s p a c e c r a f t  v e l o c i t y  w i l l  be used t o  improve 
our knowledge of t h e  masses of Uranus and Miranda. 

The P l a n e t a r y  Rad io  Astronomy (PRA)  and P lasma Wave 
Subsys tem (PWS) a r e  e x p e c t e d  t o  r e c e i v e  s h o r t  r a n g e  r a d i o  
e m i s s i o n s  f rom Uranus and ,  p e r h a p s ,  i t s  r i n g s ,  The Radio  
Science Subsystem (RSS) , Photopolar imeter  Subsystem (PPS) , and 
U l t r a v i o l e t  Spectrometer  (WS) w i l l  make Ear th ,  s t a r ,  and Sun 
o c e u l  t a t i o n  measurements ,  r e s p e c t i v e l y ,  t o  c h a r a c t e r i z e  t h e  

U r a n i a n  a t m o s p h e r e  and t h e  r i n g  sys tem.  The UVS 
w i l l  a l s o  be  used f o r  n e a r - p o l a r  a t m o s p h e r i c  
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F i g u r e  6-2. The Voyager F l i g h t  Team w i l l  be working many long  
a n d  b u s y  h o u r s  d u r i n g  t h e  f i n a l  week b e f o r e  
U r a n u s  c l o s e s t  a p p r o a c h ,  e n d e a v o r i n g  t o  u p d a t e  
t h e  o b s e r v a t i o n a l  s e q u e n c e s  t o  t h e  l a t e s t  
n a v i g a t i o n a l  s o l u t i o n s .  

The a c t i v i t i e s  of m o s t  of  t h e  Near  E n c o u n t e r  P h a s e  may be 
s e e n  i n  F i g u r e s  6 - 3  a n d  6-4. F i g u r e  6 - 3  s h o w s  t h e  Near 
Encounter  Miss ion  and Maneuver P r o f i l e .  A t  t h e  bot tom of t h i s  
t i m e l i n e ,  r e l a t i v e  t i m e s  a r e  g i v e n  a s  t imes  b e f o r e  o r  a f t e r  
c l o s e s t  a p p r o a c h  ( C A )  t o  Uranus .  The l o w e r  p a r t  of  t h e  
t i m e l i n e  s h o w s  t h e  b o u n d a r i e s  of  t h e  CCS Loads ,  t h e  command 
u p l i n k  windows  f o r  t r a n s m i t t i n g  t h e s e  CCS Loads  60 t h e  
s p a c e c r a f t ,  a n d  t h e  command m o r a t o r i u m  ( t h a t  p e r i o d  of time 
n e e d e d  f o r  t h e  r e c e i v e r  w r e s t "  f r e q u e n c y  t o  be  p r e d i c t a b l e  
w i t h  s u f f i c i e n t  accuracy  t o  r e c e i v e  commands from E a r t h ) ,  

You w i l l  n o t e  t h a t  t h e  o f f i c i a l  command moratorium over-  
l a p s  t h e  time when commands w i l l ,  i n  f a c t ,  v e r y  l i k e l y  be s e n t  
t o  t h e  s p a c e c r a f t  c o n t a i n i n g  t h e  c o n t e n t s  of  CCS Load B 7 7 B e  
The command morator ium i s  caused by s w i t c h i n g  t h e  power s t a t e  
of t h e  S-band t r a n s m i t t e r  from low t o  h i g h  power f o r  t h e  r a d i o  



sc i ence  Ear th  Occu l t a t i on  experiment;  even w i t h  a r educ t ion  i n  
t h e  X-band power l e v e l ,  t h e  n e t  h e a t  changes a r e  s u f f i c i e n t  t o  
a l t e l r  t h e  t e m p e r a t u r e ,  a n d  t h u s  t h e  f r e q u e n c y ,  o f  t h e  
r ece ive r ,  I t  is hoped t h a t  t h e  a c t u a l  command moratorium w i l l  
no t  l a s t  a s  long a s  t h e  o f f i c i a l  command moratorium. 

T h e  u p p e r  p a r t  o f  F i g u r e  6-3 s h o w s  t h e  s p a c e c r a f t  
maneuvers being performed dur ing  Near Encounter. The f i r s t  of 
t h e s e  maneuvers is a change of r e f e rence  s t a r s  from Alkaid t o  
Canopus. ( A l k a i d  i s  a l s o  known a s  e t a  Ursa  M a j o r i s .  I t  i s  
t h e  end  s t a r  i n  t h e  h a n d l e  of t h e  Big  Dippe r , )  T h i s  maneuver 
i s  a c c o m p l i s h e d  by a r o l l  t u r n .  The change  f rom A l k a i d  t o  
Canopus is r equ i r ed  i n  o rder  t o  g ive  t h e  s p a c e c r a f t  an or ien-  
t a t i o n  a p p r o p r i a t e  f o r  F&P measurements i n  t h e  o u t e r  magneto- 
s p h e r e ,  (ALkaid p r o v i d e d  a n  o r i e n t a t i o n  which a l l o w e d  UVS 
system scans  t o  avoid looking a t  b r i g h t  W s t a r s  i n  t h e  back- 
g r o u n d  Milky Way.) Then, be tween  - 1 0  h o u r s  and -2 h o u r s  
( b e f o r e  c l o s e s t  a p p r o a c h )  t h e r e  a r e  a w h o l e  s e r i e s  of 
maneuvers, inc lud ing  a r o l l  back t o  t h e  r e f e rence  s t a r  Canopus 
a t  -8h 44m, The o t h e r  maneuvers, f o r  s a t e l l i t e  observa t ions ,  
a r e  descr ibed  below. 

TABLE 6-2 

VOBEST 
VTCOLOR 
VUBEST 
VTBEST 
VWCOLOR 
VMCOLOR 
VABEST 
VMBEST 

b e s t  images of Oberon (R) 
co lo r  images of T i t a n i a  (R) 
b e s t  images of Umbriel 
b e s t  images of T i t a n i a  (R) 
co lo r  images of A r i e l  
co lo r  images i f  Miranda 
b e s t  images of A r i e l  
b e s t  images of Miranda 

These obse rva t ions  a l l  r e q u i r e  Image Motion Compensation 
( I M C )  maneuvers.  They employ g y r o  d r i f t  t u r n s  t o  r o t a t e  t h e  
s p a c e c r a f t  a t  a r a t e  t h a t  matches ( a s  c l o s e l y  a s  p o s s i b l e )  t h e  
motion of t h e  s a t e l l i t e .  Thus, when t h e  camera is shu t t e r ed ,  
t h e  image smear  t h a t  would o t h e r w i s e  r e s u l t  i s  p r a c t i c a l l y  

e l i m i n a t e d .  Those o b s e r v a t i o n s  d e s i g n a t e d  ( R )  
a l s o  employ r o l l  t u r n s  t o  reduce azimuth s lewing,  
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P r i o r  t o  t h e  VMCOLOR o b s e r v a t i o n ,  t h e  s p a c e c r a f t  is  
r o l l e d  t o  -65O from Canopus f o r  PLS measurements of a  p o s s i b l e  
near -equa tor ia l  plasma shee t .  A s  can be seen from F igu re  6-3, 
t h e r e  i s  a n o t h e r  r o l l  back t o  Canopus n e a r  c l o s e s t  app roach .  
T h i s  r o l l  i s  n e c e s s a r y  t o  r e - e s t a b l i s h  s p a c e c r a f t  a l i g n m e n t  
knowledge p r i o r  t o  c r i t i c a l  p l a n e t a r y  o c c u l t a t i o n  experiments.  

Science obse rva t ions  a r e  ca t ego r i zed  a s  P r i o r i t y  1, 2,  o r  
3, The re  a r e  24 P r i o r i t y - l  ( n e c e s s a r y  t o  a c c o m p l i s h  m a j o r  
s c i e n t i f i c  o b j e c t i v e s )  obse rva t iona l  " l i n k s "  i n  NE, w i t h  some 
e x e c u t e d  more t h a n  once.  These  a r e  l i s t e d  i n  T a b l e s  4-1 and  
9-1, and a r e  shown i n  F igu re  6-4. The only P r i o r i t y - l  obser- 
v a t i o n s  o u t s i d e  of NE a r e  t h e  RPDISK o b s e r v a t i o n s  by IRIS  i n  
FE and PE, 

Figure  6-3 shows a "movable block"; F igu re  6-5 shows t h e  
Movable Block Timel ine  i n  more d e t a i l .  Note on F igure  6-5 t h e  
12-minute gap i n  a c t i v i t y  preceding and fo l lowing  t h e  movable 
b lock .  T h i s  dead t i m e  is p l a c e d  h e r e  s o  t h a t  t h e  movable 
b l o c k  may be  moved, a s  a  u n i t ,  up t o  t w e l v e  m i n u t e s  e a r l i e r  o r  
l a t e r  t o  accommodate n a v i g a t i o n  d e l i v e r y  e r r o r s  i n  a r r i v a l  
t ime  a t  c l o s e s t  approach. These e r r o r s  can be reduced by t h e  
u s e  of TCMBl3 and T C M B l 4 .  However, it is  p o s s i b l e  t o  s a v e  
h y d r a z i n e  f u e l  by n o t  c o m p l e t e l y  c o r r e c t i n g  t h e  t i m i n g  
t r a j e c t o r y  e r r o r ,  and t o  accommodate it i n s t e a d  by t h e  movable 
b lock .  The f u e l  t h u s  s a v e d  is a v a i l a b l e  f o r  t h e  c o n t i n u i n g  
journey t o  Neptune and beyond. 

You w i l l  n o t e  t h a t  t h e  l a s t  two Image Motion Compensation 
(IMCB maneuvers a r e  i n s i d e  t h e  movable block. This  is because 
t h e  p r e c i s e  t iming  f o r  them is c r i t i c a l .  The most d i f f i c u l t  
of t h e s e  maneuvers is t h e  Miranda IMC, f o r  it w i l l  s t r e t c h  t h e  
c a p a b i l i t y  of t h e  g y r o - d r i f t  t u r n s  a l m o s t  t o  t h e i r  l i m i t  of 
two d e g r e e s  p e r  m i n u t e  p e r  a x i s .  A l so ,  t h e  s p a c e c r a f t  w i l l  
f l y  c l o s e  enough t o  Miranda t h a t  it may be p o s s i b l e  t o  improve 
our knowledge of i t s  mass. 

A s  t h e  s p a c e c r a f t  c r o s s e s  Uranusg  r i n g  p l a n e  a t  U-43m, 
t h e  PWS w i l l  r e c o r d  3  f r a m e s  (144 s e c o n d s )  of h i g h  
r a t e  p l a sma  wave d a t a ,  p r eceded  by 2 f r a m e s  of PRA 







p a r t i c l e s  i n  t h e  p l a n e  of  t h e  r i n g s .  The s p a c e c r a f t  w i l l  n o t  
p a s s  c l o s e  t o  t h e  n i n e  known r i n g s  themse lves ,  J u s t  m i n u t e s  
b e f o r e  r i n g  p l a n e  c r o s s i n g ,  t h e  wide a n g l e  camera w i l l  t a k e  4 
images of t h e  r i n g s ,  

R i g h t  a f t e r  r i n g  p l a n e  c r o s s i n g ,  t h e  UVS and PPS w i l l  
o b s e r v e  t h e  s t a r  Gamma P e g a s i  ( t h i r d  b r i g h t e s t  s t a r  i n  t h e  
c o n s t e l l a t i o n  P e g a s u s )  a s  i t  a p p e a r s  t o  p a s s  b e h i n d  ( b e  
o c c u l t e d  by) t h e  p l a n e t .  Thus t h e  s t a r l i g h t  p a s s e s  th rough  t h e  
Uranian  atmosphere,  These o b s e r v a t i o n s ,  i n  c o n j u n c t i o n  w i t h  
t h e  Sun o c c u l t a t i o n  l a t e r ,  w i l l  e n a b l e  s c i e n t i s t s  t o  d e t e r m i n e  
t h e  c h e m i c a l  c o m p o s i t i o n  a n d  t e m p e r a t u r e  p r o f i l e  of t h e  
Uranian  atmosphere.  

The PPVPWOT o b s e r v a t i o n ,  o c c u r r i n g  b e t w e e n  t h e  Gamma 
P e g a s i  i n g r e s s  and e g r e s s  p o r t i o n s ,  obse rves  Uranus w i t h  t h e  
PPS t o  h e l p  d e t e r m i n e  t h e  amount  of  s o l a r  e n e r g y  a b s o r b e d  by 
t h e  p l a n e t ,  t h e r e b y  c o n t r i b u t i n g  t o  o u r  knowledge  of t h e  
g l o b a l  h e a t  b a l a n c e  of Uranus. 

F o l l o w i n g  t h e  Gamma P e g a s i  e g r e s s  o b s e r v a t i o n  a r e  t w o  
o t h e r  s t a r  o b s e r v a t i o n s  of Be ta  P e r s e i i  be ing  o c c u l t e d  by t h e  
r i n g s .  T h e s e  o b s e r v a t i o n s ,  a g a i n  by t h e  PPS and UVS, g i v e  a  
s t a r  i n t e n s i t y  p r o f i l e ,  which t r a n s l a t e s  t o  a  measurement of 
a n  o p a c i t y  p r o f i l e  ( l o c a t i o n  of  r i n g s  and  g a p s )  of  t h e  r i n g s  
a t  two d i f f e r e n t  a z i m u t h a l  p o s i t i o n s .  

U s i n g  t h e  g r a v i t y - a s s i s t  t r a j e c t o r y  c o r r i d o r  t o  r e a c h  
Nep tune ,  t h e  s p a c e c r a f t  p a s s e s  b e h i n d  U r a n u s  a s  s e e n  f r o m  
E a r t h  ( s e e  F i g u r e  9-41, g i v i n g  a n  o p p o r t u n i t y  f o r  t h e  E a r t h  
a n d  Sun o c c u l t a t i o n s .  The E a r t h  O c c u l t a t i o n  E x p e r i m e n t  
(XPOCC) i s  a  r a d i o  s c i e n c e  e x p e r i m e n t ,  w h i c h  u s e s  t h e  s p a c e -  
c r a f t ' s  S- a n d  X-Band r a d i o  b e a m s  t o  p r o b e  t h e  l J r a n i a n  
a t m o s p h e r e .  D u r i n g  XPOCC, t h e  s p a c e c r a f t  s t a t e  i s  changed:  
t h e  S-Band t r a n s m i t t e r  i s  p u t  i n  h i g h  power  a n d ,  f o r  power  
l o a d  compe-nsa t ion ,  t h e  X-Band t r a n s m i t t e r  i s  c h a n g e d  t o  low 
power. Also, t e l e m e t r y  is t u r n e d  o f f  t o  c o n c e n t r a t e  power i n  
t h e  c a r r i e r .  

B e f o r e  a n d  a f t e r  XPOCC, t h e  E a r t h  is o c c u l t e d  by t h e  
r i n g s ,  g i v i n g  t h e  o p p o r t u n i t y  f o r  t h e  RSS Ring  O c c u l t a t i o n  
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Exper imen t  (XROCC) t o  p r o v i d e  d a t a  on p a r t i c l e  s i z e s  and 
d i s t r i b u t i o n s .  The movable b lock  e n d s  a f t e r  XROCC e g r e s s ,  
f o l l o w e d  by a  r o l l  t o  Fomalhaut  a s  l o c k  s t a r  a t  a b o u t  U + 6h. 
Fomalhaut  g i v e s  r e a s o n a b l y  good s p a c e c r a f t  o r i e n t a t i o n  f o r  
F&P i n s t r u m e n t s  and  p r o v i d e s  v i e w s  of t h e  p l a n e t  by s c a n  
p l a t fo rm ins t rumen t s  unhampered by s p a c e c r a f t  obscurat ion.  

The VRHIPHAS obse rva t ion  t a k e s  high-phase images of t h e  
r i n g s  dur ing  t h e  r a d i o  s c i e n c e  XPOCC maneuver, These images 
should prov ide  impor t an t  in format ion  on t h e  r i n g  s t r u c t u r e  and 
p a r t i c l e  s i z e s .  

The l a s t  o b s e r v a t i o n  shown on F i g u r e  6-5 i s  t h e  UVS 
obse rva t ion  of t h e  s t a r  Nu Geminorum (UPNUGEM) which, l i k e  t h e  
s i m i l a r  obse rva t ion  of Gamma Pegasi ,  w i l l  h e l p  de te rmine  t h e  
c o n s t i t u e n t s  and s t r u c t u r e  of t h e  Uranian atmosphere. 

A t  u + 17 h. 3 0  m e ,  t h e r e  i s  a  r o l l  t o  Ache rna r ,  which 
g i v e s  a b e t t e r  o r i e n t a t i o n  f o r  t h e  F&P ins t ruments .  

Th~e P o s t  Encoun te r  p h a s e  i s  d i v i d e d  i n t o  two CCS Loads: 
B77B and  B772. I n  t h i s  p h a s e  t h e  s c a n  p l a t f o r m  i n s t r u m e n t s  
make l o w e r  r e s o l u t i o n ,  h i g h - p h a s e - a n g l e  ( d a r k  s i d e )  
o b s e r v a t i o n s  of t h e  p l a n e t  and  r i n g s .  A t i m e - l a p s e  movie of 
t h e  r i n g s  i s  made i n  B771. A s e a r c h  f o r  new f a i n t  r i n g s  
be tween  known r i n g s  and  Oberon 's  o r b i t  is  f e a s i b l e ,  s i n c e  
presumed forward s c a t t e r i n g  of s u n l i g h t  would make t h e  r i n g s  
more v i s i b l e  from t h i s  vantage point .  

Between c l o s e s t  a p p r o a c h  and up  t o  J a n u a r y  28, t h e  
s p a c e c r a f t  w i l l  b e  w i t h i n  t h e  m a g n e t o t a i l  ( i f  Uranus h a s  a  
m a g n e t i c  f i e l d ) .  During t h i s  t i m e  t h e  F&P i n s t r u m e n t s  w i l l  
provide d a t a  on t h e  "downstream" magnetic f i e l d  of Uranus. 

The re  i s  a  r o l l  t o  Fomalhaut  a t  t h e  s t a r t  of B771. The 
c h a n g e  f r o m  A c h e r n a r  i s  n e e d e d  b e c a u s e  t h e r e  w o u l d  b e  

s p a c e c r a f t  o b s c u r a t i o n  t o  t h e  PPS and ISS  wide 
a n g l e  camera  when u s i n g  Achernar  f o r  c e l e s t i a l  
re fe rence .  
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Neptune "H-Points" a r e  up l inked  d u r i n g  t h e  f i r s t  day of 
B772. These commands w i l l  r e s i d e  i n  t h e  spacec ra f t ' s  computer 
a t  l e a s t  f o r  t h e  n e x t  few months ( u n t i l  t h e  u p l i n k  of BML-5) 
and, shou ld  t h e  r e c e i v e r  f a i l ,  w i l l  be on board  a t  Neptune 
e n c o u n t e r  t o  r e c o n f i g u r e  t h e  s p a c e c r a f t  and p o i n t  t h e  h i g h  
ga in  antenna a t  Earth. 

CCS Load B772 c o n t a i n s  f o u r  s p a c e c r a f t  maneuvers. The 
f i r s t  of t h e s e  is a m i n i - c r u i s e - s c i e n c e  maneuver (FCRSMVR), 
s i m i l a r  t o  t h e  one i n  CCS Load B701. The second maneuver i s  
t h e  t r a j e c t o r y  c o r r e c t i o n  maneuver, TCMB15. T h i s  is t h e  
l o n g e s t  TCM t h r u s t e r - f i r i n g  p e r i o d  t o  d a t e  f o r  Voyager 2 ,  
a b o u t  3 hours .  While  t h e  s p a c e c r a f t  would go on t o  t h e  
v i c i n i t y  of Neptune ( r o u g h l y  34,000 km o r  21 ,000  m i  "ENE" of 
Neptune, b u t  2 days  l a t e  i n  a r r i v a l  t i m e )  w i t h o u t  t h i s  TCM 
being performed, TCMB15 w i l l  br ing t h e  spacec ra f t  much c l o s e r  
t o  t h e  d e s i r e d  e n c o u n t e r  c o n d i t i o n s  over  t h e  n o r t h  p o l a r  
region a t  t h e  des i red  a r r i v a l  time. 

The t h i r d  maneuver i n  B772 is a t a r g e t  p l a t e  c a l i b r a t i o n  
maneuver (TGTMVR), used f o r  a pos t -encoun te r  c a l i b r a t i o n  of 
t h e  ISS and IRIS i n s t r u m e n t s .  The l a s t  maneuver is  a r o l l  
back  t o  A c h e r n a r  a s  a r e f e r e n c e  s t a r ,  f o r  b e t t e r  F & P  
instrument  alignment. The spacec ra f t  w i l l  remain on Achernar 
f o r  t h e  f i r s t  s eve ra l  months of c r u i s e  t o  Neptune. 

I n  operat ing an aging spacecraf t ,  it is good p r a c t i c e  t o  
a n t i c i p a t e  poss ib le  mechanica l  and e l e c t r i c a l  problems t h a t  
might  occur  i n  one of t h e  s p a c e c r a f t  s u p p o r t  subsys tems  
d e s c r i b e d  i n  Chap te r  5. T h i s  is e s p e c i a l l y  t r u e  f o r  t h e  N E  
phase. Otherwise, a f a i l u r e  of one of t h e  subsystems, were it 
t o  occur  j u s t  p r i o r  t o  NE, would n o t  p e r m i t  enough t i m e  t o  
redesign t h e  CCS Loads t o  accommodate t h e  f a i l u r e ,  

The Voyager Mission Planning Off i c e  (MPO) has i d e n t i f i e d  
5 s p e c i f i c  spacec ra f t  subsystem f a i l u r e  modes t h a t  a r e  of more 

t h a n  i d l e  concern.  Some l e v e l  of advanced pre-  
pa ra t ion  (contingency planning) has been done f o r  

55 each of these  p o t e n t i a l  f a i l u r e  modes. These are:  



1) A f a i l u r e  of t h e  remaining s p a c e c r a f t  r e c e i v e r ;  

2 )  A s l o w i n g  o r  s e i z u r e  of  t h e  s c a n  p l a t f o r m  a z i m u t h  
a c t u a t o r  (Az anomaly) ; 

3 )  A s l o w i n g  o r  s e i z u r e  of t h e  s c a n  p l a t f o r m  e l e v a t i o n  
a c t u a t o r  ( E l  anomaly) ; 

4) A f a i l u r e  i n  o n e a o f - t h e  t w o  C C S - p r o c e s s o r s  o r  memoaries; 

5 )  A f a i l u r e  i n  o n e  of t h e  t w o  FDS p r o c e s s o r s  o r  memor ies .  

P r o t e c t i o n  a g a i n s t  a  r e c e i v e r  f a i l u r e  i s  g i v e n  by t h e  
Backup  M i s s i o n  Load (BML) t h a t  i s  r e s i d e n t  i n  t h e  CCS d u r i n g  
t h e  OB P h a s e  a n d  p a r t  of FE. I f  t h e  r e c e i v e r  f a i l - s ,  t h e n  
f u r t h e r  commanding is i m p o s s i b l e ,  b u t  some l e v e l  of encoun te r  
a c t i v i t y  would s t i l l  be  c a p t u r e d  by t h e  BML. 

F a i l u r e  o f  t h e  s c a n  p l a t f o r m  a z i m u t h  a c t u a t o x  i s  
p r o t e c t e d  f o r  NE by  a  c o n t i n g e n c y  s e q u e n c e ,  R752, t h a t  h a s  
b e e n  d e v e l o p e d  a n d  p l a c e d  on  t h e  s h e l f .  I f  a  f a i l u r e  o c c u r s  
e a r l y ,  t h e n  o t h e r  CCS l o a d s  c o u l d  b e  c o n v e r t e d  t o  s u b s t i t u t e  
r o l l  t u r n s  f o r  az imuth  slews. 

A f a i l u r e  of t h e  e l e v a t i o n  a c t u a t o r  i s  b e l i e v e d  by some 
t o  be l e s s  l i k e l y  t h a n  f o r  t h e  az imuth  a c t u a t o r .  A f a l l - -back  
sequence u s i n g  yaw o r  p i t c h  maneuvers is d i f f i c u l t  t o  d e s i g n  
e f f e c t i v e l y ,  i s  t a p e - r e c o r d e r - s p a c e  c o n s t r a i n t e d  f o r  t h e  
number of o f f - E a r t h  maneuvers, and can  c a p t u r e  o n l y  a f r a c t i o n  
of t h e  nominal  s c a n  p l a t f o r m  s c i e n c e  o b s e r v a t i o n s .  Thus, no 
c o n t i n g e n c y  s e q u e n c e  f o r  s u c h  a  f a i l u r e  h a s  b e e n  de*ve loped ,  
Bowever, a  development p l a n  h a s  been c a r e f u l l y  worked o u t ,  s a  
t h a t  such sequences  c o u l d  be developed i f  t h e  need a r i s e s ,  

I n  t h e  c a s e  of p o s s i b l e  FDS o r  CCS f a i l u r e s ,  t h e  p r o j e c t  
w i l l  d e v e l o p  b a c k u p  l o a d s  S752 and  C752 f a r  enough  t h a t  t h e y  
cou ld  be  f lown w i t h  a  minimum of a d d i t i o n a l  work. Many o t h e r  
c o n t i n g e n c i e s  w e r e  c o n s i d e r e d  by t h e  MPO, b u t  a  d e t a i l e d  
d i s c u s s i o n  is beyond t h e  scope  of t h i s  Guide. 



A s  Figure 6-1 shows, Uranus Encounter o f f i c i a l l y  ends on 
F e b r u a r y  25. There is one more s p a c e c r a f t  maneuver t o  be 
performed t o  wrap-up t h e  past-encounter ca l ib ra t ions .  This is 
t h e  ABCCAL, which i s  needed t o  c a l i b r a t e  t h e  RSS E a r t h  
O c c u l t a t i o n  exper imen t ,  f o r  which p r e c i s e  knowledge of t h e  
h i g h  g a i n  a n t e n n a  p o i n t i n g  is necesqary .  However, t h i s  
maneuver must be postponed u n t i l  mid-April b e c a u ~ e  of t h e  high 
a c t i v i t y  of t h e  H a l l e y  comet s p a c e c r a f t ,  G i o t t o ,  Vega and 
Planet-A, and t h e  s u p p o r t i n g  H a l l e y  o b s e r v a t i o n s  of t h e  I C E  
and Pioneer Venus spacecraf t ,  



Damn t h e  s o l a r  s y s t e m .  Bad l i g h t ;  p l a n e t s  t o o  d i s t a n t ;  
p e s t e r e d  w i t h  c o m e t s ;  f e e b l e  c o n t r i v a n c e ;  c o u l d  make a 
b e t t e r  one mysel f .  

Lord F r a n c i s  J e f f r e y  

Imagine  y o u r s e l f  a t  a n  i n t e r n a t i o n a l  speedway watching a  
c o n f e r e n c e  b e t w e e n  d e s i g n e r ,  m e c h a n i c ,  a n d  d r i v e r  orn how t o  
w i n  a  l o n g  d i s t a n c e  e n d u r a n c e  r a c e  w i t h  a  decade-al ld-model  
r a c i n g  c a r .  T y p i c a l l y ,  t h e  d r i v e r  a n d  o t h e r  members of t h e  
team w i l l  b r a i n s t o r m  t o g e t h e r  i n  a  c y c l e  of d e s i g n ,  t e s t ,  and 
s i m u l a t i o n  t o  g u a r a n t e e  any p r o j e c t e d  new pe rformance of t h e i r  
r a c e  c a r .  

To have any hope of s u c c e s s  a g a i n s t  s t i f f  odds, t h e  team 
w i l l  t r y  t o  i n v e n t  new ways t o  squeeze  e x t r a  performance  o u t  
of t h e i r  a g i n g  machine by t h e  u s e  of s p e c i a l  eng ine  tune-ups,  
new d r i v i n g  t e c h n i q u e s ,  a n d  by making  s p e c i a l  e f f o r t s  t o  
c o n s e r v e  f u e l ,  t i r e s ,  and o t h e r  c o n s u m a b l e s  t o  a v o i d  
f r e q u e n t  change-outs  a t  t h e  s p e d w a y  p i t - s t o p .  

The ana logy  of winning a n  i n t e r n a t i o n a l  compe t , i t i o n  u s i n g  
an  o l d  r a c i n g  c a r  i l l u s t r a t e s  how t h e  Voyager F l i g h t  Team h a s  
p r e p a r e d  f o r  a n o t h e r  r a c e  - t o  Uranus and beyond. The b e n e f i t  
o f  u p g r a d i n g  a n  a g i n g  ( b u t  w e l l  d e s i g n e d )  o n e - t o n  r o b o t  i s  a 
f i r s t - c l a s s  l o o k  a t  t h e  t w o  o u t e r m o s t  g i a n t  p l a n e t s  of  t h e  
s o l a r  system. Fur the rmore ,  t h i s  w i l l  be  ach ieved  a t  a  modest 
a d d i t i o n a l  c o s t  beyond t h a t  s p e n t  f o r  t h e  p r i m a r y  J u p i t e r /  
S a t u r n  m i s s i o n .  When c o m p a r e d  t o  t h e  b i l l i o n  o r  s o  d o l l a r s  
t h a t  a  newly des igned  Oute r  P l a n e t s  Miss ion  would c o s t ,  n o t  t o  
m e n t i o n  t h e  n e c e s s i t y  of  w a i t i n g  w e l l  i n t o  t h e  n e x t  c e n t u r y  
f o r  r e s u l t s ,  t h e  Voyager-2 m i s s i o n  t o  Uranus and Neptune is a  
b a r g a i n  a t  a  f r a c t i o n  of t h e  new m i s s i o n  c o s t !  

W h i l e  u s e  o f  t h e  i n t e r n a t i o n a l  s p e e d w a y ' s  r e p a i r  
f a c i l i t i e s  a l l o w s  our  race-car  team t o  upda te  i t s  o l d  machine 
t o  c o m p e t e  i n  t h e  r a c e  on E a r t h ,  t h e  Voyager  F l i g h t  Team 
c a n n o t  c a l l  back  t h e  Voyager  s p a c e c r a f t  t o  E a r t h  f r o m  i t s  



d i s t a n t  l oca t ion .  However, t h e  F l i g h t  Team can reprogram t h e  
Voyager" s i x  on-board computers t o  e f f e c t  new s t r a t e g i e s  t o  
win t h e  r a c e  t o  Uranus and beyond. R e c o n f i g u r a t i o n  of t h e  
s p a c e c r a f t  compu te r  memor ies  i s  somewhat e q u i v a l e n t  t o  
choosing a  new racing d r i v e r  w i t h  more exper ience (e.g., w i t h  
a  b e t t e r  performing b r a i n  and s u p e r i o r  motor s k i l l s ) .  

Wi th  Uranus  a t  n e a r l y  f o u r  times t h e  E a r t h - t o - J u p i t e r  
d i s t a n c e  of 7 7 9  m i l l i o n  k m  (483 m i l l i o n  mi les ) ,  t h e  maximum 
d a t a  r a t e  s u p p o r t a b l e  by t h e  s i g n a l - t o - n o i s e  r a t i o  (SNR) 
would f a l l  by a  f a c t o r  of n e a r l y  s i x t e e n  (square-of-dis tance 
p e n a l t y )  u n l e s s  t h e  Voyager F l i g h t  Team c o u l d  p u l l  some 
r a b b i t s  o u t  of a  h a t .  

A t  S a t u r n  ( 1 0  A U ) ,  t h e  maximum d a t a  r a t e  s u p p o r t a b l e  by 
t h e  SNR was 44,000 b i t s  per  second, whi le  a t  Uranus (19 AU) it 
w i l l  be 21,600 b i t s  p e r  second.  The a r r a y i n g  of t r a c k i n g  
antennas ,  p l u s  a  few o t h e r  t r i c k s  descr ibed  below, a l l ow u s  t o  
a r r e s t  t h e  n a t u r a l  f a l l  of t h e  SNR t o  only  h a l f  (no t  1 / 4 )  when 
Voyager 2 reaches  Uranus. 

The Voyager P r o j e c t  has c a l l e d  upon a d d i t i o n a l  resources  
beyond t h e  NASA/JPL opera ted  Deep Space Network (DSN) f o r  d a t a  
a c q u i s l i t i o n  a t  t h e  Uranus  e n c o u n t e r .  The DSN i s  t e a m i n g  up 
w i t h  t h e  A u s t r a l i a n  government-owned Parkes r ad io  astronomy 
6 4 m  a n t e n n a  f o r  t h e  Uranus e n c o u n t e r ,  s o  t h a t  t h e  t h r e e  
a n t e n n a s  (one  6 4 m  and two  34m) of t h e  D S N  f a c i l i t y  i n  C a n b e r r a  
w i l l  cambine s i g n a l s  w i t h  t h e  Parkes  antenna v i a  a  320 km (200 
m i )  microwave l ink .  By s imul taneous  t r a c k i n g  of t h e  Voyager 
from a l l  four  antennas  dur ing  t h e  Uranus encounter  per iod ,  t h e  
DSN and Parkes  r a d i o  o b s e r v a t o r i e s  w i l l  ach ieve  a  s i g n i f i c a n t  
i n c r e a s e  i n  t h e  combined s i g n a l  s t e n g t h  (SNR), which  i s  
p r o p o r t i o n a l  t o  t h e  s q u a r e  of t h e  a n t e n n a  d i a m e t e r ,  t o  h e l p  
d e f e a t  ano ther  square  law. 

Even t h e  a r r a y i n g  of a l l  f o u r  a n t e n n a s  o v e r  



s q u a r e - o f - d i s t a n c e  p e n a l t y .  The Voyager  F l i g h t  Team h a s  
t h e r e f o r e  developed a  c l e v e r  scheme t o  p r e p r o c e s s  t h e  imaging 
d a t a  t o  r e d u c e  t h e  t o t a l  number of b i t s  r e q u i r e d  f o r  a TV 
p i c t u r e  f r o m  Uranus .  They h a v e  u s e d  a  s p e c i a l  s o f t w a r e  
r o u t i n e  known a s  Image Data  Compression ( I D C )  i n  t h e  on-board 
F l i g h t  D a t a  S u b s y s t e m  (FDS) b a c k u p  c o m p u t e r ,  n e w l y  r e c o n -  
f i g u r e d  f o r  t h i s  t a sk .  

Uncompressed Voyager TV images c o n t a i n  800 l i n e s ,  8 0 0  
d o t s  ( p i x e l s )  p e r  l i n e ,  and 8  b i t s  pe r  p i x e l .  T h i s  means t h a t  
e v e r y  u n c o m p r e s s e d  TV i m a g e  r e q u i r e s  o v e r  f i v e  m i l l i o n  b i t s  
f o r  a  c o m p l e t e  image .  Much of  t h e  i n f o r m a t i o n  i n  a  t y p i c a l  
t e l e v i s i o n  i m a g e  of a  p l a n e t a r y  s y s t e m  is  f r e q d e n t l y  d a r k  
s p a c e  o r  l o w  c o n t r a s t  c l o u d  f e a t u r e s .  T h e r e f o r e ,  by  s a v i n g  
t h e  d i f f e r e n c e s  i n  a d j a c e n t  p i x e l  g r e y  l e v e l s  r a t h e r  t h e n  t h e  
f u l l  8 - b i t  v a l u e s ,  I D C  c a n  r e d u c e  by 6 0 %  o r  more  t h e  number of 
b i t s  t h a t  c h a r a c t e r i z e  e a c h  i m a g e  and  t h u s  t h e  t r a n s m i s s i o n  
t i m e  f o r  a  c o m p l e t e T V i m a g e  f r o m  U r a n u s  t o  t h e  E a r t h .  

A s  a  r u l e ,  t h e  r e c o n s t r u c t e d  c o m p r e s s e d  image  w i l l  b e  
i n d i s t i n g u i s h a b l e  f r o m  t h e  u n c o m p r e s s e d  i m a g e ,  a s  t h e  IDC 
scheme l o s e s  no i n f o r m a t i o n  f o r  low c o n t r a s t  Scenes. Even f o r  
s c e n e s  w i t h  r a p i d l y  c h a n g i n g  p i x e l  i n t e n s i t i e s ,  s u c h  a s  f o r  
t h e  S a t u r n  r i n g  i m a g e  shown i n  F i g u r e  7-1, o n l y  m i n o r  l i n e  
c l i p p i n g  o c c u r s  n e a r  t h e  l e f t  a n d  r i g h t - h a n d  e d g e s  of t h e  
f rame,  

Another t r i c k  d e v i s e d  t o  b e a t  t h e  d i s t a n c e - s q u a r e  p e n a l t y  
i s  t h e  u s e  of  a n  on-board  " e x p e r i m e n t a l "  Reed-Solomon (RS) 
d a t a  e n c o d e r .  F o r  t h o s e  of  you who know a b o u t  s e c r e t  c o d e s  
u s e d  t o  h i d e  i n f o r m a t i o n  i n  t h e  c o n t e x t  of  s p y  t h r i l l e r s ,  i t  
may b e  r e a s s u r i n g  t o  l e a r n  t h a t  t h e r e  a r e  a l s o  codes  des igned  
t o  p r e s e r v e  t h e  " t r u t h "  of i n f o r m a t i o n .  D a t a  s e n t  t o  t h e  
E a r t h  p a s s e s  t h r o u g h  a n  i n t e r s t e l l a r  p l a s m a  t h a t  may p h a s e  
modula te  t h e  s i g n a l s  w i t h  n o i s e ,  e.g., t u r n  a  " c o r r e c t "  O b i t  
i n t o  a  ""wrong" "it, o r  v i c e  v e r s a .  

E n c o d i n g  t h e s e  d a t a  h a s  a  p r i c e ,  a n d  t h a t  p a i d  f o r  t h e  
o l d  Golay encoding a l g o r i t h m  (used a t  J u p i t e r  and S a t u r n )  was 



one  code  b i t  ove rhead  f o r  e v e r y  d a t a  b i t  (100%).  The new R S  
encoding scheme reduces t h i s  overhead t o  t h e  v i c i n i t y  of 20%. 
I n  a d d i t i o n ,  it r e d u c e s  t h e  number of  b i t  e r r o r s  f r o m  5 i n  
l O O , O Q O  t o  o n l y  1 i n  a  m i l l i o n !  And t h e r e  a r e  rumors  of 
f u r t h e r  encoding e f f i c i e n c i e s  being cons idered  f o r  t h e  Neptune 
encounter.  

F igure  7-2, though a  b i t  t e c h n i c a l ,  shows how we use  t h e  
FDS c o m p u t e r s  and  e n c o d e r s  t o  p r o c e s s  t h e  s c i e n c e  d a t a .  The 
f o r m e r  scheme was a p p r o p r i a t e  f o r  t h e  J u p i t e r  and S a t u r n  
e n c o u n t e r s  b e c a u s e  of t h e  h i g h  d a t a  r a t e s  and  t h e  d e s i r e  f o r  
r e d u n d a n t  FDS p r o g r a m s .  F o r  t h e  U r a n u s  a n d  N e p t u n e  
e n c o u n t e r s ,  however,  we must  u s e  t h e  new scheme t o  more 
e f f i c i e n t l y  r e t u r n  sc i ence  d a t a  under t h e  c o n d i t i o n s  of much 
Bower d a t a  r a t e s .  

The re  i s  s t i l l  a n o t h e r  p e n a l t y  imposed on t h e  Uranus 
encounter  by t h e  d i s tance-square  law. Ref lec ted  s o l a r  v i s u a l  
r a d i a t i o n  f r o m  t h e  U r a n i a n  s y s t e m  i s  r e c e i v e d  by t h e  
s p a c e c r a f t  i n s t rumen t s  a t  very reduced l i g h t  l e v e l s  (some 360 
t i m e s  f a i n t e r  t h a n  a t  E a r t h ) .  The r e s u l t i n g  l o n g e r  e x p o s u r e  
t i m e s  make smear ( p i c t u r e  b l u r r i n g )  of r a p i d l y  moving t a r g e t s  
(Uranian s a t e l l i t e s )  much more of a  problem than  a t  J u p i t e r  o r  
S a t u r n ,  The problem f a c i n g  Voyager e n g i n e e r s  is somewhat 
analagous t o  a  s i t u a t i o n  conf ron t ing  a  photographer i n  a  dimly 
B i t  room without  a  f l a s h .  To o f f s e t  t h e  requi red  long exposure 
t i m e s ,  he  m u s t  s t e a d y  h i s  camera  on a  t r i p o d ,  u s e  v e r y  
s e n s i t i v e  f i l m ,  o r  open t h e  camera  a p e r t u r e .  I f  h i s  s u b j e c t  
i s  moving, he must  s m o o t h l y  s l e w  h i s  camera  t o  " t r a c k "  t h e  
t a r g e t ,  much a s  a  W W I I  t a i l  gunne r  i n  a  B17 had t o  do d u r i n g  
many combat missions.  

Though n o t  new t o  Voyager,  it w i l l  be n e c e s s a r y  t o  u s e  
t h e  s p a c e c r a f t  g y r o s c o p e s  t o  smoo th ly  e x e c u t e  image mot ion  
c o m p e n s a t i o n  ( I M C )  t u r n s  t o  t r a c k  s e v e r a l  s a t e l l i t e s  d u r i n g  
t h e  near-encounter phase. 

W i t h  t h e  V o y a g e r  f l y i n g  a l o n g  i n  a  z e r o  
g r a v i t y  envi  ronment, 
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t h e  s t a r t - s t o p  motion of its 



F i g u r e  7-1. E a c h  V o y a g e r  i m a g e  a t  J u p i t e r  a n d  S a t u r n  
c o n t a i n e d  f i v e  m i l l i o n  b i n a r y  b i t s  of d a t a .  I n  
o r d e r  t o  c o p e  w i t h  t h e  r e d u c e d  d a t a  r a t e s  f r o m  
r e m o t e  U r a n u s  a n d  N e p t u n e ,  o n b o a r d  d a t a  
c o m p r e s s i o n  w i l l  d i f f e r e n c e  a d j a c e n t  p i x e l  
b r i g h t n e s s  l e v e l s  t o  r e t u r n  o n l y  two m i l l i o n  b i t s  
p e r  p i c t u r e ,  No i n f o r m a t i o n  w i l l  be l o s t  i n  low- 
c o n t r a s t  s c e n e s ,  b u t  minor l o s s e s  nea r  edges  may 
occur  f o r  c o n t r a s t - v a r y i n g  scenes ,  
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Figure  7-2. A s  d a t a  r a t e s  c o n t i n u e  t o  s h r i n k  w i t h  t h e  
i nc reas ing  communication d i s t a n c e s  t o  Uranus and 
Neptune,  Voyager e n g i n e e r s  have  d e v i s e d  more 
ef  f i c i e n t  schemes t o  p roces s  s c i e n t i f  i c  d a t a  f o r  
t r a n s m i s s i o n  t o  E a r t h .  Image d a t a  c o m p r e s s i o n  
and b e t t e r  encod ing  t o  r educe  b i t  e r r o r  l e v e l s  
have been t h e  s o l u t i o n  t o  t h i s  chal lenge.  

t a p e  recorder  can add more j i g g l e  t o  t h e  s p a c e c r a f t %  nnatural 
l i m i t  c y c l e  mot ion.  To r e d u c e  t h e s e  t y p e s  of d i s t u r b a n c e s ,  
t h e  Voyager F l i g h t  Team h a s  d e v i s e d  new s o f t w a r e  t h a t  f i r e s  
t h e  s p a c e c r a f t  t h r u s t e r s  t o  o f f s e t  t h e  e x t r a  l i m i t  c y c l e  
mo t ion  c a u s e d  by t h e  t a p e  r e c o r d e r  s t a r t - s t o p  i m p u l s e s ,  I n  
a d d i t i o ~ n ,  ways t o  r e d u c e  p u l s e  d u r a t i o n  of t h e  s p a c e c r a f t ' s  
t i n y  a t t i t u d e  c o n t r o l  t h r u s t e r s  have been c r e a t e d  t o  provide 

f o r  a  s t e a d i e r  s p a c e c r a f t  and t h u s  d e c r e a s e  t h e  
number of b l u r r e d  t e l e v i s i o n  images. 



The Voyager  s p a c e c r a f t  h a s  p e r f o r m e d  r e l a t i v e l y  w e l l  
d u r i n g  t h e  p a s t  e i g h t  y e a r s ,  w i t h  o n l y  a  f e w  h a . r d w a r e  
anomal ies .  For example, 100 m i n u t e s  a f t e r  Voyager 2 f l e w  by 
S a t u r n  c l o s e s t  a p p r o a c h  on A u g u s t  2 5 t h  o f  1 9 8 1 ,  t h e  s c a n  
p l a t f o r m  (S/P) s t o p p e d  d u r i n g  a  h i g h  r a t e  a z i m u t h  s l e w  "r a  
new t a r g e t  due t o  a  t empora ry  s e i z u r e  i n  a  s m a l l  a c t u a t o r  g e a r  
cha in ,  S i n c e  t h a t  time, t h e  Voyager F l i g h t  Team has  dev i sed  a 
s t r a t e g y  t o  c o n s e r v e  S/P u s a g e  a n d  o p e r a t e  t h e  s m a l l  d r i v e  
a c t u a t o r s  a t  l o w e r  speeds.  

I n  a d d i t i o n ,  a  new method of c h e c k i n g  t h e  S/P a c t u a t o r  
b e a r i n g  h e a l t h ,  c a l l e d  a  T o r q u e  M a r g i n  T e s t  ( T M T ) ,  was 
developed t o  i n d i r e c t l y  measure t h e  amount of f r i c t i o n  i n  t h e  
g e a r  chain .  T h i s  h a s  been accompl ished by reprogramming one 
of  t h e  Voyager-:! on-board  c o m p u t e r s  t o  v a r y  t h e  d u r a t i o n  o r  
"width" of t h e  e l e c t r i c a l  c u r r e n t  p u l s e s  t o  t h e  s t e p p e r  motor 
t h a t  d r i v e s  t h e  a c t u a t o r  g e a r  t r a i n  ( s e e  F i g u r e  5-51, Even a  
h e a l t h y  a c t u a t o r  would  f a i l  t o  move t h e  S/P i f  t h e  s t e p p e r  
m o t o r  p u l s e  w i d t h  was r e d u c e d  s o  low t h a t  it c o u l d  n o t  
g e n e r a t e  a  minimum t o r q u e  t o  overcome t h e  n o r m a l  f r i c t i o n a l  
l o s s e s  i n  t h e  system. 

The TMT s t r a t e g y  i s  t o  u s e  t h e s e  r e d u c e d  p u l s e  w i d t h s  and  
n o t e  w h e t h e r  t h e  S/P s l e w s  a t  r e d u c e d  o r  i n t e r m i t t e n t  r a t e s  
( s e e  C h a p t e r  5 ) .  The h e a l t h  of a n  a c t u a t o r  i s  gauged  by t h e  
minimum p u l s e  w i d t h  r e q u i r e d  t o  s l e w  t h e  S/P a t  t h e  normal ly  
e x p e c t e d  r a t e .  An i n c r e a s e  i n  t h i s  minimum p u l s e  w i d t h  may 
i n d i c a t e  d e g r a d a t i o n  due t o  i n c r e a s e d  f r i c t i o n a l  l o s s e s  f rorn 
an u n h e a l t h y  a c t u a t o r .  There  a r e  p l a n s  t o  u s e  t h e  TMT d u r i n g  
t h e  U r a n u s  e n c o u n t e r  p e r i o d  t o  p e r i o d i c a l l y  m o n i t o r  t h e  
a c t u a t o r  performance  ( s e e  Chapter  6 ) .  

The Voyager  e n g i n e e r s  have  a l s o  added  a  new s p a c e c r a f t  
maneuver  c a p a b i l i t y  t o  p e r f o r m  h i g h e r - r a t e  commanded s o l 1  
t u r n s  i n  t i m e - c r i t i c a l  p e r i o d s  of  t h e  e n c o u n t e r ,  This 
c a p a b i l i t y  t o  r o l l  a t  0.3 deg/sec  w i l l  be used t o  conse rve  t h e  
w o r r i s o m e  g e a r s  by s e l e c t i v e l y  s u b s t i t u t i n g  s p a c e c r a f t  r o l l  



m a n e u v e r s  f o r  S/P a z i m u t h  movement,  a n d  t o  p r e p a r e  f o r  a 
c o n t i n g e n c y  b a c k u p  i n  t h e  r e m o t e  p o s s i b i l i t y  of  a n o t h e r  S/P 
s e i z u r e ,  

The Voyager  e n g i n e e r s ,  knowing t h a t  t h e  p r e v i o u s  g y r o -  
c o n t r o l l e d  I M C  maximum r a t e s  w e r e  t o o  s l o w  t o  t r a c k  M i r a n d a  
d u r i n g  t h e  mad d a s h  p a s t  U r a n u s ,  h a v e  d o n e  s o m e  m o r e  
r e p r o g r a I n m i n g  of  t h e  o n b o a r d  c o m p u t e r s  t o  o v e r c o m e  t h i s  
h u r d l e .  I n s t e a d  of t h e  f o r m e r  c a p a b i l i t y  ( a t  S a t u r n )  of  7 0  
d e g J h o u r  (=a of a l l  t h r e e  a x i s  r a t e s ) ,  Voyager  w i l l  b e  a b l e  
t o  p e r f o r m  g y r o - d r i f t  t u r n s  as  f a s t  a s  1 2 0  d e g / h o u r  f o r  
a x i s ,  s i m u l t a n e o u s l y .  B e c a u s e  o f  t h i s ,  we a r e  l o o k i n g  f o r  
some n i c e  s h a r p  images of Miranda. 

Wai t ing  t o  c a p t u r e  t h e  Voyager d a t a  from Uranus w i l l  be a  
new m u l t i m i l l i o n - d o l l a r  Mark I V A  c o n f i g u r a t i o n  of  t h e  Deep 
S p a c e  Network,  The e i g h t  DSN a n t e n n a s ,  l o c a t e d  i n  t h r e e  
complexes around t h e  wor ld ,  a r e  schedu led  t o  be  c o n t r o l l e d  and 
o p e r a t e d  a c c o r d i n g  t o  a n  a d v a n c e d  c o n c e p t  o f  command,  
c o m m u n i c a t i o n s ,  a n d  c o n t r o l  (C3)  t h a t  u s e s  t o t a l l y  new 
m i c r o p r o c e s s o r s  a n d  s o f t w a r e  d i s t r i b u t e d  o v e r  a  L o c a l  A r e a  
N e t w o r k  (LAN) .  

Each i n d i v i d u a l  a n t e n n a  a n d  i t s  c o - l o c a t e d  e l e c t r o n i c s  
s h o u l d  be o p e r a t i v e  u n a t t e n d e d  e x c e p t  f o r  m a i n t e n a n c e ,  A 
Complex Monitor  C o n t r o l  (CMC) o p e r a t o r  c o n f i g u r e s  e l e c t r o n i c  
r e s o u r c e s ,  l o c a t e d  i n  t h e  new S i g n a l  P r o c e s s o r  Cen te r  (SPC) a t  
each complex, f o r  each a n t e n n a  a t  t h e  complex. No l o n g e r  w i l l  
e ach  a n t e n n a  i n d i v i d u a l l y  r e q u i r e  a  comple te  s e t  of d e d i c a t e d  
e l e c t r o n i c s  t o  f u l f i l l  downlink t e l e m e t r y ,  command, ranging,  
o r  long- -base l ine  n a v i g a t i o n  f u n c t i o n s .  

Another new c a p a b i l i t y  is t h a t  f a u l t y  equipment  s h o u l d  be  
q u i c k l y  r e p l a c e d  by t h e  CMC o p e r a t o r  i f  r e q u i r e d ,  t h u s  
p r e s e r v i n g  v i t a l  s c i e n c e  d a t a  d u r i n g  c r i t i c a l  moments of t h e  
e n c o u n t e r .  L i k e  a n y  new l a r g e  a n d  complex  s y s t e m  i m p l e -  

m e n t a t i o n ,  t h e  Mark I V A  h a s  had i t s  t e e t h i n g  
~ r o b l e m s ,  b u t  t h e s e  a r e  s c h e d u l e d  t o  b e  r e s o l v e d  
& 

by t h e  s t a r t  of t h e  Uranus encounter .  



Each f l i g h t  p r o j e c t  l i k e  Voyager w i l l  b e  a s s i g n e d  to one 
o r  more Link Monitor  C o n t r o l  (LMC) c o n s o l e  o p e r a t o r s ,  While 
t h e  CMC o p e r a t o r  c o n f i g u r e s  t h e  e l e c t r o n i c s  f o r  e a c h  an tenna  
t o  s u p p o r t  a  p a r t i c u l a r  s c h e d u l e ,  t h e  LMC o p e r a t o r  a s s u r e s  t h e  
r e q u i r e d  d a t a  p r o c e s s i n g  s u p p o r t  f o r  i n d i v i d u a l  s p a c e c r a f t  and 
c o n t r o l s  a n t e n n a  performance  v i a  t h e  LAN. 

The " a r r a y i n g "  of  a n t e n n a s  is  a  s c h e m e  w h e r e b y  a l l  
a n t e n n a s  a r e  r e c e i v i n g  t h e  Voyager  s i g n a l s ,  and  b a s e b a n d  
combining is  used t o  a c h i e v e  a  g r e a t e r  s i g n a l - t o - n o i s e  (SNR) 
r a t i o .  T h r e e  LMC o p e r a t o r s  a r e  r e q u i r e d  t o  s u p p o r t  Voyager  
whenever t h e  DSN CDSCC and P a r k e s  a n t e n n a s  a r e  schedu led  t o  be 
f u l l y  a r rayed .  T h i s  new Mark I V A  c a p a b i l i t y  t o  a r r a y  a n t e n n a s  
f o r  a d d i t i o n a l  SNR i s ,  of  c o u r s e ,  v i t a l  t o  t h e  s u c c e s s  of t h e  
Voyager e n c o u n t e r  a t  Uranus. 

T h i s  overview p r o v i d e s  some i d e a  why t h e  Voyager F l i g h t  
Team w i l l  win t h e  r a c e  t o  Uranus and beyond; because  it, JPLp 
and NASA a r e  d e t e r m i n e d  t o  p r o v i d e ,  a t  v e r y  l i t t l e  c o s t  to t h e  
American peop le ,  a  manyfold i n c r e a s e  i n  t h e  s c i e n c e  knowledge 
o f  t h i s  g i a n t  p l a n e t  b y  c o n t i n u a l l y  u p g r a d i n g  t h e  
c a p a b i l i t i e s  of t h e  a m a z i n g  f l y i n g  r o b o t  - t h e  Voyager  
s p a c e c r  a f t .  





The heavens c a l l  t o  you, and c i r c l e  around you, d i s p l a y i n g  
t o  you t h e i r  e t e r n a l  s p l e n d o r s ,  a n d  y o u r  e y e s  g a z e  o n l y  
t o  E a r t h .  

Dante 

The Voyager m i s s i o n  was approved i n  May of 1972, r e c e i v e d  
t h e  d e d i c a t e d  e f f o r t s  of  many s k i l l e d  p e r s o n n e l  f o r  o v e r  a 
decade ,  and has  r e t u r n e d  more new knowledge abou t  t h e  o u t e r  
p l a n e t s  t h a n  had e x i s t e d  i n  a l l  of t h e  p r e c e d i n g  h i s t o r y  of  
as t ronomy and p l a n e t a r y  s c i e n c e .  And t h e  two Voyager machines 
a r e  s t i l l  pe r fo rming  l i k e  champs. 

I t  m u s t  come  a s  n o  s u r p r i s e  t h a t  t h e r e  a r e  many 
remarkab le ,  o r  "gee-whiz", f a c t s  a s s o c i a t e d  w i t h  t h e  v a r i o u s  
a s p e c t s  o f  t h e  Voyager  m i s s i o n ,  T h e s e  t i d b i t s  have  b e e n  
s u m m a r i z e d  i n  t h i s  c h a p t e r  a c c o r d i n g  t o  t h e i r  a p p r o p r i a t e  
c a t e g o r i e s .  S e v e r a l  may seem d i f f i c u l t  t o  b e l i e v e ,  b u t  t h e y  
a r e  a l l  t r u e  and a c c u r a t e .  

1, The t o t a l  c o s t  of  t h e  Voyager  m i s s i o n  f r o m  May 1 9 7 2  
t h r o u g h  t h e  U r a n u s  e n c o u n t e r  is somewhat  l e s s  t h a n  6 0 0  
m i l l i o n  d o l l a r s ,  T h i s  may sound v e r y  expens ive  a t  f i r s t  
b l u s h ,  b u t  t h e  f a n t a s t i c  r e t u r n s  a r e  a  b a r g a i n  when w e  
p l a c e  t h e  c o s t s  i n  t h e  p r o p e r  p e r s p e c t i v e .  It i s  
i m p o r t a n t  t o  r e a l i z e  t h a t :  

( a )  o n  a  p e r - c a p i t a  b a s i s ,  t h i s  i s  o n l y  20 c e n t s  p e r  
U.S. r e s i d e n t  p e r  y e a r ,  o r  a b o u t  h a l f  t h e  c o s t  of a 
candy b a r  each year .  

(b) r e l a t i v e  t o  t h e  t o t a l  U.S. f e d e r a l  budget ,  t h i s  is a  
v e r y  t i n y  f r a c t i o n ,  a n  a m o u n t  s p e n t  i n  o n l y  8 0  
minu tes  o u t  of a  s i n g l e  workday. 
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F i g u r e  8-1. On a U.S. r e s i d e n t  p e r - c a p i t a  b a s i s ,  Voyager is a 
remarkab le  b a r g i n  a t  20 c e n t s  p e r  y e a r ,  

2 ,  A t o t a l  of 10,000 pe r son-years  w i l l  have been devo ted  t o  
t h e  Voyager  p r o j e c t  t h r o u g h  t h e  U r a n u s  e n c o u n t e r .  T h i s  
is  e q u i v a l e n t  t o  o n e - t h i r d  t h e  amount of e f f o r t  needed t o  
comple te  t h e  g r e a t  pyramid a t  Giza  t o  King Cheops. 

3 ,  W t o t a l  of f o u r  t r i l l i o n  b i t s  of  s c i e n t i f i c  d a t a  w i l l  
have been r e t u r n e d  t o  E a r t h  by b o t h  Voyager s p a c e c r a f t  a t  
t h e  c o m p l e t i o n  of t h e  Uranus encounter .  T h i s  r e p r e s e n t s  
a s u f f i c i e n t  number of b i t s  t o  encode over  5,000 comple te  
s e t s  of t h e  Encyclopedia  B r i t t a n i c a .  

4. The s e n s i t i v i t y  of  o u r  d e e p - s p a c e  t r a c k i n g  a n t e n n a s  
l o c a t e d  around t h e  wor ld  is t r u l y  amazing, Each an tenna  

must c a p t u r e  Voyager i n f  o r m a t i o n  from a s i g n a l  s o  
weak t h a t  t h e  p o w e r  s t r i k i n g  t h e  a n t e n n a  i s  o n l y  
18-16 w a t t s .  A modern-day e l e c t r o n i c  d i g i t a l  
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F i g u r e  8-2. Both Voyagers have r e t u r n e d  f o u r  t r i l l i o n  b i t s  of 
s c i e n c e  d a t a  s i n c e  l a u n c h ,  e q u i v a l e n t  i n  
i n f o r m a t i o n  b i t s  t o  t h a t  n e e d e d  t o  e n c o d e  5 ,000 
s e t s  of t h e  Encyclopedia  Br i t t a n i c a .  

watch o p e r a t e s  a t  a  power l e v e l  100 b i l l i o n  t i m e s  g r e a t e r  
t h a n  t h i s  f e e b l e  l e v e l .  

Each Voyager s p a c e c r a f t  is comprised of 65,000 i n d i v i d u a l  
p a r t s .  Many of t h e s e  p a r t s  h a v e  a  l a r g e  numbek- of 
" e q u i v a l e n t "  p a r t s  s u c h  a s  t r a n s i s t o r s .  One c o m p u t e r  
memory a l o n e  c o n t a i n s  over  one m i l l i o n  e q u i v a l e n t  p a r t s ,  
w i t h  each  s p a c e c r a f t  c o n t a i n i n g  f i v e  m i l l i o n  e q u i v a l e n t  
p a r t s .  S i n c e  a  c o l o r  T V  s e t  c o n t a i n s  a b o u t  2 5 0 0  
e q u i v a l e n t  p a r t s ,  each  Voyager may have t h e  e q u i v a l e n t  
e l e c t r o n i c  c i r c u i t  c o m p l e x i t y  of some 2,000 c o l o r  TV 
sets,  



2 ,  L i k e  t h e  HAL computer  aboard  t h e  s h i p  Discovery  from t h e  
f a~mous s c i e n c e  f i c t i o n  s t o r y  each  
Voyager  i s  e q u i p p e d  w i t h  a u t o n o m o u s  f a u l t  p r o t e c t  i o n  
computer programming, The Voyager sys tem is one of t h e  
most s o p h i s t i c a t e d  e v e r  des igned  f o r  a  deep-space probe,  
T h e r e  a r e  o v e r  a  d o z e n  f a u l t  p r o t e c t i o n  r o u t i n e s ,  e a c h  
c a p a b l e  of  c o v e r i n g  a  m u l t i t u d e  of p o s s i b l e  f a i l u r e s ,  
The s p a c e c r a f t  c a n  p l a c e  i t s e l f  i n  a  s a f e  s t a t e  i n  a  
m a t t e r  of  o n l y  s e c o n d s  o r  m i n u t e s ,  c r i t i c a l  f o r  i t s  
s u r v i v a l  when r o u n d - t r i p  communicat ion t i m e s  from E a r t h  
approach s e v e r a l  hours  f o r  a  s p a c e c r a f t  journeying t o  t h e  
remote  o u t e r  s o l a r  system. 

E a c h  V o y a g e r  h a d  t o  b e  s p e c i f i c a l l y  d e s i g n e d  a n d  
pr io tec ted  t o  w i t h s t a n d  t h e  l a r g e  r a d i a t i o n  dosage d u r i n g  
t h e  J u p i t e r  swingby .  T h i s  was a c c o m p l i s h e d  t h r o u g h  
s e l e c t i o n  of  r a d i a t i o n - h a r d e n e d  p a r t s  a n d  s h i e l d i n g  of  
v e r y  s e n s i t i v e  p a r t s .  Bad an u n p r o t e c t e d  human passenger  
r i d d e n  aboard  Voyager 1 d u r i n g  i t s  J u p i t e r  e n c o u n t e r ,  he 
w o u l d  h a v e  r e c e i v e d  a  r a d i a t i o n  d o s e  e q u a l  t o  o n e  
thousand times t h e  l e t h a l  l e v e l .  

4, E a c h  V o y a g e r  s p a c e c r a f t  c a n  p o i n t  t h e  s c i e n t i f i c  
i n s t r u m e n t s  on i t s  s c a n  p l a t f o l r m  t o  a n  a c c u r a c y  of  one-  
t e n t h  of  a  d e g r e e .  T h i s  i s  e q u i v a l e n t  t o  p o i n t i n g  a 
s t i c k  a t  a  p h o n o g r a p h  r e c o r d  f r o m  a  d i s t a n c e  of o n e  
f o o t b a l l - f i e l d  l e n g t h .  

5 ,  Bn o r d e r  t o  a v o i d  t h e  s m e a r i n g  of Voyager  t e l e v i s i o n  
p i c t u r e s  d u r i n g  t h e  c a m e r a  s h u t t e r  a n d  e x p o s u r e  t i m e  
i n t e r v a l ,  s p a c e c r a f t  a n g u l a r  r a t e s  must be ex temely  s m a l l  
t o  h o l d  t h e  c a m e r a s  a s  s t e a d y  a s  p o s s i b l e ,  E a c h  
s p a c e c r a f t  i s  s o  s t e a d y  t h a t  a n g u l a r  r a t e s  a r e  1 5  t imes  
s l o w e r  t h a n  t h e  hour hand on a  c lock ,  But even t h i s  w i l l  
n o t  be q u i t e  s t e a d y  enough a t  Neptune, where l i g h t  l e v e l s  
a r e  9 0 0  t i m e s  f a i n t e r  t h a n  t h o s e  on E a r t h ,  S p a c e c r a f t  
e n g i n e e e r s  a r e  a l r e a d y  d e v i s i n g  ways t o  make Voyager 3 0  
t i m e s  s t e a d i e r  t h a n  t h e  hour hand on a  c lock ,  

6 .  The e l e c t r o n i c s  a b o a r d  e a c h  n e a r l y  o n e - t o n  - 

Voyager  s p a c e c r a f t  c a n  o p e r a t e  on o n l y  4 0 0  



F i g u r e  8-3. E a c h  V o y a g e r  s p a c e c r a f t  c o n s i s t s  o f  a b o u t  
5,000,000 e q u i v a l e n t  e l e c t r o n i c  p a r t s  - compar-  
a b l e  t o  some 2,000 c o l o r  TV s e t s ,  

w a t t s  of p o w e r ,  o r  r o u g h l y  o n e - f o u r t h  t h a t  u s e d  by a n  
a v e r a g e  r e s i d e n t i a l  home i n  t h e  west.  

7 .  A s e t  of  s m a l l  t h r u s t e r s  p r o v i d e s  e a c h  Voyager  w i t h  t h e  
c a p a b i l i t y  f o r  a t t i t u d e  c o n t r o l  a n d  t r a j e c t o r y  
c o r r e c t i o n .  Each of t h e s e  t i n y  r o c k e t s  h a s  a  t h r u s t  o f  
o n l y  t h r e e  o u n c e s .  I n  t h e  a b s e n c e  of f r i c t i o n ,  on a 
l e v e l  road,  it would t a k e  n e a r l y  6 h o u r s  t o  a c c e l e r a t e  a 
l a r g e  c a r  up t o  a  speed of 4 8  km/hr (30 mph) u s i n g  one of 
t h e s e  t h r u s t e r s .  

8. Each Voyager scan  p l a t f o r m  can be moved abou t  two axes of 
r o t a t i o n .  A t h u m b - s i z e d  m o t o r  i n  t h e  g e a r  t r a i n  d r i v e  
a s s e m b l y  ( t h a t  t u r n s  9 ,000 r e v o l u t i o n s  f o r  e a c h  s i n g l e  
r e v o l u t i o n  of t h e  s c a n  p l a t f o r m )  w i l l  h a v e  r o t a t e d  f o u r  



m i l l i o n  r e v o l u t i o n s  t h r o u g h  t h e  Uranus encounter .  T h i s  
i s  e q u i v a l e n t  t o  t h e  number of a u t o m o b i l e  c r a n k s h a f t  
r e v o l u t i o n s  d u r i n g  a  t r i p  of 2180 k m  (1350 m i l e s ) ,  

9 ,  The Voyager  g y r o s c o p e s  c a n  d e t e c t  s p a c e c r a f t  a n g u l a r  
mot ion  a s  l i t t l e  a s  one t en - thousand th  of a  degree ,  T h i s  
is e q u i v a l e n t  t o  t h e  a n g l e  s w e p t  o u t  by t h e  moon i n  less 
t h a n  one second of t i m e .  

P O ,  The t a p e  r e c o r d e r  a b o a r d  e a c h  Voyager  h a s  b e e n  d e s i g n e d  
t o  r e c o r d  a n d  p l a y b a c k  a  g r e a t  d e a l  of  s c i e n t i f  i c  d a t a ,  
The t a p e  s h o u l d  n o t  b e g i n  t o  w e a r  o u t  u n t i l  it h a s  b e e n  
moved b a c k  a n d  f o r t h  t h r o u g h  a  d i s t a n c e  c o m p a r a b l e  t o  
t h a t  a c r o s s  t h e  Uni ted  S t a t e s .  

B l i ,  T h e  TJoyager m a g n e t o m e t e r s  a r e  m o u n t e d  o n  a  f r a i l ,  
s p i h d l e y ,  f i b e r - g l a s s  boom t h a t  was u n f u r l e d  from a  two- 
f o o t  l o n g  c a n  s h o r t l y  a f t e r  i n  j e c t i o n  l e a v i n g  E a r t h ,  
A f t e r  t e l e s c o p i n g  and  r o t a t i n g  o u t  of t h e  c a n  t o  a n  
e x t e n s i o n  of n e a r l y  1 3  m e t e r s  ( 4 3  f e e t ) ,  t h e  o r i e n t a t i o n s  
of t h e  magnetometer  s e n s o r s  was c o n t r o l l e d  t o  a n  a c c u r a c y  
b e t t e r  t h a n  two degrees ,  

1, Each Voyager  u s e d  t h e  e n o r m o u s  g r a v i t y  f i e l d  of J u p i t e r  
t o  be h u r l e d  o n  t o  S a t u r n ,  e x p e r i e n c i n g  a  S u n - r e l a t i v e  
speed i n c r e a s e  of 35 ,000  mph. T o t a l  e n e r g y  w i t h i n  t h e  
s o l a r  syatem must be conserved,  b u t  J u p i t e r  was s lowed i n  
i t s  s o l a r  o r b i t  by  o n l y  o n e  f o o t  p e r  t r i l l i o n  y e a r s .  
A d d i t i o n a l  g r a v i t y - a s s i s t  swingbys of S a t u r n  and Uranus 
a r e  n e c e s s a r y  f o r  Voyager  2 t o  c o m p l e t e  i t s  Grand Tour 
f l i g h t  t o  Neptune. 

2 ,  The Voyager  d e l i v e r y  a c c u r a c y  a t  U r a n u s  of 1 0 0  km ( 6 2  
miles), d i v i d e d  by t h e  t r i p  d i s t a n c e  o r  a r c  l e n g t h  
t r a v e l e d  of 4 ,954,162,560 k m  (3 ,078 ,373 ,888  m i l e s ) ,  i s  
e q u i v a l e n t  t o  t h e  f e a t  of s i n k i n g  a  2520-km ( 1 5 6 0 - m i l e )  

g o l f  p u t t ,  a s s u m i n g  t h a t  t h e  g o l f e r  c a n  make a  f ew 
v e r n i e r  a d j u s t m e n t s  w h i l e  t h e  b a l l  i s  r o l l i n g  



3. Hydrazine,  known by t h e  chemica l  fo rmula  of N ~ H ~ P  is t h e  
p r o p e l l e n t  used whenever Voyager's s rna l l  t h r u s t e r s  f i r e  
t o  m a i n t a i n  s p a c e c r a f t  a t t i t u d e  o r  a d j u s t  t h e  f l i g h t  p a t h  
t o  t h e  t a r g e t .  Cons ide r ing  how f a r  Voyager has  t r a v e l e d  
on a  r e l a t i v e l y  s m a l l  amount  of  p r o p e l l e n t ,  i t  h a s  
a v e r a g e d  a  r e m a r k a b l e  57 m i l l i o n  k m  p e r  l i t e r  ( 1 3 4  
m i l l i o n  m i l e s  pe r  g a l l o n ) .  A f t e r  it f l y s  by Neptune and 
c o a s t s  o u t  of t h e  s o l a r  s y s t e m ,  t h i s  economy w i l l  g e t  
b e t t e r  and b e t t e r !  

1. The r e s o l u t i o n  of  e a c h  Voyager  n a r r o w - a n g l e  t e l e v i s i o n  
camera is s h a r p  enough t o  r e a d  a  newspaper h e a d l i n e  a t  a 
d i s t a n c e  of 1 k m  ( - 6 2  m i l e s ) .  

2. P e l e ,  t h e  l a r g e s t  of t h e  vo lcanos  s e e n  on J u p i t e r ' s  moon 
10, is t h r o w i n g  s u l f u r  and  s u l f u r - d i o x i d e  p r o d u c t s  t o  
h e i g h t s  30 t imes g r e a t e r  t h a n  Mount E v e r e s t ,  a n d  t h e  
f a l l o u t  z o n e  c o v e r s  a n  a r e a  t h e  s i z e  of F r a n c e ,  The 
Mount  S t .  B e l e n s  e r u p t i o n  i s  b u t  a  t i n y  h i c c u p  i n  
c o m p a r i s o n  ( a d m i t t e d l y ,  1 0 %  s u r f a c e - l e v e l  g r a v i t y  i s  
some s i x  t i m e s  weaker t h a n  t h a t  of E a r t h ) .  

3 .  The smooth w a t e r  i c e  s u r f a c e  of J u p i t e r ' s  moon Europa nay 
h i d e  a n  o c e a n  b e n e a t h ,  b u t  many s c i e n t i s t s  b e l l i e v e  a n y  
p a s t  o c e a n s  h a v e  t u r n e d  t o  s l u s h  o r  i c e .  In 

yg, A r t h u r  C. C l a r k e  w r a p s  h i s  s t o r y  
a r o u n d  t h e  p o s s i b i l i t y  of l i f e  d e v e l o p i n g  w i t h i n  t h e  
oceans  of Europa. 

4.  T h e  r i n g s  o f  S a t u r n  a p p e a r e d  t o  t h e  V o y a g e r s  a s  a 
d a z z l i n g  n e c k l a c e  o f  10 ,000  s t r a n d s .  M i l l i o r n s  of i c e  
p a r t i c l e s  and  c a r - s i z e d  b e r g s  r a c e  a l o n g  e a c h  of t h e  
m i l l i o n - k i l o m e t e r - l o n g  s t r a n d s ,  w i t h  t h e  t r a f f i c  f l o w  
o r c h e s t r a t e d  by t h e  combined g r a v i t a t i o n a l  t u g s  of Sa, turn 
and a  r e t i n u e  of moons and moonlets.  

5. S a t u r n ' s  l a r g e s t  moon T i t a n  was s e e n  a s  a  s t r a n g e  w o r l d  
w i t h  i t s  d e n s e  a t m o s p h e r e  a n d  v a r i e t y  of h y d r o c a r b o n s  
t h a t  s l o w l y  f a l l  upon s e a s  of e t h a n e  and  m e t h a n e ,  To  



some s c i e n t i s t s ,  T i t a n ,  w i t h  i t s  p r i n c i p a l l y  n i t r o g e n  
a tmosphere ,  seemed l i k e  a  s m a l l  E a r t h  whose e v o l u t i o n  had 
l o n g  a g o  b e e n  h a l t e d  by t h e  a r r i v a l  of i t s  i c e  a g e ,  
p e r h a p s  d e e p - f r e e z i n g  a  few o r g a n i c  r e l i c s  b e n e a t h  i t s  
preisent s u r f a c e .  

The  s o l a r  s y s t e m  d o e s  n o t  e n d  a t  t h e  o r b i t  of P l u t o ,  t h e  
n i n t h  p l a n e t .  Nor d o e s  i t  e n d  a t  t h e  h e l i o p a u s e  
boundary, where t h e  s o l a r  wind can  no  l o n g e r  c o n t i n u e  t o  
expand outward  a g a i n s t  t h e  i n t e r s t e l l a r  wind. I t  e x t e n d s  
ovev a  thousand times f a r t h e r  o u t  where a  swarm of s m a l l  
c o m e t a r y  n u c l e i i  a r e  b a r e l y  h e l d  i n  o r b i t  by t h e  S u n 8 s  
f e e b l e  g r a v i t y .  The t w o  Voyager  r o b o t s  w i l l  r a c e  p a s t  
t h e  o r b i t  o f  P l u t o  by  t h e  e n d  of t h i s  decade .  B u t  e v e n  
a t  speeds  of over  35,000 mph, it w i l l  t a k e  n e a r l y  20,000 
y e a r s  f o r t h e v o y a g e r s t o  r e a c h  t h e  c o m e t  swarm. By t h i s  
t i m e ,  t h e y  w i l l  h a v e  t r a v e l e d  a  d i s t a n c e  of o n e  l i g h t -  
y e a r ,  o r  n e a r l y  25% of t h e  d i s t a n c e  t o  Proxima C e n t a u r i ,  
t h e  n e a r e s t  s t a r .  

2 ,  Bar r i n g  a n y  s e r i o u s  s p a c e c r a f t  s u b s y s t e m  f a i l u r e s ,  t h e  
V o y a g e r s  may s u r v i v e  u n t i l  t h e  e a r l y  t w e n t y - f i r s t  
c e n t u r y ,  when d i m i n i s h i n g  power and h y d r a z i n e  l e v e l s  may 
p r e v e n t  f u r t h e r  o p e r a t i o n .  W e r e  i t  n o t  f o r  t h e s e  
dwind l ing  consumables and t h e  p o s s i b i l i t y  of l o s i n g  l o c k  
on t h e  f a i n t  Sun, our  t r a c k i n g  a n t e n n a s  cou ld  c o n t i n u e  t o  
" t a l k "  w i t h  t h e  V o y a g e r s  f o r  a n o t h e r  c e n t u r y  o r  two!  
Refe r  t o  T a b l e  11-1, 

3 ,  R e f e r  t o  C h a p t e r  11 f o r  some a m a z i n g  f a c t s  a b o u t  t h e  
f l i g h t s  of  t h e  t w o  Voyager  s p a c e c r a f t  p a s t  o t h e r  s t a r s  
s e v e r a l  m i l l e n n i a  i n t o  t h e  f u t u r e .  



Man belongs  wherever he  wants  t o  go. 

Wernher Von Braun 

P r e p a r e  y o u r s e l f  t o  e n t e r  i n t o  a  new r e a l m  of d i s t a n c e ,  
s p e e d  a n d  t i m e  a s  m e a s u r e d  by t h e  f l i g h t s  o f  t h e  Voyager  
s p a c e c r a f t .  No l o n g e r  can  you t h i n k  i n  t e r m s  of an au tomobi le  
t r i p ,  s a y  f r o m  Los  A n g e l e s  t o  New York,  a  d i s t a n c e  o f  2 5 0 0  
m i l e s  w i t h  a  d r i v i n g  t i m e  of  50  h o u r s  a t  a n  a v e r a g e  s p e e d  of 
50 m i l e s  p e r  hour (mph), Also,  y o u ' l l  need t o  become f a m i l i a r  
w i t h  m e t r i c  u n i t s ,  i n  w h i c h  c a s e  t h e  same r o a d  t r i p  becomes  
4030 k i l o m e t e r s  a t  a  s p e e d  o f  80 k i l o m e t e r s  p e r  hour .  More 
i m p o r t a n t l y  t h o u g h ,  you m u s t  v a s t l y  expand  t h e  d i s t a n c e  
d imens ions  used t o  measure t h e  f l i g h t s  of s p a c e c r a f t  t h a t  have  
t r i p  d u r a t i o n s  of many yea r s .  

Because of t h e  l a r g e  d i s t a n c e s  between p l a n e t a r y  bod ies ,  
it is o f t e n  conven ien t  t o  e x p r e s s  t h e s e  d i s t a n c e s  i n  t e r m s  of 
A s t r o n o m i c a l  U n i t s  ( A U ) ,  w h e r e  1 AU i s  d e f i n e d  a s  t h e  mean 
d i s t a n c e  of  t h e  E a r t h  f r o m  t h e  Sun and  e q u a l s  149 ,600 ,000  
k i l o m e t e r s  o r  93 m i l l i o n  mi les .  I n  o r d e r  t o  p u t  t h i s  d i s t a n c e  
i n t o  p roper  p e r s p e c t i v e ,  c o n s i d e r  t h e  f a c t  t h a t  it would t a k e  
you 212 y e a r s  of  n o n - s t o p  d r i v i n g  a t  80km/hr (50  mph) t o  
t r a v e l  j u s t  1 AU. Even a  Mach 2.5 s u p e r s o n i c  t r a n s p o r t  would 
t a k e  a l m o s t  6  y e a r s  non-stop. 

F i g u r e  1-4 of t h e  I n t r o d u c t i o n  shows t h e  p a t h s  fo l lowed  
by t h e  t w i n  Voyager  s p a c e c r a f t  a s '  t h e y  s p i r a l  o u t w a r d  f r o m  
t h e i r  E a r t h  l a u n c h  p o i n t s  i n  1977 ,  B o t h  V o y a g e r s  have  had 
c l o s e  e n c o u n t e r s  w i t h  J u p i t e r  a n d  S a t u r n ,  b u t  o n l y  Voyager  2 
w i l l  c o n t i n u e  on t o  Uranus and Neptune. T h i s  occurs  because  of 
t w o  r e a s o n s .  F i r s t l y ,  t h e  u n i q u e  "Grand Tour"  a l ig lnment  of 
E a r t h ,  J u p i t e r ,  S a t u r n ,  Uranus ,  a n d  Nep tune  o c c u r s  f o r  o n l y  
t h r e e  c o n s e c u t i v e  l a u n c h  y e a r s  o u t  of  e v e r y  1 7 7  y e a r s ,  a n d  
1977 was one of t h o s e  go lden  c e l e s t i a l  moments. And second ly ,  



Voyager 1 a r r i v e d  a t  S a t u r n  f i r s t  and s u c c e s s f u l l y  scanned t h e  
t o p - p r i o r i t y  moon T i t a n ,  f r e e i n g  t h e  l a t e - a r r i v i n g  Voyager 2  
from the T i t a n  o b l i g a t i o n ,  t h e r e b y  a l l o w i n g  it t o  be  t a r g e t e d  
on t o  Uranus .  

Fi .gure 9-1 p r o j e c t s  t h e  p a t h s  of t h e  Voyager s p a c e c r a f t  
until t h e  y e a r  2000 A.D. I t  a l s o  i n c l u d e s  t h e  p a t h s  of  t h e  
P i o n e e r  1 0  a n d  11 s p a c e c r a f t  t h a t  w e r e  l a u n c h e d  i n  1972  and  
1973,  T h e s e  f o u r  s p a c e c r a f t  a r e  t h e  v e r y  f i r s t  t h a t  w i l l  
e scape  t h e  g r a v i t y  of our s o l a r  sys tem a s  t h e y  c o n t i n u e  t h e i r  
u n e n d i n g  j o u r n e y s  i n t o  t h e  M i l k y  Way g a l a x y  a t  s p e e d s  of  
"on8ye0 a few AU p e r  year .  For Voyager 1, t h e  3.5 AU/yr depar-  
t u r e  s p e e d  is 60,000 km/hr (37 ,000 mph), w h i l e  f o r  Voyager  2  
t h e  d e p a r t u r e  s p e e d  is  58,000 km/hr (36 ,000  mph). A l t h o u g h  
t h i s  may seem f a s t  by t e r r e s t r i a l  s t a n d a r d s ,  y o u ' l l  s o o n  
r e a l i z e  t h a t  it is  e x c r u c i a t i n g l y  s l o w  by i n t e r s t e l l a r  
s t a n d a r d s .  

F i g u r e  9-2 p r e s e n t s  a  t h r e e  d i m e n s i o n a l  v i e w  of t h e  
Voyager  a n d  P i o n e e r  s p a c e c r  a f t  t r a j e c t o r i e s .  T h i s  o b l i q u e  
v i e w  p r o v i d e s  a  b e t t e r  p e r s p e c t i v e ,  and  it a l s o  i l l u s t r a t e s  
that t h e  P i o n e e r  1 0  and 11 s p a c e c r a f t  a r e  d e p a r t i n g  our  s o l a r  
sys tem n e a r  t h e  e c l i p t i c  p l a n e ,  a l b e i t  i n  o p p o s i t e  d i r e c t i o n s .  
Meanwhile, i n  o r d e r  t o  e n c o u n t e r  T i t a n  p r i o r  t o  S a t u r n  c l o s e s t  
approach,  Voyager 1 was d e f l e c t e d  above t h e  e c l i p t i c  p l a n e  a t  
an  ang le  of a b o u t  35 degrees .  

A f t e r  t h e  U r a n u s  a n d  N e p t u n e  e n c o u n t e r s ,  Voyager  2  w i l l  
depart benea th  t h e  e c l i p t i c  p l a n e  a t  a n  a n g l e  of a p p r o x i m a t e l y  
47 d e g r e e s .  T h i s  l a t t e r  d e p a r t u r e  c o n d i t i o n  r e s u l t s  f r o m  
P r o j e c t  p l a n s  t o  o b t a i n  a  1 0 , 0 0 0  k m  (6200  m i )  f l y b y  of t h e  
s a . t e % l i t e  T r i t o n  a f t e r .  skimming over  t h e  n o r t h  p o l e  of Neptune 
a t  an  a l t i t u d e  of j u s t  3500 km (2200 m i ) .  

From F i g u r e s  9-1 and  9-2, it c a n  b e  s e e n  t h a t  P i o n e e r  1 0  
h a s  a  h e a d s t a r t  on t h e  o t h e r  s p a c e c r a f t ,  having a l r e a d y  passed  

t h e  o r b i t  of Nep tune  a t  a  s o l a r  r a d i u s  of  30 AU, 
However,  Voyager  1 w i l l  b e  
P 1 u t o l s  e c c e n t r  i c  i n c l i n e d  

f i r s t  t o  c r o s s  o v e r  
o r b i t  i n  1 9 8 8  a t  a  



VOYAGER 2 

F i g u r e  9-1. T h i s  i s  a n  e c l i p t i c  p l a n e  p r o j e c t i o n  of  t h e  
Voyager  and P i o n e e r  f l i g h t  p a t h s .  A l l  w i l l  
e s c a p e  f r o m  t h e  s o l a r  s y s t e m ,  b u t  t h e  f a s t e r -  
moving V o y a g e r s  w i l l  w in  t h e  r a c e .  P l a n e t  and  
s p a c e c r a f t  p o s i t i o n s  a r e  shown i n  2000 A,D. 

d i s t a n c e  of a b o u t  29 AU, when P l u t o ' s  o r b i t  is i n s i d e  t h a t  of  
Nep tune ' s .  P i o n e e r  11 w i l l  c r o s s  o v e r  t h e  U r a n i a n  o r b i t  
s l i g h t l y  b e f o r e  Voyager  2 ' s  e n c o u n t e r ,  b u t  Voyager  2  w i l l  be  
t h e  f i r s t  t o  r e a c h  ( a n d  e n c o u n t e r )  Neptune .  B e c a u s e  of t h e  
s i g n i f i c a n t  s p e e d  a d v a n t a g e  of  t h e  t w o  Voyager  s p a c e e r a f  t ,  
t h e y  w i l l  g r a d u a l l y  o u t d i s t a n c e  t h e  P i o n e e r s  i n  t h e  t w e n t y -  
f i r s t  Century. 

A f u t u r e  (ve ry  c h a l l e n g i n g )  g o a l  f o r  Voyager is t o  reach  
t h e  H e l i o p a u s e  b o u n d a r y  (see F i g u r e  11-5)  w i t h  o p e r a t i o n a l  
s p a c e c r a f t  a t  a  d i s t a n c e  of 50-150 AU. 



/ VOYAGER 2 

F i g u r e  9-2. Grav i ty  a s s i s t  has d e f l e c t e d  t h e  two Voyagers ou t  
of t h e  e c l i p t i c  p l a n e .  F l y i n g  "under"  S a t u r n ,  
Voyager 1 was l o f t e d  a t  a  35' a n g l e  above t h e  
e c l i p t i c .  F ly ing  "over" Neptune, Voyager 2  w i l l  
be f l ung  beneath  t h e  e c l i p t i c  a t  an angle  of 47O. 
P l a n e t  and s p a c e c r a f t  p o s i t i o n s  a r e  shown i n  2000 
A e D e  

However ,  minimum s p a c e c r a f t  p o w e r  r e q u i r e m e n t s  a p p e a r  
u n a t t a i n ~ a b l e  a f t e r  t h e  y e a r  2015, when Voyagers  1 and  2  w i l l  
b e  a t  d i s t a n c e s  f r o m  t h e  Sun of  1 3 0  AU a n d  1 1 0  AU, 
r e spec t ive ly .  Far beyond t h e  he l iopause ,  a t  t h e  very edge of 
ou r  s o l a r  s y s t e m ,  t h e  Voyagers  w i l l  f l y  t h r o u g h  Oor t ' s  c l o u d  
of eometary nuc le i .  However, a t  t h e  cloud's  g r e a t  d i s t a n c e  of 

65,000 AU (about 1 l i g h t - y e a r ) ,  t h e  Voyagers w i l l  
no t  a r r i v e  f o r  ano ther  20,000 years.  
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R e l a t i v e  t o  a n  o b s e r v e r  o n  U r a n u s ,  t h e  V o y a g e r - 2  
s p a c e c r a f t  is approach ing  from g e n e r a l l y  t h e  Sun's d i r e c t i o n  
a t  a  s p e e d  of  a b o u t  53 ,000  km/hr (33 ,000  mph). M e a n w h i l e r  
U r a n u s  i s  o r b i t i n g  t h e  Sun a t  a mean r a d i u s  of  1 9  AU w i t h  a 
s p e e d  i n  e x c e s s  of  24,000 km/hr (15 ,000  mph), b u t  t h e  t i l t e d  
g i a n t  s t i l l  t a k e s  84 y e a r s  t o  comple te  j u s t  one o r b i t .  By t h e  
Uranus c l o s e s t  approach time of 18:OO GMT on J a n u a r y  24, B98Gp 
t h e  s p a c e c r a f t  w i l l  have  t r a v e l l e d  a  d i s t a n c e  of more t h a n  33 
AU a l o n g  i t s  h e l i o c e n t r i c  p a t h  s i n c e  l e a v i n g  E a r t h  n e a r l y  8 
l / 2  y e a r s  ago. 

R e l a t i v e  t o  a n  o b s e r v e r  o n  t h e  s p a c e c r a f t ,  t h e  U r a n i a n  
s y s t e m  w i t h  i t s  5 known s a t e l l i t e s  a n d  9  known r i n g s ,  
r e s e m b l e s  a n  e n o r m o u s  b u l l s - e y e  t a r g e t  n e a r l y  1 ,200 ,000  k m  
(750 ,000  m i )  a c r o s s  a s  shown by F i g u r e  9-3. T h i s  e x p a n s e  i s  
o v e r  t h r e e  t imes  t h e  Earth-Moon d i s t a n c e  of 3801,000 krn 
(240,000 m i ) .  U r a n u s  i t s e l f  is  t r u l y  a  g i a n t  p l a n e t  w i t h  a 
d i a m e t e r  of 52 ,400  km (32,600 m i )  when compared  t o  E a r t h  a t  
12 ,800  km (7 ,900  m i ) .  T h i s  r e p r e s e n t s  a  d i a m e t r i c  r a t i o  of 
4.1 and a  v o l u m e t r i c  r a t i o  of 69 t i m e s  t h a t  of Ear th .  16 is  
s i g n i f i c a n t  t o  n o t e  t h a t  t h e  p a t h  o f  Voyager  2 mus t  p a s s  
s l i g h t l y  w i t h i n  t h e  o r b i t  of M i r a n d a  i n  o r d e r  t o  p r o v i d e  t h e  
p r o p e r  g r a v i t a t i o n a l  d e f l e c t i o n  t o  c o n t i n u e  on t o  Nep tune ,  
The e x a c t  t i m i n g  of  18:00 GMT was s e l e c t e d  t o  o p t i m i z e  t h e  
geometry  f o r  Miranda coverage  u s i n g  image motion compensat ion,  

A n o t h e r  i n t e r e s t i n g  v i e w  of t h e  U r a n i a n  e n c o u n t e r  i s  
shown by F i g u r e  9-4 a s  you l o o k  down upon t h e  p a s s a g e  s f  t h e  
s p a c e c r a f t  t h r o u g h  t h e  s a t e l l i t e  o r b i t a l  p l a n e ,  f o l l o w e d  by 
b o t h  E a r t h  a n d  s o l a r  o c c u l t a t i o n s  by U r a n u s  a n d  i t s  r i n g s ,  
The r a d i a l  d i s t a n c e  of U r a n u s  c l o s e s t  a p p r o a c h  i s  107 ,000  k m  
(67 ,000  m i )  o r  a b o u t  twice i t s  d i a m e t e r .  A t  t h e  t i m e  of  
c l o s e s t  a p p r o a c h ,  a  r a d i o  s i g n a l  b e i n g  s e n t  f r o m  t h e  
s p a c e c r a f t  t o  E a r t h  w i l l  t a k e  2 hours  and 45 m i n u t e s  t o  r e a c h  
E a r t h .  T h i s  means  you w i l l  see t h e  d a t a  t r a n s m i t t e d  a t  t h e  
t i m e  o f  c l o s e s t  a p p r o a c h  back  on E a r t h  a t  20:45 GMT o r  12~451 
PST F r i d a y ,  J a n u a r y  24, 1986. The most i n t e n s e  t i m e  f o r  media 
coverage  w i l l  run from a b o u t  12  hours  b e f o r e  t o  36 hours  a f t e r  
( a l l o w i n g  f o r  r e c o r d e r  p l a y b a c k s )  t h i s  t ime.  



F i g u r e  9-3 ,  With Uranus t i l t e d  on i ts  a x i s ,  t h e  o r b i t a l  p a t h s  
of  i t s  f i v e  known s a t e l l i t e s  r e s e m b l e  t h e  r i n g s  
o f  a n  i m m e n s e  a r c h e r y  t a r g e t  a s  V o y a g e r  2 
a p p r o a c h e s  t h e  s o u t h e r n  s u n l i t  h e m i s p h e r e  on  
J a n u a r y  24,  1986 ,  F i f t y - f i v e  m i n u t e s  bef  o r e  
Uranus c l o s e s t  approach,  t h e  s p a c e c r a f t  w i l l  p a s s  
M i r a n d a  a t  a  r a n g e  of 29 ,000 k m  (18,000 m i ) ,  
Voyager-2 a n d  s a t e l l i t e  p o s i t i o n s  a r e  shown a t  
t h e  i n s t a n t  of s p a c e c r a f t  c l o s e s t  a p p r o a c h  t o  
Uranus. 

The s a t e l l i t e s  of Uranus a r e  q u i t e  s m a l l  i n  s i z e  compared 
t o  t h e  G a l i l e a n  s a t e l l i t e s  a t  J u p i t e r ,  S a t u r n ' s  T i t a n ,  

N e p t u n e ' s  T r i t o n ,  a n d  o u r  own Moon. Even Oberon,  
t h e  l a r g e s t  of  t h e  U r a n i a n  s a t e l l i t e s ,  h a s  a  
d i a m e t e r  l e s s  t h a n  h a l f  t h a t  o f  t h e  Moon's 3500 k m  



VOYAGER 2 AT URANUS 

HR TYP. 

Figure  9-4. We a r e  looking down from above t h e  Uranus system 
i n  a d i r e c t i o n  perpendicu la r  t o  t h e  p l ane  of t h e  
Voyager-2 t r a j e c t o r y .  Most of t h e  "ac t ion"  "takes 
p l a c e  w i t h i n  a few hours  about  c l o s e s t  approach, 



( 2 2 0 0  m i ) ,  T h e s e  s a t e l l i t e s  o r b i t  t h e  p l a n e t  a t  s p e e d s  
ranging f r o m  1 1 , 0 0 0  k m / h r  ( 7 , 0 0 0  mph) f o r  O b e r o n ,  t h e  
su"&earmost s a t e l l i t e ,  t o  24,000 km/hr (15,000 mph) f o r  Miranda, 
t h e  innermos t  s a t e l l i t e .  T h e i r  o r b i t a l  p e r i o d s  range  f rom 1.4 
d a y s  f o r  Miranda t o  13,5 d a y s  f o r  Oberon, 

T a b l e  9 -1  p r o v i d e s  a  l i s t  of  k e y  e v e n t s  d u r i n g  t h e  
Voyager--? a p p r o a c h  a n d  e n c o u n t e r  w i t h  Uranus .  F o r  t h o s e  
p r i o r i t y - l  s c i e n c e  " l i n k s "  t h a t  have been inc luded ,  t h e  times 
shown r e f e r  t o  t h e  l i n k  s t a r t  tiimes. 

F i n a l l y ,  many o u t s i d e  news p e o p l e  l i k e  t o  know s p a c e c r a f t  
d i s t a n c e  (how f a r )  and speed  (how f a s t )  a t  a l m o s t  any time t h e  
u r g e  s t r i k e s  t o  w a n t  t h e s e  f a c t s .  F o r  " & p l a c e  p r e c i s i o n " ,  
the Voyager Nav iga t ion  Team must be c o n s u l t e d ,  and, of c o u r s e ,  
t h e  r e q ~ a e s t e r  must s p e c i f y  t h e  r e l a t i v e - t o  body f o r  d i s t a n c e  
o r  s p e e d ,  

However, f o r  t h o s e  who would be  c o n t e n t  w i t h  approx imate  
va lues ,  t h e y  may f i n d  F i g u r e s  9-5 and 9-6 q u i t e  u s e f u l ,  A f t e r  
a l l ,  i n  t h e  t i m e  it t a k e s  t o  s a y  ""Voyager 2 i s  t w o  b i l l i o n ,  
e i g h t  hundred and fo r ty -one  m i l l i o n ,  t h r e e  hundred and t w e l v e  
thousand,  two hundred and f i f t y - t h r e e  k i l o m e t e r s  from Earth",  
t h e  s p a ~ c e c r a f t  h a s  moved 1 6 0  km (100 m i )  a n d  E a r t h  h a s  moved 
3 0 0  k m  (185 m i ) !  And, i f  t h e  l i s t e n e r  w a n t s  t o  r e p e a t  back 
t h e  number f o r  v e r i f i c a t i o n ,  w e l l  ... you g e t  t h e  idea ,  



Table 9-1 
Voyager-2 Key Events 

For Uranus Encounter Period 

01/23/86, 01:40 PM 
01/23/86, 07:02 PM 
01/23/86, 11: 17 PM 
01/23/86, 11:26 PM 
01/24/86, 06:48 AM 

20 Uranus Radi i  01/24/86, 03:44 AM 
0 1/24/86, 07: 07 PM 
01/24/86, 04:25 AM 
0 1/24/86, 05:49 AM 
01/25/86, 04:13 PM 
01/24/86, 07: 11 AM 

10 Uranus Radi i  01/24/86, 08:38 AM 
01/25/86, O4:48 PM 
01/25/86, 10:58 AM 
01/24/86, 09:30 AM 
01/25/86, 11:18 AM 
01/24/86, 09: 56 AM 
01/24/86, 09:59 AM 
01/25/86, 12: 14 PM 
01/24/86, 10:58 AM 
01/24/86, 11:07 AM 
01/25/86, 01:31 PM 

Miranda C/A 01/24/86, 11:50 AM 
01/25/86, 03:58 PM 

Descending Node 01/24/86, 12:Ol PM 
01/24/86, 12:03 PM 
01/24/86, 12:23 PM 
01/24/86, 12:45 PM 
01/24/86, 12:59 PM 
01/24/86, 01 : l l  PM 
01/27/86, 10: 15 AM 
01/24/86, 02:09 PM 



Table 9-1 
Voyager-2 Key Events 

For Uranus Encounter Period 

Desc r ip t i on  

nPHocc ( R )  
XPOCC 
Umbra I n g r e s s  
Ea r th  Occ. I n g r e s s  
Urnbriel C/A 
VRWIPHAS (R) 
Umbra Egress  
Ea r th  Occ. Egress  
10 Uranus Rad i i  
5 Ring Ear th  0cc  Eg 
E R i n g  Ear th  Occ Eg 
20 Uranus Radi i  
UPAURm S 
PPVPHOT 
vmoz 
RPDISK 
TCPIBI 5 
End Pos t  Enc.Phase 

Distance From Body 
(km/mi i n  1,000") 

* S t a r t  t imes a r e  shown f o r  non-instantarnous even t s  l i s t e d .  Dis tances  a r e  
always r e l a t i v e  t o  Uranus, except  f o r  s a t e l l i t e  c l o s e s t  approach (C/A) events .  

R I n d i c a t e s  d a t a  a r e  recorded on spacec ra f t :  Earth-received time i n d i c a t e s  
ground r e c e i p t  of playback da ta .  
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Look h e r e ,  upon t h i s  p i c t u r e ,  
and on t h i s  . . . t h e  f r o n t  of J o v e  h i m s e l f ,  

Shakespeare  

You have  b e e n  t r a v e l i n g  f o r  o v e r  8 y e a r s .  You h a v e  s e e n  
many o f  t h e  m o s t  a m a z i n g  s i g h t s  a c c e s s i b l e  t o  man. You a r e  
a b o u t  t o  go where no man has  e v e r  gone b e f o r e ,  and s e e  t h i n g s  
t h a t  no  man h a s  ever  s e e n  be fo re .  Before  u n d e r t a k i n g  t h e  n e x t  
p a r t  of  y o u r  j o u r n e y ,  you s t o p  t o  c o n s i d e r  w h a t  you have  
accompl i shed  s o  f a r .  

A f t e r  a  y e a r  and  a  h a l f  of c r u i s e  f o l l o w i n g  t h e  t w i n  
l a u n c h e s ,  you were ready f o r  your  f i r s t  two (of s i x )  p l a n e t a r y  
e n c o u n t e r s ,  a  p a i r  of  o b s e r v i n g  p e r i o d s  t h a t  l a s t e d  a b o u t  8 
months ,  The t w i n  e n c o u n t e r s  s t a r t e d  i n  J a n u a r y  o f  1 9 7 9 ,  
Voyager 1's c l o s e s t  approach  t o  J u p i t e r  occur red  on March 5 t h ,  
a n d  V o y a g e r  2 ' s  on J u l y  9 t h .  The t w i n  e n c o u n t e r s  e n d e d  i n  
A u g u s t  of  1979.  D u r i n g  t h a t  t i m e ,  you showed mankind t h a t  
g a r g a n t u a n  J u p i t e r  i s  a  r e a l  p l a c e ,  w i t h  c o l o r s  a n d  
c h a r a c t e r i s t i c s  t h a t  make it unique  among a l l  t h a t  is  known. 

(1) I t  was known f r o m  p r e v i o u s  e x p l o r e r s  t h a t  J u p i t e r  
( F i g u r e  1 0 - 1 )  i s  a  g i a n t  b a l l  o f  g a s ,  c o m p o s e d  
p r i m a r i l y  of hydrogen and hel ium,  w i t h  s m a l l  amounts of 
methane, ammonia, phosphorus,  w a t e r  vapor ,  and v a r i o u s  
hydrocarbons,  Voyager found t h a t  he l ium c o m p r i s e s  P 1% 
o f  t h e  v o l u m e  ( 2 0 %  o f  t h e m a s s )  o f  t h e o u t e r  a t m o s p h e r e  
of  J u p i t e r .  T h i s  is  v e r y  c l o s e  t o  t h e  he l ium abundai?ce 
t h a t  w e  measure  i n  our sun, 

( 2 )  I t  had b e e n  known f r o m  E a r t h - b a s e d  o b s e r v a t i o n s  t h a t  
t h e  o u t e r  a tmosphere  a p p e a r s  i n  an a l t e r n a t i n g  p a t t e r n  
o f  b e l t s  a n d  z o n e s .  Zones  a r e  g e n e r a l l y  l i g h t e r  i n  
c o l o r ,  h i g h e r  i n  a l t i t u d e ,  c o l d e r ,  a n d  d o m i n a t e d  by 



f r o z e n  ammonia i c e  c r y s t a l s .  B e l t s  a r e  g e n e r a l l y  d a r k e r  
i n  c o l o r ,  l o w e r  i n  a l t i t u d e ,  and  warmer .  The l o c a t i o n  
and d imens ions  of t h e  b e l t s  and zones change w i t h  time, 
The b e l t  and zone s t r u c t u r e  e x t e n d s  from t h e  e q u a t o r  t o  
a t  l e a s t  60 d e g r e e s  l a t i t u d e  i n  b o t h  hemispheres ,  

( 3 )  T h e r e  i s  a  v e r y  s t a b l e  s y s t e m  of  w i n d s  i n  t h e  o u t e r  
a t m o s p h e r e  t h a t  do  n o t  s h i f t  i n  l o c a t i o n  w i t h  t i m e ,  
Thus ,  a t  t imes,  wind p a t t e r n s  and  b e l t s  a n d / o r  z o n e s  
w i l l  a l i g n  w i t h  each o t h e r .  A t  o t h e r  t i m e s ,  t h e r e  w i l l  
be l i t t l e  o r  no c o r r e l a t i o n ,  

( 4 )  The h i g h e s t  wind speed  is a b o u t  3-50 meters /second (335 
m i l e s / h o u r )  and o c c u r s  a t  t h e  e q u a t o r ,  The wind speeds  
g e n e r a l l y  d e c r e a s e  i n  e a c h  j e t  s t r e a m  a s  o n e  g o e s  
h i g h e r  i n  l a t i t u d e .  I n  b o t h  hemispheres ,  above t h e  mid- 
l a t i t u d e s ,  a d j a c e n t  j e t  s t r e a m s  f l o w  i n  o p p o s i t e  
d i r e c t i o n s ,  i.e., e a s t e r l y  t h e n  w e s t e r l y ,  

The G r e a t  Red S p o t ,  a  r a g i n g  s t o r m  a b o u t  twice t h e  s i z e  
o f  t h e  E a r t h  a n d  a t  l e a s t  4 0 0  y e a r s  o l d ,  r o t a t e s  i n  a n  
a n " d - c y c l o n i c  d i r e c t i o n  ( w i t h  a  p e r i o d  o f  6 d a y s ) ,  
i n d i c a t i n g  t h a t  it i s  a  h i g h  p r e s s u r e  r e g i o n  ( r a t h e r  
t h a n  a l o w  p r e s s u r e  r e g i o n  a s  w i t h  E a r t h "  c y c l o n e s ) .  
O t h e r  s m a l l e r  s t o r m - l i k e  s t r u c t u r e s  w i t h i n  t h e  
a t m o s p h e r e  ( i n c l u d i n g  t h e  s o - c a l l e d  " w h i t e  o v a l s u ' )  
r o t a t e  a n t i - c y c l o n i c a l l y ,  i n d i c a t i n g  t h a t  t h e y  a r e  a l s o  
h i g h  p r e s s u r e  r e g i o n s .  Some of  t h e  s m a l l e r  s t o r m s  
i n t e r a c t  w i t h  t h e  G r e a t  Red Spo t  and w i t h  e a c h  o t h e r ,  

(61 T h e r e  i s  c l o u d - t o p  l i g h t n i n g  g l o b a l l y ,  a s  w e l l  a s  a c -  
companying h i g h  i n t e n s i t y  radio-f  requency a n w h i s t l e r s 8 ' e  
Thlere a r e  m a s s i v e  a u r o r a l  e m i s s i o n s  i n  t h e  h i g h  
l a t i t u d e s ,  and  a  s t r o n g  UV e m i s s i o n  o v e r  t h e  e n t i r e  
d i s k  of t h e  p l a n e t  ( i n d i c a t i n g  a  h o t  thermo-sphere) ,  

( 7 )  S c i e n t i s t s  a r e  b a f f l e d  by t h e  c o l o r i n g  a g e n t  i n  t h e  
G r e a t  Red Spot.  E l e m e n t a l  s u l f u r ,  phosphorus,  germanium 

o x i d e r  and  v a r i o u s  c a r b o n  compounds  have  b e e n  
p r o p o s e d ,  b u t  it is  n o t  y e t  known f o r  c e r t a i n  wha t  
i s  r e s p o n s i b l e  f o r  t h e  b r i l l i a n t  r e d s  t h a t  g i v e  
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Figure  10-1. The G r e a t  Red S p o t  "Eyen o f  J u p i t e r  g a z e s  a t  u s  
' i n  t h i s  c o l l a g e  o f  Voyager images t h a t  i n c l u d e s  
t h e  f o u r  G a l i l e a n  s a t e l l i t e s .  



t h e  G r e a t  Red S p o t  i t s  name. For  t h a t  m a t t e r ,  t h e  
c o l o r i n g  a g e n t s  a n d  mechan i sm f o r  t h e  e n t i r e  o u t e r  
a tmosphere  a r e  n o t  w e l l  unders tood,  

( 8 )  J u p i t e r  t e m p e r a t u r e s  r a n g e  f r o m  -113 d e g r e e s  C (-170 
d e g r e e s  F)  a t  t h e  t o p  of t h e  c l o u d s ,  t o  a b o u t  -108 
d e g r e e s  C ( -161  d e g r e e s  F )  w h e r e  t h e  a t m o s p h e r i c  
p r e s s u r e  e q u a l s  t h a t  of  E a r t h ,  t o  a n  e s t i m a t e d  25,000 
d e g r e e s  C ( 4 5 , 0 0 0  d e g r e e s  F )  u n d e r  t h e  e n o r m o u s  
p n e s s u r e  a t  t h e  p l a n e t ' s  c e n t e r .  J u p i t e r  m a i n t a i n s  b o t h  
p o l e s  a t  t h e  same t e m p e r a t u r e  a s  i t s  e q u a t o r ,  a t  l e a s t  
i n  t h e  o u t e r  atmosphere.  

(1) J u p i t e r  h a s  a  s m a l l  s e t  o f  p r e v i o u s l y  u n o b s e r v e d  v e r y  
t h i n  r i n g s  ( F i g u r e  10-2) .  The r i n g s ,  a t  t h e i r  t h i c k e s t  
p o i n t ,  a r e  no more t h a n  30 k i l o m e t e r s  (19 m i l e s )  t h i c k ,  
T y p i c a l  r i n g  p a r t i c l e  s i z e  i s  o n l y  a  f ew m i c r o m e t e r s ,  
p r o d u c i n g  s t r o n g  f o r w a r d  s c a t t e r i n g  of  l i g h t ,  making 
t h e  r i n g s  i m p o s s i b l e  t o  s e e  from Earth.  

( 2 )  The r i n g  p a r t i c l e s  a r e  n o t  s h i n y  i n  b a c k - s c a t t e r e d  
l i g h t  l i k e  t h e  r i n g s  of S a t u r n ,  imply ing  a  l o c a l  s o u r c e  
f o r  r i n g  m a t e r i a l  ( p e r h a p s  A m a l t h e a ,  A d r a s t e a ,  Metis 
and/or  Thebe). The v e r y  f i n e  r i n g  m a t e r i a l  e x t e n d s  from 
abou t  2.54 R,J down t o  t h e  o u t e r  a tmosphere  f r i n g e s .  

(1) The s a t e l l i t e  I o  had no  l e s s  t h a n  9  v o l c a n o e s  a c t i v e  
sometime d u r i n g  t h e  Voyager encoun te r  ( F i g u r e  10-3). I o  
i s  t h e  o n l y  body o t h e r  t h a n  E a r t h  p o s i t i v e l y  known 
(Venus i s  s t r o n g l y  s u s p e c t e d )  t o  have a c t i v e  volcanoes.  
6 of t h e  9 v o l c a n o e s  w e r e  a c t i v e  o v e r  t h e  4  m o n t h s  
between t h e  Voyager 1 and 2  encoun te r s .  Plumes from t h e  
vo lcanoes  were observed a s  h igh  a s  300 k i l o m e t e r s  (190 
m i l e s )  above t h e  s u r f a c e  of Io. 

( 2 )  M a t e r i a l  e j e c t e d  from t h e  v o l c a n o e s  fo rms  a 
t o r u s  a b o u t  J u p i t e r ,  e x t e n d i n g  roughly  from 



F i g u r e  10-2. T h i s  m o n t a g e  o f  V o y a g e r - 2  i m a g e s  r e v e a l s  
J u p i t e r ' s  n a r r o w  r i n g  o f  t i n y  p a r t i c l e s  i n  
f o r w a r d - s c a t t e r e d  s u n l i g h t .  

t h e  o r b i t  of  10 t o  t h e  o u t e r  a t m o s p h e r e  of  J u p i t e r ,  
T h i s  m a t e r i a l  is t h e  s o u r c e  of t h e  c h a r g e d  p a r t i c l e s  
t h a t  p r o v i d e  t h e  h igh  l a t i t u d e  a u r o r a l  emiss ions .  

( 3 )  10 volcanism a p p e a r s  t o  c o n s i s t  p r i m a r i l y  of s u l f u r  and 
s u l f u r  compounds, w i t h  mass ive  f l o w s  of t h e s e  m a t e r i a l s  
c o v e r i n g  t h e  s u r f a c e ,  and a  p o s s i b l e  v e r y  t e n u o u s  
a tmosphere  of s u l f u r  d iox ide .  

( 4 )  H o t  s p o t s  w e r e  m e a s u r e d  o n  10, i n d i c a t i n g  a h o t  
i n t e r i o r .  T h e  h e a t i n g  i s  t h o u g h t  t o  b e  c a u s e d  b y  
g r a v i t a t i o n a l l y  i n d u c e d  s t r e s s e s  w i t h i n  t h e  moon, by 
t w o  s e p a r a t e  mechanisms.  B o t h  m e c h a n i s m s  r e s u l t  f r o m  
10's c l o s e  e l l i p t i c a l  o r b i t  about  J u p i t e r .  

When 10 i s  c l o s e s t  t o  J u p i t e r ,  t h e  d i f f e r e n c e  i n  
g r a v i t a t i o n a l  a t t r a c t i o n  towards  J u p i t e r  between 10's 



f r o n t  a n d  b a c k  h e m i s p h e r e s  i s  t h e  m o s t  i n t e n s e ,  T h i s  
d i f f e r e n c e  a c t s  t o  e l o n g a t e  I o  towards  J u p i t e r .  When I o  
is f a r t h e s t  f rom J u p i t e r ,  t h i s  d i f f e r e n c e  is l e a s t ,  and 
t h e  e l o n g a t i o n  i s  l e a s t .  The c h a n g i n g  e l o n g a t i o n  (75  
meters, o r  250 f e e t ,  e v e r y  42 hours )  h e a t s  up Io ,  

I n  a d d i t i o n ,  I o  d o e s  n o t  a l w a y s  k e e p  t h e  s a m e  s u r f a c e  
i n t  t o w a r d s  J u p i t e r ,  From 1 0 %  v i e w p o i n t ,  J u p i t e r  
v e s  s l o w l y  i n  t h e  sky  (from s i d e  t o  s i d e )  d u r i n g  10's 

r b i t ,  T h i s  c a u s e s  a  s e c o n d  f o r m  o f  g r a v i t a t i o n a l  
t r e s s ,  c a u s i n g  I o l s  s h a p e  t o  s u f f e r  a l a t e r a l  s h e a r ,  
a u s i n g  t h e  s e c o n d  h e a t i n g  mechanism,  T h e s e  t w o  
e a t i n g  mechanisms d r i v e  t h e  a c t i v e  v o l c a n o e s  on Io. 

( 5 )  E u r o p a  h a s  a  v e r y  s m o o t h ,  u n c r a t e r e d  s u r f a c e ,  
s u g g e s t i n g  " r e c e n t "  g e o l o g i c a l  a c t i v i t y .  The e l e v a t i o n  
d i f f e r e n c e  b e t w e e n  t h e  l o w e s t  v a l l e y  a n d  t h e  h i g h e s t  
m o u n t a i n  on Europa  is e s t i m a t e d  t o  b e  l e s s  t h a n  200 
m e t e r s  (650 f e e t ) .  There is  s p e c u l a t i o n  t h a t  Europa may 
c o n t a i n  a n  o c e a n  b e n e a t h  i t s  5  k i l o m e t e r  ( 3  m i l e )  
t h i c k  s o l i d  i c y  s u r f a c e ,  ( T h i s  s p e c u l a t i o n  f o r m e d  t h e  
b a s i s  f o r  t h e  r e c e n t  n o v e l  and m o t i o n  p i c t u r e ,  

1 

( 6 )  Both Ganymede and C a l l i s t o  have heavy impact  c r a t e r i n g  
( F i g u r e  10-1). Ganymedek s u r f a c e  i n d i c a t e s  t h a t  t h e r e  
h a s  b e e n  some t e c t o n i c  m o t i o n  of c r u s t a l  p l a t e s .  
C a l l i s t o ' s  s u r f  a c e  g i v e s  no  e v i d e n c e  o f  g e o l o g i c a l  
a c t i v i t y  d u r i n g  t h e  few b i l l i o n  y e a r s  f o l l o w i n g  t h e  
e a r l y  e p i s o d e  of c r a t e r i n g .  

( 7 )  Ganymede is  now known t o  b e  t h e  l a r g e s t  moon i n  t h e  
s o l a r  s y s t e m .  P r e v i o u s l y ,  T i t a n  had b e e n  a c c o r d e d  t h e  
h o n o r ,  I t  was n o t  u n t i l  Voyager  1 had e n c o u n t e r e d  
T i t a n ,  a n d  m e a s u r e d  i t s  " h a r d "  d i a m e t e r  v i a  t h e  r a d i o  
o c c u l t a t i o n  exper iment ,  t h a t  we knew f o r  s u r e  Ganymede 
was t h e  l a r g e s t  moon. 

( 8 )  A v e r y  a c c u r a t e  d e t e r m i n a t i o n  of  t h e  s i z e s ,  
masses,  d e n s i t i e s  and o r b i t a l  e l e m e n t s  of t h e  
4 G a l i l e a n  s a t e l l i t e s  was made, 



F i g u r e  10-3. P e l e ,  t h e  l a r g e s t  o f  I o P s  v o l c a n o e s ,  s p e w s  
s u l f u r  p r o d u c t s  t o  h e i g h t s  30 times g r e a t e r  t h a n  
Mount E v e r e s t ,  f a l l i n g  t o  cover  an  a r e a  t h e  s i z e  
of France. 

( 9 )  T h r e e  t i n y  s a t e l l i t e s  w e r e  d i s c o v e r e d  i n  t h e  Voyager  
i m a g e r y .  M e t i s  a n d  A d r a s t e a ,  e a c h  a b o u t  40 k i l o m e t e r s  
(24  miles) i n  d i a m e t e r ,  were found t o  be o r b i t i n g  j u s t  
o u t s i d e  t h e  n e w l y  d i s c o v e r e d  r i n g s ,  a t  l , 7 9  a n d  1,88 

J u p i t e r  r a d i i  (RJ), r e s p e c t i v e l y .  I n  a d d i t i o n ,  T h e b e r  
a b o u t  t w i c e  t h e  s i z e  o f  M e t i s  or  A d r a s t e a ,  was f o u n d  
o u t s i d e  t h e  o r b i t  of  A m a l t h e a ,  a t  3.1 RJ.  he t o t a l  
number of moons xn t o  o r b i t  a b o u t  J u p i t e r  i s  now 1 6 ,  



(I) J u p i t e r ' s  m a g n e t o s p h e r e  i s  t h e  l a r g e s t  o b j e c t  i n  t h e  
s o l a r  sys tem,  be ing  1 0  t i m e s  t h e  d i a m e t e r  of t h e  sun. 

( 2 )  An e l e c t r i c  c u r r e n t  of more  t h a n  5 m i l l i o n  a m p e r e s  
f l o w s  i n  t h e  magne t i c  f l u x  t u b e  l i n k i n g  I o  and J u p i t e r .  
T h i s  c u r r e n t  is  5 times t h e  amount of c u r r e n t  p r e d i c t e d  
b e f o r e  Voyager 1's a r r i v a l ,  

( 3 )  The h o t  I o  s u l f u r  and oxygen p lasma t o r u s  e m i t s  i n t e n s e  
UT7 r a d i a t i o n .  The t e m p e r a t u r e  of t h e  s u l f u r  and oxygen 
i o n s  was m e a s u r e d  t o  b e  more  t h a n  1 0 0 , 0 0 0  d e g r e e s  C 
( l ; B O , O O O  d e g r e e s  F ) .  S o m e  o f  t h e s e  i o n s  a r e  
a c c e l e r a t e d  t o  more t h a n  10% of t h e  speed of l i g h t ,  

( 4 )  The magnetopause l o c a t i o n  v a r i e s ,  from l e s s  t h a n  50 RJ 
t o  more  t h a n  1 0 0  RJ,  d e p e n d i n g  upon t h e  i n t e n s i t y  of  
t h e  s o l a r  wind, 

( 5 )  Voyager 1 conf i rmed  t h e  e x i s t e n c e  of a  J u p i t e r  magneto- 
t a i l .  Voyager  2 o b s e r v e d  t h a t  t h e  m a g n e t o t a i l  may 
ex tend  beyond t h e  o r b i t  of Saturn .  

(6) Low f r e q u e n c y  ( k i l o m e t r i c )  r a d i o  e m i s s i o n s  depend  on  
l a t i t u d e .  

(79 Though f i r s t  d i s c o v e r e d  by P i o n e e r  1 0 ,  Voyager  1 con- 
f i r m e d  t h e  i n t e n s e  r a d i a t i o n  f i e l d  of t r a p p e d  p a r t i c l e s  
su r round ing  J u p i t e r .  A human passenger  r i d i n g  Voyager 
l d u r i n g  i ts  c l o s e  J u p i t e r  f l y b y  would have r e c e i v e d  a  
dose  of 400,000 Rads, o r  rough ly  1,000 times t h e  l e t h a l  
l e v e l  1 

A n e a r l y  two-year c r u i s e  from J u p i t e r  t o  S a t u r n  fo l lowed.  
Whereas Voyagers 1 and 2  were t h e  t h i r d  and f o u r t h  s p a c e c r a f t  

t o  v i s i t  J u p i t e r ,  t h e y  w e r e  t h e  s e c o n d  and  t h i r d  
s p a c e c r a f t  t o  v i s i t  S a t u r n .  ( P i o n e e r s  1 0  a n d  11 

"', '- 
b o t h  p r e c e d e d  Voyager  t o  J u p i t e r ,  a n d  P i o n e e r  11 

\ 



preceded Voyager t o  Saturn.)  Voyager 1 s t a r t e d  i t s  encoun te r  
w i t h  S a t u r n  i n  A u g u s t  of  1 9 8 0 ,  made i t s  c l o s e s t  a p p r o a c h  on 
November 1 2 t h ,  and ended i t s  encoun te r  i n  December, Voyager 2 
s t a r t e d  i t s  e n c o u n t e r  i n  May of  1 9 8 1 ,  made i t s  c l o s e s t  
approach on August 25 th ,  and ended i t s  encoun te r  i n  September,  

T h e s e  t w o  e n c o u n t e r s  c a p t u r e d  m a n k i n d ' s  f i r s t  q u a l i t y  
o b s e r v a t i o n s  of t h e  S a t u r n i a n  s y s t e m ,  For  t h e  f i r s t  t i m e ,  
S a t u r n  was  a  p l a c e ,  n o t  j u s t  a  p i n p o i n t  o f  l i g h t  i n  t h e  nli.ght 
sky. And t h e  r i n g s ,  t h o s e  marve lous  r i n g s ,  were m a g n i f i c e n t  
beyond anyone's  p o s s i b l e  imag ina t ion!  

(1) S a t u r n ,  t o o ,  was known t o  b e  a  g i a n t  b a l l  of g a s  
( F i g u r e '  10-41, composed p r i m a r i l y  of  h y d r o g e n  and  
h e l i u m ,  w i t h  s m a l l  a m o u n t s  o f  a m m o n i a ,  m e t h a n e ,  
phosphene, and v a r i o u s  hydrocarbons. Voyager found t h a t  
h e l i u m  c o m p r i s e s  7 %  o f  t h e  v o l u m e  o f  t h e  o u t e r  
a tmosphere  of Saturn .  The m i s s i n g  hel ium ( t h e  expected  
number was 11%) may be  g r a v i t a t i o n a l l y  s e p a r a t i n g  from 
hydrogen i n  t h e  p l a n e t ' s  i n t e r i o r .  

( 2 )  S a t u r n  r a d i a t e s  o u t  a b o u t  80% more e n e r g y  t h a n  it 
r e c e i v e s  f r o m  t h e  sun.  The g r a v i t a t i o n a l  s e p a r a t i o n  
h y p o t h e s i s  c o u l d  a l s o  a c c o u n t  f o r  t h e  o b s e r v e d  e x c e s s  
t h e r m a l  energy r a d i a t e d  by Saturn .  

( 3 )  The o v e r a l l  s t r u c t u r e  of t h e  o u t e r  S a t u r n i a n  a tmosphere  
( F i g u r e  1 0 - 4 )  i s  t h e  same a s  J u p i t e r ' s :  a l t e r n a t i n g  
zones  and b e l t s  e x t e n d i n g  from t h e  e q u a t o r  t o  a t  l e a s t  
60 d e g r e e s  l a t i t u d e ,  w i t h  t h e  h i g h e s t  wind speed a t  t h e  
e q u a t o r  o f  475  m e t e r s / s e c o n d  ( 1 0 6 0  m i l e ~ / ' h o u r ) ~  
d e c r e a s i n g  a s  o n e  g o e s  u p  i n  l a t i t u d e ,  a n d  with 
a l t e r n a t i n g  -eas t -west  j e t  s t r e a m s  s t a r t i n g  a t  t h e  mid- 
l a t i t u d e s  of b o t h  hemispheres.  

( 4 )  W i t h i n  e a c h  b e l t  o r  z o n e ,  t h e  maximum wind  v e l o c i t y  
t e n d s  t o  o c c u r  a t  t h e  c e n t e r ,  r a t h e r  t h a n  a t  e i t h e r  
edge .  The z o n a l  wind  p a t t e r n s  a r e  s y m m e t r i c  a b o u t  t h e  
e q u a t o r ,  i m p l y i n g  d e e p  c i r c u l a t i o n  w i t h i n  t h e  
atmosphere.  



Figure  10-4. S a t u r n ,  i t s  r i n g s ,  and i t s  s i x  l a r g e s t  moons 
a p p e a r  i n  t h i s  m o n t a g e  o f  V o y a g e r  1 a n d  2 
images. 

(5) The zone and b e l t  s t r u c t u r e  is no t  s o  e a s i l y  observable  
on Saturn,  due t o  a  high a l t i t u d e  haze (due t o  Sa turn ' s  
c o l d n e s s )  t h a t  t e n d s  t o  wash c o l o r  and b r i g h t n e s s  
d i f f e r e n c e s  out .  

( 6 )  The h i g h  p r e s s u r e  a n t i - c y c l o n i c a l l y  r o t a t i n g  "storms" 
observed a l l  over J u p i t e r  were observed on Sa turn  on ly  

above t h e  m i d - l a t i t u d e s .  T h e r e  is a  S a t u r n i a n  
s t o r m  a n a l o g o u s  t o  J u p i t e r ' s  G r e a t  Red Spot .  The 

\ 0 ' 
"'\ S a t u r n i a n  " L i t t l e  Red Spo t "  i s  a b o u t  t h e  s i z e  of 



t h e  E a r t h ,  and  r e s i d e s  i n  t h e  s o u t h e r n  S a t u r n i a n  
L a t i t u d e s  . 

( 7 )  Bo th  c l a s s i c a l  h i g h  l a t i t u d e  a u r o r a l  e m i s s i o n s  and 
p r e v i o u s l y  u n o b s e r v e d  l o w  l a t i t u d e  a u r o r a - l i k e  
emis s ions  e x i s t  on Saturn.  I n  add i t i on ,  l i g h t n i n g  was 
observed, b u t  on ly  i n  t h e  low l a t i t u d e s .  

( 8 )  S a t u r n ,  l i k e  J u p i t e r ,  e m i t s  r a d i o - f r e q u e n c i e s .  These  
e m i s s i o n s  were  u s e d  t o  d e t e r m i n e  t h a t  S a t u r n  r o t a t e s  
w i t h  a per iod  of 10h39m15s. 

( 9 )  The d e n s i t y  o f  S a t u r n  is l e s s  t h a n  t h a t  of wa te r .  The 
huge p l a n e t  could a c t u a l l y  f l o a t  i n  a  v a s t  cosmic wa te r  
ocean, were one ava i l ab l e .  

S a t u r n ' s  R i n m  

(1) Very few of t h e  o b s e r v e d  c h a r a c t e r i s t i c s  of t h e  r i n g s  
of  S a t u r n  were  e x p e c t e d  ( F i g u r e  10-5).  The r i n g s  a r e  
eno rmous ly  more complex t h a n  p r e v i o u s l y  t hough t .  The 
c l a s s i c a l  A, B, a n d  C - r i n g s  a c t u a l l y  c o n s i s t  o f  
c o u n t l e s s  t h o u s a n d s  of  r i n g l e t s  of d i r t y  w a t e r  i c e  
p a r t i c l e s  and bergs.  The l a r g e  number of r i n g l e t s  (and 
g a p l e t s )  i s  d u e  t o  a  v e r y  c o m p l e x  g r a v i t a t i o n a l  
i n t e r a c t i o n  between each o r b i t i n g  r i n g  p a r t i c l e  and 1) 
a l l  o t h e r  o r b i t i n g  r i n g  p a r t i c l e s ,  2 )  t h e  p l a n e t  
Sa turn ,  and 3) each of t h e  Sa tu rn i an  moons. 

G r a v i t a t i o n a l  r e s o n a n c e s ,  a c t i n g  on r i n g  p a r t i c l e s  
o r b i t i n g  i n  p e r i o d s  t h a t  a r e  i n t e g e r  m u l t i p l e s  of t h e  
p e r i o d s  of  t h e  S a t u r n i a n  moons, c a u s e  s t a n d i n g  s p i r a l  
d e n s i t y  waves. S p i r a l  d e n s i t y  waves c a u s e  a v a r y i n g  
r a d i a l  d e n s i t y  o f  r i n g  p a r t i c l e s  ( r i n g l e t s  a n d  
g a p l e t s ) .  S p i r a l  d e n s i t y  waves were  p r e d i c t e d  i n  t h e  
r i n g s  of Sa turn  before Voyager 1's a r r i v a l .  These waves 
have been observed i n  t h e  A-ring, and a r e  thought  t o  be 
t h e  c a u s e  of i t s  s t r u c t u r e .  S p i r a l  d e n s i t y  waves have 
no t  been observed i n  t h e  B-ring, and only r a r e l y  i n  t h e  
C-ring. There is no p r e s e n t l y  accepted exp lana t ion  f o r  
t h e  observed s t r u c t u r e  of t h e  B and C-rings. 



F i g u r e  10-5,  Looking back a t  S a t u r n ,  Voyager 1 c a p t u r e d  t h i s  
r e m a r k a b l e  i m a g e  t h a t  r e v e a l s  t h e  e l a b o r a t e  
s t r u c t u r e  of " r i n g l e t s "  and " g a p l e t s w ,  i n c l u d i n g  
t h e  famous C a s s i n i  and Encke d i v i s i o n s ,  a s  w e l l  
as t h e  s t r i n g - l i k e  F-ring. 

(3 )  The e x i s t e n c e  of  t h e  s o m e t i m e s  ""braided" F - r i n g  was  
confirmed.  The d i s c o v e r y  of t h e  D-ring and 6 - r ing  was 
made. 

( 4 )  The A, B, and C-rings c o n t a i n  bo th  e l l i p t i c a l  and d i s -  
c o n t i n u o u s  r i n g l e t s .  The o u t e r  edge of t h e  B-ring 
i s  n o t  c i r c u l a r .  



( 5 )  Ring p a r t i c l e  s i z e s  i n  t h e  A, B, and C-rings range  from 
s u g a r  g r a i n s  t o  houses ,  w i t h  a  mean s i z e  comparable t o  
a  VW bug. The B- r ing  t e n d s  t o  have  l a r g e r  p a r t i c l e s ,  
The C - r i n g  t e n d s  t o  h a v e  s m a l l e r  p a r t i c l e s .  The s i z e  
d i s t r i b u t i o n  i n  each of t h e  r i n g s  v a r i e s  r a d i a l l y ,  

( 6 )  The A- r ing  h a s  a  v e r y  s h a r p  o u t e r  e d g e ,  implyi .ng  some 
c o n t a i n m e n t  mechanism.  The c o n t a i n m e n t  mechanism 
a p p e a r s  t o  b e  a  V o y a g e r - d i s c o v e r e d  s m a l l  s a t e l l i t e  
o r b i t i n g  j u s t  o u t s i d e  t h e  A-ring. 

( 7 )  The F - r i n g  h a s  v e r y  s h a r p  i n n e r  a n d  o u t e r  e d g e s ,  The 
c o n t a i n m e n t  mechanisms a r e  a  p a i r  of Voyager-discovered 
" s h e p h e r d i n g "  s a t e l l i t e s ,  o r b i t i n g  j u s t  i n s i d e  a n d  
o u t s i d e  t h e  F - r i n g  ( F i g u r e  1 0 - 6 ) ,  The e x i s t e n c e  of 
t h e s e  s a t e l l i t e s  w a s  p r e d i c t e d  hef~.,cg V o y a g e r  
d i s c o v e r e d  them! 

( 8 )  " C l o u d s "  o f  m i c r o m e t e r - s i z e d  p a r t i c l e s ,  p o s s i b l y  
e l e c t r o - s t a t i c a l l y  l e v i t a t e d  above t h e  r i n g  p l a n e ,  form 
a s  " s p o k e s "  a n d  c o r o t a t e  w i t h  t h e  B- r ing ,  The f t c l o u d s "  
a p p e a r  t o  b e  " c r e a t e d "  on  t h e  d a r k  s i d e  o f  S a t u r n ,  
r o t a t e  a r o u n d  w i t h  t h e  B - r i n g ,  t h e n  d i s s i p a t e  a s  a  
r e s u l t  of  t h e i r  d i f f e r i n g  K e p l e r i a n  p e r i o d s  w i t h  
d i s t a n c e  from Saturn .  

( 9 )  There  a r e  s t r o n g  t h e o r e t i c a l  a rguments  i n  f a v o r  of t h e  
v a s t  r i n g  s y s t e m  of o r b i t i n g  i ce  p a r t i c l e s  a n d  b e r g s  
b e i n g  on t h e  a v e r a g e  l e s s  t h a n  20 m e t e r s  ( 6 6  f e e t )  
t h i c k ,  The r a d i a l  d i a m e t e r  of t h e  m a i n  r i n g  s y s t e m  i s  
some 280,000 k i l o m e t e r s  (174,000 m i l e s ) ,  The r i n g s *  t o  
s c a l e ,  may b e  more t h a n  1 0 , 0 0 0  t imes t h i n n e r  t h a n  a  
phonograph record.  The r i n g s  a r e  known t o  change t h e i r  
t h i c k n e s s  w i t h  t i m e ,  a n d  a r e  t h o u g h t  t o  b e  w a r p e d  o u t  
o f  p l a n e  a s  much a s  + 1 , 0 0 0  m e t e r s  (3280 f e e t ) .  T h i s  
t h e n  makes  t h e  r i n g s  a n  e x t r e m e l y  t h i n ,  w a r p e d ,  t i m e  
v a r y i n g  phonograph record.  

(1) Two e n o r m o u s  c r a t e r s  w e r e  d i s c o v e r e d :  a  c r a t e r  one- 
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Figure  10-6. Th i s  Voyager-2 image conf i rms  t h e  e x i s t e n c e  of 
t w o  s m a l l  s a t e l l i t e s ,  o n e  o r b i t i n g  on e i t h e r  
s i d e  of t h e  F-r ing.  These  s a t e l l i t e s  a r e  
r e s p o n s i b l e  f o r  conf  i n i n g  t h e  p a r t i c l e s  i n t o  a  
n a r r o w  b a n d ,  a s  w e l l  a s  f o r  t h e  b r a i d i n g  
observed by Voyager 1. 

t h i r d  t h e  d i a m e t e r  of M i m a s ,  a n d a  c r a t e r  n e a r l y  40% of 
t h e  d i a m e t e r  of T e t h y s  ( F i g u r e  10-4).  The m e t e o r i c  
i m p a c t  t h a t  l e d  t o t h e  l a t t e r  c r a t e r  i s  t h o u g h t  t o  have  
c r e a t e d  a huge chasm t h a t  runs  around th ree -qua r t e r s  of 
t h e  s u r f a c e  o f -  Te thys .  The l a r g e  c r a t e r  on T e t h y s  

appears  t o  . e x h i b i t  t h e  l a r g e s t  impact-cra ter- to-  
moon r a t i o  i n  t h e  s o l a r  system. 



( 2 )  Enceladus  has  a  s u r f a c e  n e a r l y  devo id  of impact  c r a t e r s  
i n  p l a c e s ,  i n d i c a t i n g  " r e c e n t "  g e o l o g i c a l  a . c t i v i t y r  
p o s s b l y  due t o  " t i d a l "  h e a t i n g ,  

( 3 )  I a p e t u s  h a s  b o t h  a  l i g h t  and a  dark  hemisphere  ( F i g u r e  
10-4) .  The l i g h t  t o  d a r k  c o n t r a s t  is t h e  l a r g e s t  of  
a n y  known body i n  t h e  s o l a r  s y s t e m ,  The dark ,  s u r f a c e  
h a s  v e r y  s h a r p l y  d e f i n e d  edges  and c o n t a i n s  no  v i s i b l e  
impact  c r a t e r s ,  s u g g e s t i n g  t h a t  t h e  da rk  m a t e r i a l  may 
h a v e  f o r m e d  a f t e r  m e t h a n e  f l o w e d  o u t  f r o m  i n s i d e  
I a p e t u s ,  Methane  t u r n s  v e r y  b l a c k  a f t e r  h a v i n g  i t s  
carbon-hydrogen bonds broken by s u n l i g h t ,  

( 4 )  Phoebe  is t h e  f i r s t  s a t e l l i t e  o b s e r v e d  t o  b e  i n  nom- 
synchronous  r o t a t i o n  w i t h  r e s p e c t  t o  t h e  p l a n e t  t h a t  it 
o r b i t s ,  P h o e b e  w a s  known t o  b e  i n  a n  i n c l i n e d ,  
r e t r o g r a d e  o r b i t .  The p l a n e  of Phoebe's o r b i t  is much 
c l o s e r  t o  t h e  e c l i p t i c  p l a n e  t h a n  t o  S a t u r n u s  
e q u a t o r i a l  p lane .  The moon was observed t o  have a  da rk  
r e d d i s h  s u r f a c e .  T h e s e  f a c t s  s u g g e s t  t h a t  Phoebe  may 
w e l l  b e  a  c a p t u r e d  a s t e r o i d ,  

( 5 )  The s o l i d  s u r f a c e  d i a m e t e r  o f  T i t a n  was m e a s u r e d  a t  
5150  k i l o m e t e r s  (3195 m i l e s ) ,  r e v e a l i n g  it t o  b e  t h e  
s e c o n d  l a r g e s t  moon i n  t h e  s o l a r  s y s t e m ,  ( I t  was 
p r e v i o u s l y  t h o u g h t  t o  b e  t h e  l a r g e s t . )  I n  a d d i t i o n ,  
t h e  n e a r  s u r f a c e  a t m o s p h e r i c  p r e s s u r e  of  1,s b a r s  and 
t e m p e r a t u r e  o f  9 4  d e g r e e s  K ( - 2 9 0  d e g r e e s  F) w e r e  
determined.  

( 6 )  T i t a n  i s  t h e  o n l y  moon i n  t h e  s o l a r  s y s t e m  known t o  
h a v e  a  d e n s e  a t m o s p h e r e ,  The a t m o s p h e r e  o f  T i t a n  i s  
9 0 %  n i t r o g e n ,  w i t h  m e t h a n e  and  p r o b a b l y  a r g o n  a s  t h e  
o t h e r  ma in  c o n s t i t u e n t s ,  a n d  t r a c e  a m o u n t s  of  c a r b o n  
monoxide, e t h a n e ,  propane,  a c e t y l e n e ,  d i a c e t y l e n e ,  hy- 
d r o g e n  c y a n i d e ,  c y a n o a c e t y l e n e ,  c y a n o g e n ,  a n d  c a r b o n  
d i o x i d e .  

( 7 )  The a t m o s p h e r e  of  T i t a n  c o n t a i n s  a  ma in  and s e v e r a l  
s u b s i d i a r y  h a z e  l a y e r s .  The c o m b i n a t i o n  of  " c l o u d s p '  
and haze  i n  t h e  a tmosphere  p reven ted  any s u r f a c e  d e t a i l  
f r o m  b e i n g  o b s e r v e d .  The h a z e  l a y e r  e x t e n d s  t o  a n  



a l t i t u d e  of  200 k i l o m e t e r s  ( 1 2 5  m i l e s ) ,  w i t h  some 
de tached  a e r o s o l  l a y e r s  a s  h igh  a s  750 k i l o m e t e r s  (465  
m i l e s ) .  T h e r e  is  s p e c u l a t i o n  t h a t  T i t a n  may have  a  
l i q u i d  e thane-methane-ni t rogen ocean cover ing  some o r  
a l l  of i t s  s u r f a c e .  

( 8 )  Three  new s a t e l l i t e s  were d i s c o v e r e d  by Voyager 1: one 
o r b i t i n g  j u s t  o u t s i d e  t h e  A-ring (named A t l a s )  and two 
" s h e p h e r d i n g "  s a t e l l i t e s  on e i t h e r  s i d e  of t h e  F - r i n g  
(named P r o m e t h e u s  a n d  P a n d o r a ) .  The t o t a l  number of  
s a t e l l i t e s  t o  o r b i t  S a t u r n  is now 17,  (Known is 
d e f i n e d  a s  h a v i n g  enough  o b s e r v a t i o n s  t o  b e  a b l e  t o  
c a l c u l a t e  a  w e l l - d e f i n e d  s e t  of  o r b i t a l  e l e m e n t s . )  
There is ev idence  i n d i c a t i n g  t h a t  t h e r e  may be a  more. 

( 9 )  For  t h e  f i r s t  t i m e ,  a c c u r a t e  m e a s u r e m e n t s  of  t h e  
d i a m e t e r s  of t h e  17 known s a t e l l i t e s  could  be  made. A 
more a c c u r a t e  m e a s u r e m e n t  of t h e  m a s s e s  of T e t h y s ,  
Rhea,  a n d  I a p e t u s  was  made a s  a  r e s u l t  o f  R a d i o  S c i e n c e  
c e l e s t i a l  mechanics i n v e s t i g a t i o n s .  

( 1 0 )  Hyperion h a s  a  da rk  s u r f a c e  of i r r e g u l a r  shape. I t  is 
s p i n n i n g  abou t  i t s  minimum-moment-of-inertia a x i s  w i t h  
t h e  s p i n  v e c t o r  f i x e d  i n  i n e r t i a l  s p a c e  20 t o  30 
d e g r e e s  above t h e  moon% o r b i t a l  p lane ,  T h i s  s i t u a t i o n  
makes Byperion t h e  o b j e c t  i n  t h e  s o l a r  sys tem most l i k e  
Uranus, (Uranus8 s p i n  v e c t o r  is a l m o s t  i n  i t s  o r b i t a l  
p l a n e . )  H y p e r i o n  i s  t h e  s e c o n d  body known t o  b e  i n  
non-synchronous r o t a t  ion ,  

(1) S a t u r n  w a s  known t o  h a v e  a  m a g n e t i c  f i e l d ,  The  
m a g n e t o s p h e r e  c o n t a i n s  a  m a g n e t i c  f i e l d  b a s i c a l l y  
d i p o l a r  i n  n a t u r e  and  a l i g n e d  w i t h  S a t u r n "  a x i s  of 
r o t a t i o n  t o  w i t h i n  1 degree.  

( 2 )  The m a g n e t o p a u s e  l o c a t i o n  v a r i e s  f r o m  l e s s  t h a n  1 4  
S a t u r n  r a d i i  ( R s )  t o  more t h a n  3 0  R s  d e p e n d i n g  
upon t h e  i n t e n s i t y  of t h e  s o l a r  wind. 
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( 3 )  I n s i d e  7 R s  t h e r e  i s  a  t o r u s  of h y d r o g e n  and  oxygen 
i o n s ,  p r o b a b l y  o r i g i n a t i n g  from t h e  s p u t t e r i n g  of water 
i c e  from t h e  s u r f a c e s  of  Dione and Tethys. 

( 4 )  T h e r e  i s  a l s o  a  t o r u s  o f  n e u t r a l  h y d r o g e n  a t o m s  
e x t e n d i n g  f rom 8 R, t o  25 R, p robab ly  o r i g i n a t i n g  from 
t h e  a tmosphere  of T i t an .  





S t a r s  s c r i b b l e  i n  our eyes  t h e  f r o s t y  s agas ,  t h e  
gleaming can tos  of unvanquished space.  

Har t  Crane 

Long b e f o r e  t h e  J a n u a r y  2 4 ,  1986  V o y a g e r - 2  U r a n u s  
e n c o u n t e r ,  p l a n n i n g  was underway f o r  a n  August  24/25, 1989 
e n c o u n t e r  w i t h  Neptune. T h i s  w i l l  b e  t h e  f o u r t h  and B a s t  
swing-by on t h e  e p i c  Grand Tour of t h e  f o u r  g i a n t  o u t e r  
p l a n e t s .  I t  i s  i n d e e d  a  f i t t i n g  o c c a s i o n  t o  c e l e b r a t e  t h e  
t w e l f t h  ann ive r sa ry  of i t s  launch. 

A c l o s e  e n c o u n t e r  w i t h  t h e  d i s t a n t  p l a n e t  P l u t o  i s  n o t  
p o s s i b l e ,  a s  i l l u s t r a t e d  by F i g u r e  1-4 of t h e  I n t r o d u c t i o n .  
R e c a l l  t h a t  w h i l e  Voyager 1 a p p e a r s  t o  be  headed i n  t h e  
g e n e r a l  d i r e c t i o n  of P lu to ,  t h e  s p a c e c r a f t  is depa r t i ng  a t  an 
ang le  of 35 degrees  above t h e  e c l i p t i c  p l ane  a s  i l l u s t r a t e d  i n  
F i g u r e  9-2. P l u t o ,  w i t h  i t s  moon Charon,  must  w a i t  f o r  
a n o t h e r  day  t o  be  v i s i t e d  by some f u t u r e  s p a c e c r a f t  a s  y e t  
unplanned .  However, Voyager 2  w i l l  b e  v i s i t i n g  t h e  l a r g e  
Nep tun ian  moon T r i t o n ,  which  i s  s i m i l a r  t o  P l u t o  in s i z e ,  
albedo,  and color .  

I n  o rde r  t o  i n s u r e  t h a t  t h e  Voyager-2 s p a c e c r a f t  w i l l  be 
a b l e  t o  complete i ts  f i n a l  p l a n e t a r y  t o u r  a t  Neptune, miss ion 
planning f o r  t h e  Voyager Neptune I n t e r s t e l l a r  Mission QVNIM) 
s t a r t e d  s e v e r a l  months b e f o r e  t h e  Uranus e n c o u n t e r .  I t  was 
n e c e s s a r y  t o  j o i n t l y  a l l o c a t e  c r i t i c a l  s p a c e c r a f t  r e s o u r c e s  
f o r  b o t h  t h e  Uranus and  Neptune e n c o u n t e r s .  F o r t u i t o u s l y ,  
t h e r e  a p p e a r  t o  be  a d e q u a t e  consumab le s  t o  a c c o m p l i s h  t h i s  
t a s k ,  w i t h  l i t t l e  p e n a l t y  e x t r a c t e d  a t  e i t h e r  e n c o u n t e r ,  
a l though  some o p e r a t i o n a l  des ign  margins (such a s  power) w i l l  
be s l i m  by e a r l i e r  s tandards .  

Other s p a c e c r a f t  performance l i m i t s  t h a t  become e l r i t i c a l  
a r e  te lecommunicat ions  because of t h e  g r e a t l y  increased  range 
t o  Ear th ,  and imaging smear because of t h e  very long exposure 



t i m e s  r equ i r ed  w i t h  l i g h t  l e v e l s  900 t imes  f a i n t e r  t han  t h o s e  
on E a r t h .  T a l k i n g  w i t h  t h e  s p a c e c r a f t  becomes more of an  
o p e r a t i o n a l  bu rden  as  w e l l ,  b e c a u s e  of t h e  8.2-hour two-way 
l i g h t  t i m e .  

The m e  Kinadom 

Neptune is  t r u l y  a t  t h e  o u t s k i r t s  of t h e  s o l a r  s y s t e m ,  
some 30 AU f rom t h e  Sun o r  n e a r l y  4.5 b i l l i o n  km (2.8 b i l l i o n  
m i l e s ) .  N e p t u n e  t a k e s  1 6 5  y e a r s  t o  o r b i t  t h e  Sun a n d  
t h e r e f o r e  h a s  s e a s o n s  41 y e a r s  long .  I t  is  i n v i s i b l e  t o  t h e  
naked eye d e s p i t e  being t h e  f o u r t h  l a r g e s t  p l a n e t  i n  t h e  s o l a r  
system, having been d i scovered  i n  1846 based upon mathemat ical  
c a l c u l a t i o n s  o f  U r a n u s '  o r b i t  p e r t u r b a t i o n s .  T r i t o n ,  
Neptune 's  l a r g e s t  moon, was d i s c o v e r e d  o n l y  d a y s  l a t e r .  
L i t t l e  new informat ion  has  been ob ta inab le ,  even us ing  today's  
p o w e r f u l  t e l e s c o p e s ,  e x c e p t  f o r  some r e c e n t  o b s e r v a t i o n s  of  
p a r t i a l  r i n g s  j u s t  i n s i d e  t h r e e  Neptune r a d i i  from t h e  p l a n e t  
c e n t e r .  

A s  f a r  a s  we know, Neptune s h o u l d  a p p e a r  as  a  s l i g h t l y  
o b l a t e  bluish-green b a l l  wi th  a d iameter  of 48,600 km (30,200 
m i ) ,  o r  n e a r l y  f o u r  t i m e s  t h e  d i a m e t e r  of E a r t h .  Because  of 
i t s  l a r g e l y  g a s e o u s  n a t u r e ,  t h e  mass i s  o n l y  a b o u t  1 7  t i m e s  
t h a t  of Earth. Neptune's p o l a r  a x i s ,  l i k e  Earth 's ,  has on ly  a  
m o d e r a t e  tilt of  28 deg rees .  I t  is  e s t i m a t e d  t h a t  t h e  
r o t a t i o n  r a t e  of t h e  o u t e r  atmosphere is about 18 hours. 

Cur ren t  t heo ry  p r e d i c t s  t h a t  a l l  t h e  gaseous p l a n e t s  have 
rocky c o r e s  of roughly t h e  same s i z e ,  bu t  t h e  r e l a t i v e  amounts 
of d i f f e r e n t  m a t e r i a l s  s u r r o u n d i n g  t h e  c o r e s  v a r y  s i g n i f i -  
can t ly .  A l l  of t h e  Jov ian  p l a n e t  envelopes a r e  composed p r i -  
m a r i l y  of hydrogen  and  h e l i u m ,  b u t  Uranus and  Neptune have  
g r e a t e r  r e l a t i v e  amounts  of methane,  ammonia, and w a t e r  i n  
v a r i o u s  s t a t e s .  A l so ,  Neptune is  t h o u g h t  t o  be  s t i l l  warm; 
Voyager w i l l  measure  t h e  n e t  h e a t  l o s s ,  t h e r e b y  e n a b l i n g  a  
t h e o r e t i c a l  model of t h e  h e a t  s o u r c e  t o  be produced.  F i g u r e  
11-1 r e f e r s  t o  t h e s e  fundamental  evo lu t iona ry  d i f f e r ences .  

Neptune has  a t  l e a s t  two known moons, T r i t o n  
and Nere id ,  which a r e  q u i t e  d i f f e r e n t  f rom e a c h  



Figure  11-1. J u p i t e r ,  S a t u r n ,  a n d  Uranus e a c h  r e p r e s e n t  a  
d i f f e r e n t  s t a g e  i n  t h e  e v o l u t i o n  o f  a  g a s  
p l a n e t .  J u p i t e r  i s  s t i l l  h o t  w i t h  e n e r g y  l e f t  
over from i ts  formation.  Saturn is i n  a second 
s t a g e  and is  c o o l i n g .  Uranus i s  i n  a  t h i r d  
s t a g e  and h a s  l i t t l e  i n t e r n a l  h e a t  r ema in ing .  
N e p t u n e  d o e s n ' t  f i t  t h e  p a t t e r n ,  h o w e v e r ,  
because it is s t i l l  r e l a t i v e l y  warm. 



o t h e r .  The l a r g e r ,  T r i t o n ,  h a s  a  d i a m e t e r  of a b o u t  3,500 k m  
(28200 m i )  and is  comparable  i n  s i z e  t o  our own Moon, Unl ike  
a n y  of  t h e  o t h e r  l a r g e  moons i n  t h e  s o l a r  s y s t e m ,  T r i t o n ' s  
o r b i t  i s  r e t r o g r a d e ,  i . e . ,  i t  i s  m o v i n g  i n  a  d i r e c t i o n  
o p p o s i t e  t o  N e p t u n e ' s  r o t a t i o n ,  F u r t h e r m o r e ,  T r i t o n ' s  o r b i t  
i s  t i l t e d  a b o u t  20 d e g r e e s  w i t h  r e s p e c t  t o  N e p t u n e ' s  equa-  
t o r i a l  p l a n e  a n d  is l o c a t e d  a b o u t  350,000 k m  (220,000 m i )  
d i s t a n t  f r o m  t h e  p a r e n t  body,  a g a i n  s i m i l i a r  t o  o u r  Moon, 
However, T r i t o n ' s  o r b i t a l  p e r i o d  is o n l y  a b o u t  6 days  compared 
t o  27 d a y s  f o r  t h e  Moon. 

Nereid,  o n l y  some 330 k m  (200 m i )  i n  d i a m e t e r ,  t r a v e l s  i n  
t h e  most h i g h l y  e c c e n t r i c  o r b i t  of any known s a t e l l i t e  i n  t h e  
s o l a r  s y s t e m ,  I t  h a s  a n  o r b i t a l  p e r i o d  v e r y  c l o s e  t o  o n e  
y e a r ,  and it is most l i k e l y  a  c a p t u r e d  a s t e r o i d  o r  comet. 

W i . thout  t h e  a v a i l a b i l i t y  of a  g r a v i t y - a s s i s t  c o r r i d o r  t o  
c o n t i n u e  t o  P l u t o ,  a  m u l t i t u d e  of  t r a j e c t o r y  o p t i o n s  w e r e  
s t u d i e d  i n  o r d e r  t o  a s s e s s  t h e  r e l a t i v e  s c i e n c e  v a l u e  o f  
s p a c e c r a f t  o b s e r v a t i o n s  made from each  p o t e n t i a l  Neptune f l y -  
by  m i s s i o n .  I n  t h e  e n d ,  a f t e r  m o n t h s  of  d e b a t e ,  t h e  s c i e n c e  
community agreed  t h a t  a  dua l  c l o s e  e n c o u n t e r  w i t h  b o t h  Neptune 
a n d  l["ri,tlon would  b e  mos t  d e s i r a b l e ,  e s p e c i a l l y  s i n c e  t h e  
s a t e l l i t e  geometry would p e r m i t  a  r e a s o n a b l y  good E a r t h  occul -  
t a t i o n  by Neptune a s  w e l l  a s  a  d i a m e t r i c  E a r t h  o c c u l t a t i o n  a t  
T r i t o n ,  

The r e s u l t i n g  t r a j e c t o r y ,  a s  d e p i c t e d  by F i g u r e  11-2, in-  
v o l v e s  a s p e c i a l  s p a c e c r a f t  v e l o c i t y - c h a n g e  m a n e u v e r ,  j u s t  
a f t e r  t h e  U r a n u s  e n c o u n t e r ,  t h a t  w i l l  a d v a n c e  t h e  a r r i v a l  of 
t h e  s p a c e c r a f t  a t  Nep tune  i n  o r d e r  t o  a l l o w  f o r  t h e  p r o p e r  
phas ing  w i t h  T r i t o n .  

. , 
I f  a l l  g o e s  a s  p l a n n e d ,  Voyager  2  w i l l  s k i m  o v e r  t h e  

n o r t h  p o l e  o f  Nep tune  a m e r e  3500 km (2200 m i )  a b o v e  t h e  
g a s e o u s  s u r f a c e  a t  21:00 PDT ( s p a c e c r a f t  t i m e ) ,  A u g u s t  24,  

1989.  The g r a v i t a t i o n a l  f o r c e  o f  N e p t u n e  w i l l  
c a u s e  t h e  s p a c e c r a f t  t o  v e e r  s h a r p l y  downward,  

\i ----.\ . t h r o u g h  b o t h  E a r t h  a n d  s o l a r  o c c u l t a t i o n  r e g i o n s  
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Figure  11-2. Voyager 2 ,  s k i r t i n g  j u s t  o u t s i d e  a  p o s s i b l e  
Neptune r ing ,  w i l l  d ive  over t h e  no r th  po le  a t  a  
d i s t a n c e  of only  3500 km (2200 m i ) ,  headed f o r  a  
c l o s e  encounter  wi th  t h e  l a r g e  and unusual moon 
T r i t o n  some f i v e  hours l a t e r .  

by Neptune and  o u t  t o w a r d s  t h e  o r b i t  of  T r i t o n .  A t  a b o u t  5 
h r s  and 1 0  min a f t e r  Neptune c l o s e s t  approach, Voyager 2 w i l l  
pass  w i t h i n  about  8200 km (5100 m i )  of T r i t on ' s  sur face ,  

Although T r i t o n  may have a  t h i n  atmosphere of methane and 
n i t r o g e n ,  t h e  s u r f a c e  is  e x p e c t e d  t o  be  v i s i b l e  t o  Voyager ' s  
c a m e r a s ,  a l l o w i n g  d e t e c t i o n  of s . u r f a c e  f e a t u r e s ,  i n c l u d i n g  
p o s s i b l e  oceans  of l i q u i d  n i t r o g e n  ( F i g u r e  11-3) t h a t  h a v e  
been suggested by Earth-based i n f r a r e d  observat ions .  S h o r t l y  



a f t e r  T r i t o n  c l o s e s t  approach, t h e  s p a c e c r a f t  w i l l  pass  behind 
t h e  s a t e l l i t e  t o  c r e a t e  t h e  Ea r th  o c c u l t a t i o n  s o  h i g h l y  valued 
by r a d i o  s c i ence  i n v e s t i g a t o r s .  This  o c c u l t a t i o n  w i l l  provide 
i n f o r m a t i o n  a b o u t  T r i t o n ' s  t h i n  a t m o s p h e r e ,  a s  w e l l  as a n  
a c c u r a t e  measurement of t h e  l a r g e  moon's diameter.  

Also shown i n  F igu re  11-2 is an e q u a t o r i a l  region around 
Neptune t h a t  a p p e a r s  t o  c o n t a i n  a  t e n u o u s  r i n g  of p a r t i c l e s  
which may be d i scon t inuous  o r  fragmented. Based upon s t e l l a r  
o c c u l t a t i o n  obse rva t ions  made from Ear th  i n  J u l y  1984, it is 
b e l i e v e d  t h e s e  a r c s  of r i n g  m a t e r i a l  do n o t  e x t e n d  beyond 
a b o u t  3  Neptune r a d i i  o r  73,000 k m  (45,000 m i ) .  However, t h e  
p e n e t r a t i o n  p o i n t  of t h e  inbound s p a c e c r a f t  i n  t h e  e q u a t o r i a l  
p l a n e  is o n l y  3.2 Neptune r a d i i ,  l e a v i n g  a  m a r g i n  of a b o u t  
5,000 k m  (3100 m i ) .  N a t u r a l l y ,  s c i e n t i s t s  and t h e  Voyager 
P r o j e c t  a r e  eage r ly  awa i t i ng  new informat ion  t o  confirm t h a t  
t h e  c u r r e n t  d e s i r e d  t r a j e c t o r y  c a n  be f l o w n  w i t h o u t  c o n c e r n  
over a  p o s s i b l e  c o l l i s i o n  hazard f o r  t h e  spacec ra f t .  

F i g u r e  11-4 i s  a p a i n t i n g  t h a t  shows Voyager 2  a s  it 
l o o k s  b a c k ' t o w a r d s  t h e  E a r t h  ( a f t e r  p a s s i n g  b o t h  Neptune and  
T r i t o n )  some 7 hours a f t e r  t h e  c l o s e s t  approach t o  t h e  p lane t .  
Only n a r r o w l y - l i t  c r e s c e n t s  w i l l  a r c  a c r o s s  t h e  sou thern  l i m b s  
a s  Voyager 2  d e p a r t s  f o r e v e r  from t h e  remote realm of Neptune 
and Tri ton.  

P o s t  - N e ~ t u n e  C r u b e  Sc i ence  

F o l l o w i n g  t h e  Voyager-2 e x p l o r a t i o n  of t h e  Neptune 
s y s t e m ,  you may wonder wha t ' s  i n  s t o r e  n e x t  f o r  o u r  r o b o t  
s p a c e c r a f t .  They w i l l  have c o m p l e t e d  t h e i r  u n p r e c e d e n t e d  
p l a n e t a r y  e n c o u n t e r s  w i t h  t h e  f o u r  g i a n t  o u t e r  p l a n e t s ,  and  
w i l l  have a l s o  ga thered  inva luab le  i n t e r p l a n e t a r y  in format ion  
a s  w e l l .  F u r t h e r m o r e ,  it i s  e x p e c t e d  t h a t  b o t h  s p a c e c r a f t  
w i l l  remain a l i v e  and v i t a l  f o r  many y e a r s  t o  come u n l e s s  some 
unexpected f a i l u r e  were t o  occur. 

The re  is  no i m m e d i a t e  c o n c e r n  a b o u t  l i m i t e d  onboard  
r e s o u r c e s ,  t h a n k s  t o  a l i t t l e  advanced  p l a n n i n g ,  
a s  i l l u s t r a t e d  by t h e  l i f e t i m e  p r e d i c t i o n s  shown 
i n  T a b l e  11-1. Remember, t h e  Voyagers  and t h e  



Figure 11-3. T h e  l a r g e  moon T r i t o n ,  w i t h  a n  e s t i m a , t e d  
d i a m e t e r  of 3500 km (2200 miles),  may prove t h e  
s h o w - s t o p p e r  a t  Neptune .  L a r g e r  t h a n  E a r t h ' s  
moon, it may have a  t h i n  a tmosphere  of n i t r o g e n  
and  m e t h a n e ,  w i t h  v e r y  s h a l l o w  l a k e s  of Piquid 
n i t r o g e n  on a  s u r f a c e  p a r t i a l l y  c o v e r e d  by 
m e t h a n e  i c e .  I t s  r e d d i s h  h u e #  l i k e  t h a t  of 
S a t u r n ' s  moon T i t a n ,  s u g g e s t s  t h a t  s u n l i g h t  may 
b e  b r e a k i n g  down t h e  m e t h a n e  a n d  c r e a t i n g  a 
v a r i e t y  of o r g a n i c  p a r t i c l e s  i n  t h e  form of 
hydrocarbon-based a e r o s o l s .  



Figure  11-4. A computer g raph ic  p r e c i s i o n  " template"  was used 
by  s p a c e  a r t i s t  Don D a v i s  t o  c r e a t e  t h i s  
looking-back view a t  seven hours p a s t  Voyager-2 
Neptune c l o s e s t  approach. Af t e r  d iv ing  over t h e  
n o r t h  p o l e  and being d e f l e c t e d  downward, Voyager 
2  must be c o n t e n t  t o  view n a r r o w l y - l i t  c r e s c e n t s  
on t h e  s o u t h e r n  l i m b s  of r e m o t e  Neptune and  
T r i t o n .  

P ioneers  w i l l  be t h e  very f i r s t  s p a c e c r a f t  t o  cont inue  t h e i r  
voyages i n t o  t h e  o u t e r  reaches  of t h e  s o l a r  system 
t o  t h e  h e l i o p a u s e  and beyond. Obv ious ly ,  t h i s  
r e p r e s e n t s  a u n i q u e  o p p o r t u n i t y  t o  c o n t i n u e  t o  



extend t h e  s c i e n t i f i c  c h a r t i n g  of our s o l a r  system a s  w e l l  a s  
t o  g a t h e r  new i n f o r m a t i o n  a b o u t  u l t r a v i o l e t  e m i s s i o i ? s  f rom 
g a l a c t i c  sources.  

Wi th  a  l i t t l e  l u c k ,  one  o r  p e r h a p s  even  b o t h  of t h e  
V o y a g e r s  may b e  a l i v e  a n d  w e l l  a t  t h e  c r o s s i n g  of t h e  
he l iopause  boundary, where t h e  i n t e r s t e l l a r  medium r e s t r i c t s  
t h e  o u t w a r d  f l o w  of t h e  s o l a r  wind and c o n f i n e s  it w i t h i n  a 
m a g n e t i c  b u b b l e  c a l l e d  t h e  h e l i o s p h e r e .  T h i s  i s  a  key 
s c i e n t i f i c  o b j e c t i v e  s t a t e d  i n  t h e  V N I M  P r o j e c t  P l a n ,  The 
e x a c t  l o c a t i o n  of t h i s  boundary  is  n o t  known, and it w i l l  most  
l i k e l y  v a r y  a s  a  f u n c t i o n  of s o l a r  d e p a r t u r e  d i r e c t i o n  a s  
d e p i c t e d  by F i g u r e  11-5. However, i t  i s  b e l i e v e d  t o  be  
l o c a t e d  be tween  50 and 150 AU i n  t h e  d i r e c t i o n  of t r a v e l  f o r  
bo th  Voyagers and Pioneer  11. 

From T a b l e  11-1, n o t e  t h a t  t h e  s u n  s e n s o r  may be  t h e  
f i r s t  resource  l i m i t a t i o n  t o  occur a t  about  80 AU i n  t h e  year 
2001 f o r  Voyager 1 and 2006 f o r  Voyager 2 ,  b u t  t h e r e  is an  
e x c e l l e n t  chance t h a t  t h e  sun sensor  w i l l  con t inue  t o  func t ion  
w e l l  beyond 80 AU. The rea f t e r  minimal power requi rements  of 
230 w a t t s  would be  r e a c h e d  i n  a b o u t  t h e  y e a r  2015 when t h e  
s p a c e c r a f t  would be a t  h e l i o c e n t r i c  d i s t a n c e s  of 130 and 1 1 0  
AU f o r  Voyagers  1 and  2 ,  r e s p e c t i v e l y .  Now you can b e t t e r  
u n d e r s t a n d  how c h a n c e  may p l a y  a  r o l e  i n  o u r  h o p e s  o f  
ob t a in ing  d a t a  a t  t h e  heliopause.  

Typical  s c i e n t i f i c  o b j e c t i v e s  t o  be addressed by i n t e r -  
p l a n e t a r y  obse rva t ions  a r e :  

C h a r a c t e r i z a t i o n  of t h e  s o l a r  wind evo lu t ion  wi th  d i s t a n c e  
f rom t h e  Sun (MAG, PLS, LECP, CRS). 

O b s e r v a t i o n  and c h a r a c t e r i z a t i o n  of t h e  Sun 's  m a g n e t i c  
f i e l d  r e v e r s a l  (MAG, PLS, LECP, CRS). 

Search f o r  low-energy cosmic r ays  (CRS, LECP). 

C h a r a c t e r i z a t i o n  of p a r t i c l e  a c c e l e r a t i o n  mechanisms i n  
t h e  i n t e r p l a n e t a r y  medium (MAG, PLS, LECP, PWS). 



T a b l e  11-1. I t  h a s  o f t e n  b e e n  o b s e r v e d  t h a t  t h e  v a l i a n t  
V o y a g e r  r o b o t s  may s u r v i v e  t h e  t u r n  o f  t h e  
c e n t u r y ,  b a r r i n g  a  s u d d e n  e l e c t r o n i c  f a i l u r e ,  
T h i s  t a b l e  p r o v i d e s  l i f e t i m e  e s t i m a t e s  f o r  
of s e v e r a l  f a c t o r s ,  a s s e s s e d  independen t ly  from 
t h e  e a r l i e r  e x p i r a t i o n s  of o t h e r  f a c t o r s .  
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S e a r c h  f o r  e v i d e n c e  of i n t e r s t e l l a r  hydrogen and h e l i u m  
and an i n t e r s t e l l a r  wind (WS, PLS). 

O b s e r v a t i o n  and c h a r a c t e r i z a t i o n  of t h e  h e l i o s p h e r i c  
boundary where e f f e c t s  of t h e  s o l a r  wind t e r m i n a t e  (MAGr 
PLS, LECP, CRS, PWS). 

I n  a d d i t i o n ,  i n t e r p l a n e t a r y  obse rva t ions  w i l l  be made (on 
a  t a rge t -of -oppor tun i ty  b a s i s )  to: 

Search f o r  r ad io  emiss ions  from t h e  Sun i n  an environment 
w e l l  removed from p l a n e t a r y  sou rces  (PRA, PWS). 

S e a r c h  f o r  and c h a r a c t e r i z e  g a l a c t i c  s o u r c e s  of e x t r e m e  
u l t r a v i o l e t  emiss ions  (WS). 

Improve a s t r o m e t r  i c  p a r a l l a x  measu remen t s  f o r  s e l e c t e d  
s t a r s  u s i n g  t h e  s u b s t a n t i a l l y  l o n g e r  V o y a g e r - E a r t h  
b a s e l i n e s  (ISS). 

A t  t h e  c o n c l u s i o n  of t h e  V N I M  on December 31,  1 9 8 9 ,  
Voyager 1 w i l l  be a t  approximately  40 AU and 33 degrees  n o r t h  
e c l i p t i c  l a t i t u d e .  Voyager 2 w i l l  be  a t  a p p r o x i m a t e l y  3 l  AU 
and s l i g h t l y  s o u t h  of t h e  e c l i p t i c  p l a n e .  Both s p a c e c r a f t  
w i l l  con t inue  t o  escape from t h e  s o l a r  system toward t h e  s o l a r  
apex ,  and  communica t ions  c o u l d  be  m a i n t a i n e d  a s  l o n g  a s  t h e  
s p a c e c r a f t  c o n t i n u e  t o  f u n c t i o n .  L o g i c a l l y ,  a n  e x t e n d e d  
miss ion should be conducted i n  a n t i c i p a t i o n  of p e n e t r a t i n g  t h e  
boundary between t h e  s o l a r  wind and t h e  i n t e r s t e l l a r  medium, 
a l l o w i n g  measu remen t s  t o  be  made of i n t e r s t e l l a r  f i e l d s  and  
p a r t i c l e s  unmodulated by t h e  s o l a r  plasma. 

The s o l a r  s y s t e m  d o e s  n o t  end a t  t h e  o r b i t  of P l t ~ t o ,  t h e  
n i n t h  p l a n e t ,  Nor d o e s  it  end  a t  t h e  h e l i o p a u s e  boundary,  
where t h e  s o l a r  wind can no longer  cont inue  t o  expand outward 
a g a i n s t  t h e  i n t e r s t e l l a r  wind, I t  e x t e n d s  ove r  a  t housand  
t i m e s  f a r t h e r  ou t  where a  swarm of s m a l l  cometary n u c l e i  are 
b a r e l y  h e l d  i n  o r b i t  by t h e  Sun's  f e e b l e  g r a v i t y  ( a t  t h a t  
g r e a t  d i s t a n c e ) .  
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Figure  11-5. The Pioneer  and Voyager s p a c e c r a f t  a r e  shown as 
t h e y  d e p a r t  f rom t h e  h e l i o s p h e r e  model t h a t  
forms a  magnetic bubble. Of p a r t i c u l a r  i n t e r e s t  
is t h e  de t e rmina t ion  of t h e  he l iopause  boundary 
w h e r e  t h e  s o l a r  w i n d  i n t e r a c t s  w i t h  t h e  
i n t e r s t e l l a r  wind. 

The two Voyager robo t s  w i l l  r ace  p a s t  t h e  o r b i t  of P l u t o  
by t h e  end of t h i s  decade.  A s  i n d i c a t e d  i n  T a b l e  11-1, 
b a r r i n g  random (5% chance p e r  yea r )  e l e c t r o n i c  f a i l u r e s ,  t h e y  
may even  s u r v i v e  u n t i l  s e v e r a l  y e a r s  a f t e r  t h e  t u r n  of t h e  
c e n t u r y .  But e v e n  a t  s p e e d s  of o v e r  35,000 mph, it w i l l  t a k e  
n e a r l y  20,000 y e a r s  f o r  t h e  Voyagers t o  reach t h e  comet s w a r m .  
By t h i s  t i m e ,  t h e y  w i l l  have t r a v e l e d  a d i s t a n c e  of one  l i g h t -  
y e a r ,  o r  n e a r l y  25% of t h e  d i s t a n c e  t o  Proxima C e n t a u r i ,  t h e  
n e a r e s t  s t a r .  

Af t e r  t h e  Voyagers have l e f t  t h e  remote realm 
of come t s ,  t h e y  w i l l  make t h e i r  way s l o w l y  t o  



o t h e r  s t a r  systems. Aff ixed t o  each robot  emissary  from Ear th  
is  a  g o l d - c o a t e d  coppe r  phonograph r e c o r d  d e s i g n e d  by C a r l  
Sagan and a  s m a l l  group of s c i e n t i s t s  and f r i ends .  The choice  
of a  r e c o r d  was m o t i v a t e d  by i t s  a b i l i t y  t o  h o l d  a  Large  
amount  of i n f o r m a t i o n ,  and by t h e  l a u n c h i n g  of t h e  Voyagers  
dur ing  t h e  one-hundredth anniversary  of t h e  invent ion  of t h e  
phonograph record by Thomas Edison. 

Each r e c o r d  c o n t a i n s  1 1 8  p h o t o g r a p h s  of o u r  p l a n e t ,  
o u r s e l v e s ,  and ou r  c i v i l i z a t i o n ;  a l m o s t  90 m i n u t e s  sf t h e  
world 's  g r e a t e s t  music; an  audio essay  of s p e c i a l  sounds; and 
g r e e t i n g s  i n  a lmos t  s i x t y  languages, An aluminum p r o t e c t i v e  
c o v e r  s h o u l d  e n s u r e  s u r v i v a l  of t h e  r e c o r d  f o r  one  hundred  
m i l l i o n  y e a r s  a g a i n s t  t h e  o c c a s i o n a l  i m p a c t s  f r o m  
i n t e r p l a n e t a r y  and i n t e r s t e l l a r  d u s t  g ra ins .  

Though a p p e a l i n g  t o  t h e  human i m a g i n a t i o n ,  t h e  
p o s s i b i l i t y  i s  e x t r e m e l y  low t h a t  an  e x t r a t e r r e s t r i a l  b e i n g  
w i l l  d i s c o v e r  one  of t h e  Voyagers ,  r endezvous  w i t h  i t ,  and 
p l a y  o u t  t h e  c o n t e n t s  of t h e  record.  But it is s t i l l  e x c i t i n g  
t o  c a l c u l a t e  t h e  Voyager f l i g h t  pa ths  i n t o  t h e  d i s t a n t  f u t u r e ,  
s ea rch ing  f o r  c l o s e  encounte rs  w i t h  o t h e r  s t a r  systems,  

A s  t h e  Voyager and P i o n e e r  s p a c e c r a f t  t r a v e l  o u t  s f  t h e  
s o l a r  s y s t e m ,  t h e y  w i l l  e v e n t u a l l y  a t t a i n  t h e i r  a s y m p t o t i c  
d e p a r t u r e  d i r e c t i o n s ,  a s  seen on t h e  sky of t h e  currelrlt epoch, 
F i g u r e  l l - 6 ( a )  i s  a  s t a r  map of t h e  c u r r e n t  epoch,  i n  E a r t h -  
e q u a t o r i a l  c o o r d i n a t e s ,  showing t h e  e c l i p t i c  p l a n e  and t h e  
c o n s t e l l a t i o n s  which f a l l  w i t h i n  p50O d e c l i n a t i o n ,  The t ime  
h i s t o r i e s  of t h e  coo rd ina t e s  of P ioneers  10 and 11, Voyager I, 
and  a  p o r t i o n  of  Voyager 2, a s  t h e y  advance  t o w a r d  t h e i r  
a sympto t i c  d i r e c t i o n s ,  a r e  a l s o  shown on t h e  f i g u r e ,  

Because  t h e  Voyager-2 f l y b y  of  Neptune w i l l  be  o v e r  t h e  
n o r t h  p o l e ,  t h e  d e p a r t u r e  t r a j e c t o r y  w i l l  be  d e f l e c t e d  
s u b s t a n t i a l l y  s o u t h  of t h e  e c l i p t i c  and E a r t h  e q u a t o r ,  i n t o  
t h e  sou th  p o l a r  a r e a  of t h e  c e l e s t i a l  sphere. F igu re  PI -6(b)  
is a  s t a r  map of t h i s  r e g i o n ,  a g a i n  i n  E a r t h - e q u a t o r i a l  
c o o r d i n a t e s  and f o r  t h e  c u r r e n t  epoch. The remaining g a r t i o n  
of t h e  coo rd ina t e  t ime  h i s t o r y  of Voyager 2,  a s  it approaches 
i t s  a sympto t i c  d i r e c t i o n ,  is depic ted  on t h i s  f i gu re .  
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P l o t t i n g  t h e  d e p a r t u r e  t r a j e c t o r i e s  a g a i n s t  t h e  
background s t a r s  on t h e  c e l e s t i a l  sphere  immediate ly  sugges t s  
t h a t ,  i n  t h e  f u t u r e  ( d i s t a n t  i n  human terms,  c l o s e  i n  geo log ic  
o r  a s t r o n o m i c a l  t e r m s ) ,  t h e  t r a j e c t o r i e s  of t h e s e  f o u r  
s p a c e c r a f t  may c a r r y  them p a s t  s e v e r a l  o t h e r  s t a r s .  Because 
of t h e  slow speeds  of t h e  s p a c e c r a f t  (compared t o  t h e  s t e l l a r  
d i s t a n c e  s c a l e )  and  t h e  r e s u l t i n g  l o n g  t i m e  i n t e r v a l s ,  and  
because of t h e  space v e l o c i t i e s  of s t a r s  dur ing  t h i s  i n t e r v a l ,  
i t  would n o t  be e x p e c t e d  t h a t  s t a r s  c u r r e n t l y  l o c a t e d  i n  t h e  
d i r e c t i o n  of t h e  outgoing asymptote would be t h e  most l i k e l y  
c a n d i d a t e s  f o r  s t e l l a r  f l y b y s .  I n  o r d e r  t o  d e t e r m i n e  i f  
s p e c i f i c  s t e l l a r  f l y b y s  occur f o r  t h e s e  four  s p a c e c r a f t ,  it is 
necessary  t o  propagate  both  t h e  s p a c e c r a f t  p o s i t i o n s  and t h e  
s t a r  p o s i t i o n s  i n  o r d e r  t o  s e a r c h  f o r  f u t u r e  l l c l o s e w  
encounters .  

I n  a b o u t  40,000 y e a r s ,  Voyager 1 w i l l  p a s s  w i t h i n  1.6 
l i g h t - y e a r s  of AC+79 3888, an ag ing  s t a r  i n  t h e  c o n s t e l l a t i o n  
of  Camelopardus ,  a t  t h e  boundary  n e a r  t h e  L i t t l e  Dipper .  
Though o n l y  o n e - t h i r d  t h e  s i z e  of ou r  s u n ,  it c o u l d  h a r b o r  
p l a n e t s .  A l so  i n  40,000 y e a r s ,  Voyager 2  w i l l  f l y  w i t h i n  1.5 
l i g h t - y e a r s  of Ross 248, a sma l l  s t a r  i n  t h e  c o n s t e l l a t i o n  of 
Andromeda. Radia t ion  b u r s t s  from Ross 248 sugges t  unfavorable  
c o n d i t i o n s  f o r  l i f e - b e a r i n g  p l ane t s .  

Voyager 2  i s  n o t  doomed t o  s a i l  t h e  c o s m i c  s e a s  i n  a n  
e t e r n a l  t r e k  of a b s o l u t e  s o l i t u d e .  For  i n  285,000 y e a r s ,  it 
w i l l  p a s s  w i t h i n  3.5 l i g h t - y e a r s  of S i r i u s ,  t h e  b r i g h t e s t  s t a r  
o t h e r  t h a n  t h e  Sun i n  E a r t h ' s  heavens .  The dog s t a r  and i t s  
w h i t e  dwarf  pup, i n  t h e  c o n s t e l l a t i o n  of C a n i s  Major ,  w i l l  
appear a s  a  b r i g h t  beacon t o  t h e  deceased robot  c r a f t .  

No d o u b t ,  i t  h a s  become e v i d e n t  t h a t  t h e  V o y a g e r  
s p a c e c r a f t  a r e  t r a v e l i n g  f a r  t o o  s l o w  f o r  even  a  modes t  
p e n e t r a t i o n  i n t o  i n t e r s t e l l a r  s p a c e  w i t h i n  our  l i f e t i m e s .  
Follow-on deep space  mi s s ions  i n  t h e  t w e n t y - f i r s t  cen tury  w i l l  
u s e  a new p r o p u l s i o n  t e c h n o l o g y  s u c h  a s  N u c l e a r  E l e c t r i c  
p r o p u l s i o n  (NEP). These  new s p a c e c r a f t  c o u l d  d e v e l o p  s o l a r  

s y s t e m  e x i t  v e l o c i t i e s  on t h e  o r d e r  of 8 t o  1 3  
~ ~ / y r  compared t o  Voyager 2 's  3.4 AU/yr. 



(a) STARS BETWEEN +_ 50" DECLINATION 

(b) SOUTH POLAR STARS 

F i g u r e  11-6 .  The d e p a r t u r e  d i r e c t i o n s  of t h e  e s c a p i n g  s p a c e c r a f t  a r e  shown a s  t i m e -  
v a r y i n g  t r a c e s  p l o t t e d  a g a i n s t  t h e  c u r r e n t  s t e l l a r  b a c k v o u n d  o f  s t a r s  
i n  E a r t h  e q u a t o r i a l  c o o r d i n a t e s .  I n  t h e  t e n s - o f - t h o u s a n d s  of y e a r s  
t h a t  t h e  s p a c e c r a f t  will t a k e  t o  a p p r o a c h  e v e n  t h e  c l o s e s t  s t a r ,  t h e  
s t e l l a r  background w i l l  have g r e a t l y  changed b e c a u s e  t h e  s t a r s  and  our  
own Sun a r e  i n  c e a s e l e s s  m o t i o n  t h r o u g h o u t  t h e  g a l a x y ,  



S t i l l  you say  t h a t ' s  t o o  slow. Are we t h e r e f o r e  c a p t i v e  
t o  a n  a g i n g  Sun t h a t  d r i f t s  a b o u t  t h e  Milky Way Galaxy  a t  a 
mean d i s t a n c e  of 1.7 t r i l l i o n  AU w i t h  a p e r i o d  of o n l y  2 4 5  
mill ioin y e a r s ?  Only t ime  w i l l  t e l l ,  bu t  we must p r e s s  forward 
and hope t h a t  a  t echno log ica l  breakthrough can be achieved. 



We m u s t  welcome t h e  f u t u r e ,  r e m e m b e r i n g  t h a t  s o o n  i t  
w i l l  b e  t h e  p a s t ;  and  we m u s t  r e s p e c t  t h e  p a s t ,  
r e m e m b e r i n g  t h a t  once  it was a l l  t h a t  was humanly  
p o s s i b l e .  

George S a n t a y m a  

The Voyager  s u c c e s s e s  a t  J u p i t e r  and S a t u r n  wou:ld n e v e r  
h a v e  h a p p e n e d  w i t h o u t  t h e  e x t r a - s p e c i a l  e f f o r t s  of many 
d e d i c a t e d  p e o p l e ,  and  t h e  same w i l l  b e  t r u e  f o r  V o y a g e r v s  
f u t u r e .  D u r i n g  t h e  U r a n u s  e n c o u n t e r ,  t h e r e  w i l l  b e  some 2 0 0  
p e o p l e  d i r e c t l y  s u p p o r t i n g  t h e  p r o j e c t ,  a s  w e l l  a s  many more 
around t h e  wor ld  ( s e e  Chapter  3 )  t h a t  h e l p  us communicate w i t h  
t h e  two Voyagers. 

The p u r p o s e  of t h i s  f i n a l  G u i d e  c h a p t e r  i s  t o  i d e n t i f y  
s e v e r a l  k e y  p e o p l e  a s s o c i a t e d  w i t h  t h e  v a r i o u s  p r o j e c t  
f u n c t i o n a l  a r e a s .  A f t e r  a l l ,  i f  you w e r e  p l a n n i n g  a t o u r  of 
E u r o p e ,  t h e r e  would  a l w a y s  b e  a  number of q u e s t i o n s  n o t  
c o v e r e d  i n  y o u r  t r i p  b r o c h u r e .  You would  n a t u r a l l y  c o n s u l t  
one of t h e  t r i p  l e a d e r s  f o r  answers  t o  your s p e c i a l  q u e s t i o n s ,  

An e f f o r t  h a s  b e e n  made i n  T a b l e  1 2 - 1  t o  i d e n t i f y  t h e  
mos t  b a s i c  f u n c t i o n a l  a r e a s  a n d  t h e  a p p r o p r i a t e  c o g n i z a n t  
p e r s o n n e l .  I t  i s  a l w a y s  d i f f i c u l t  t o  s e l e c t  a  few s p e c i f  i e  
i n d i v i d u a l s  when s o  many peop le  a r e  a s s o c i a t e d  w i t h  Voyager, 
b u t  a  l i n e  m u s t  i n e v i t a b l y  b e  d r a w n  somewhere .  When u s i n g  
T a b l e  12-1,  it i s  a s s u m e d  t h a t  a n y  c o g n i z a n t  p e r s o n  f o r  a  
g i v e n  f u n c t i o n a l  a r e a  can answer  q u e s t i o n s  f o r  t h o s e  s u b a r e a s  
c o n t a i n e d  t o  t h e  r i g h t  of  t h e  g i v e n  a r e a .  F o r  t h o s e  of you 
who wish t o  see t h e  p r e c i s e  and comple te  p r o j e c t  o r g a n i z a t i o n ,  
T a b l e  12-2 h a s  been provided.  

During t h e  a c t u a l  encoun te r ,  t h e  J P L  P u b l i c  I n f o r m a t i o n  
O f f i c e  w i l l  of c o u r s e  answer  q u e s t i o n s  from o u t s i d e  peop le ,  ox 
w i l l  r e f e r t h e s e q u e s t i o n s t o o n e  o r  more  of  t h e p e o p l e  l i s t e d  
i n  T a b l e  12-1. 



I t  i s  f i n a l l y  t i m e  t o  b r i n g  t h e  Guide t o  a  c l o s e ,  and 
t h a n k  t h e  many p e o p l e  who h e l p e d  i n  i t s  p r e p a r a t i o n  and 
r ev i ew.  We a r e  a l l  l o o k i n g  f o r w a r d  t o  an  e x c i t i n g  and 
rewarding encounter  w i th  t h e  t i l t e d  g i a n t  and h i s  kingdom of 
moons and r ings ,  
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T a b l e  12-2. Some 200  V o y a g e r  p e o p l e  w i l l  b e  t r y i n g  f o r  a  
Uranus g o l d  medal i n  J a n u a r y  of 1986. 

VOYAGER PROJECT ORGANIZATION 

( ) = ADDITIONAL DUN OR NOT PROJECT FUNDED 

W. McLAUGHLIN 

SPECIAL STAFF: 
A.  PIUMPUNYALERD 

ADMIN. ASSISTANT: L .  OSMOND 

S. YEWELL 
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The mind  of  man i s  c a p a b l e  of a n y t h i n g  - b e c a u s e  
e v e r y t h i n g  i s  i n  i t ,  a l l  t h e  p a s t  a s  w e l l  a s  a l l  t h e  
f u t u r e .  

Joseph Conrad 

The Voyager q u e s t  is a  team e f f o r t ,  and a l l  p l a y e r s  have 
c o n t r i b u t e d  i n  va r ious  ways t o  t h i s  Guide. Spec i a l  thanks  a r e  
e x t e n d e d  t o  t h e  f o l l o w i n g  p e o p l e  f o r  t h e i r  l a b o r s  i n  t h e  
p r e p a r a t i o n  of t h i s  document:  R. C. Dumas, R. V. Frampton,  J. 
W. G e r s c h u l t z ,  C. E. Kohlhase ,  W. J. Kosmann, R. A. N e i l s o n ,  
S. H. Plagemann,  and L. F. Whyman. 

Thanks a r e  a l s o  i n  o r d e r  f o r  t h e  e x c e p t i o n a l  r ev i ew of 
t h i s  Guide by D. M. W o l f f ,  and  f o r  t h e  u s e  of t h e  computer  
g r a p h i c s  s o f t w a r e  of J. F. Bl inn i n  producing t h e  Uranus f l y b y  
f lip-page movie. 





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

Freeman Dyson 
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