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SUMMARY 

Over t h e  p a s t  s e v e r a l  years a number o f  g e n e r a l  s t u d i e s  

have been performed t o  i n v e s t i g a t e  t h e  advantages  o f  g r a v i t y -  

a s s i s t e d  t r a j e c t o r i e s  i n  s o l a r  system e x p l o r a t i o n .  R e s u l t s  of  

t h e s e  s t u d i e s  con t inue  t o  i n d i c a t e  some s i g n i f i c a n t  improve- 

ments over  d i r e c t  t r a j e c t o r i e s .  Very f e w  s t u d i e s ,  however, 

have been concerned w i t h  t h e  p r a c t i c a l  a p p l i c a t i o n  of  g r a v i t y  

a s s i s t  t o  s p e c i f i c  mis s ions .  

Thus t h e  o b j e c t i v e s  of t h i s  su rvey  were t o  b r i e f l y  

ana lyze  g r a v i t y - a s s i s t e d  m u l t i p l e  miss ions  t o  a number o f  

s p e c i f i c  s o l a r  system t a r g e t s  and t o  recommend f o r  f u r t h e r  

a n a l y s i s  t h o s e  mis s ions  t h a t  have p r a c t i c a l  advantages  over  

d i r e c t  miss ions  t o  t h e  same t a r g e t s .  The scope of t h e  survey 

i n c l u d e d  Venus-ass i s ted  missions t o  Mercury, s e v e r a l  o u t e r -  

p l a n e t  g r a v i t y - a s s i s t e d  miss ions ,  o u t - o f - t h e - e c l i p t i c  mis s ions ,  

s o l a r  p robes ,  r econna i s sance  ( E a r t h  r e t u r n )  m i s s i o n s ,  g r a v i t y  

a s s i s t  t o  t h e  a s t e r o i d s  (as  a group and i n d i v i d u a l l y ) ,  and 

comet rendezvous mis s ions .  I n  a d d i t i o n ,  s a t e l l i t e  g r a v i t y  

a s s i s t  f o r  o r b i t a l  maneuvers was a s s e s s e d .  

S i x  recommended m u l t i p l e  mi s s ions  a r e  reviewed i n  t h e  

summary t a b l e .  The Earth-Venus-Mercury miss ion  has  a l r e a d y  
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r e c e i v e d  some a t t e n t i o n  (Cu t t ing  and Sturms 1964).  Recent 

t r a j e c t o r y  s t u d i e s  (Sturms 1966) i n d i c a t e ,  however, t h a t  on ly  

two good o p p o r t u n i t i e s  (1970 and 1973) f o r  such a miss ion  

e x i s t  between now and 1981. F u r t h e r  s t u d y  i s  recommended t o  

determine t h e  c o n s t r d i n t s  imposed by t h i s  miss ion  on a Venus 

f l y b y  i n  1970 o r  1973, e s p e c i a l l y  i f  Venus drop  sondes f o r  

a tmospher ic  exper iments  a re  planned.  

D e t a i l e d  g r a v i t y - a s s i s t  o u t e r - p l a n e t  miss ion  s t u d i e s  

are needed soon. Advanced p lanning  o f  p l a n e t a r y  e x p l o r a t i o n  

i n d i c a t e s  t h a t  t h e  f i r s t  e x t e n s i v e  use  of g r a v i t y - a s s i s t e d  

t r a j e c t o r i e s  w i l l  be made f o r  t h e s e  mis s ions .  Study o f  t h e  

Earth-Jupiter-Saturn-Uranus-Neptune Grand Tour" (F landro  1966) 

i s  recommended s i n c e  i t  t y p i f i e s  t h e s e  mis s ions .  

I t  

Moderate-energy, 90" o u t - o f - t h e - e c l i p t i c  mis s ions  w i t h  

a J u p i t e r  ass is t  w i l l  p rovide  i n t e r p l a n e t a r y  d a t a  a t  all s o l a r  

l a t i t u d e s .  A s tudy  of  t h e  p r a c t i c d l  v a l u e  o f  t h i s  miss ion  i s  

recommended as a secondary o b j e c t i v e  t o  e a r l y  J u p i t e r  f l y b y s .  

A d d i t i o n a l  o b j e c t i v e s  f o r  s imi l a r  follow-on miss ions  should  

a l s o  be e v a l u a t e d .  

S o l a r  probes down t o  0 . 1  AU u s i n g  s i n g l e  o r  m u l t i p l e  

Venus ass is ts  combine a number o f  u s e f u l  o b j e c t i v e s  i n t o  one 

mis s ion .  For f u r t h e r  r educ t ions  i n  p e r i h e l i a ,  J u p i t e r  a s s i s t s  

a re  recommended. Mission s t u d i e s  should  focus on s p a c e c r a f t  

des ign  problems due t o  l a r g e  environment v a r i a t i o n s  between 

5 AU and t h e  s o l a r  s u r f a c e .  

I l l  R E S E A R C H  I N S T I T U T E  
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F i n a l l y ,  as a p r e c u r s o r  miss ion  t o  o u t e r - p l a n e t  ex- 

p l o r a t i o n ,  a Mars -a s s i s t ed  a s t e r o i d  f ly - th rough  i s  recommended. 

A t t e n t i o n  t o  development time and t h e  p r a c t i c a l i t y  of such a 

t e s t  f l i g h t  a re  needed. 

I n  a d d i t i o n  t o  t h e  s p e c i f i c  areas of a n a l y s i s  sugges t ed  

f o r  each of t h e s e  mis s ions  g e n e r a l  problems conce rn ing  space-  

c r a f t  d e s i g n  c o n s t r a i n t s ,  encounter  p r o f i l e s ,  guidance and 

c o n t r o l  r equ i r emen t s ,  and launch window d e f i n i t i o n  should  be 

cons ide red .  Two m u l t i p l e  miss ions  are n o t  sugges t ed  f o r  

f u r t h e r  c o n s i d e r a t i o n  a t  t h i s  t i m e :  rendezvous miss ions  (low 

h y p e r b o l i c  approach v e l o c i t i e s ,  VHP) t o  i n d i v i d u a l  a s t e r o i d s  

o r  t o  t h e  comets i n  which Mars o r  J u p i t e r  g r a v i t y  a s s i s t  i s  

used .  I n s t e a d ,  f u r t h e r  a n a l y s i s  o f  non-minimum energy d i r e c t  

t r a j e c t o r i e s  w i t h  minimized VHPs i s  needed. Some b r i e f  con- 

s i d e r a t i o n s  o f  g r a v i t y  ass is t  f o r  rendezvous a re ,  however, 

p r e s e n t e d .  

I11 R E S E A R C H  I N S T I T U T E  
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Report N o .  M - 1 2  

A SURVEY OF MULTIPLE MISSIONS 
USING GRAVITY-ASSISTED TRAJECTORIES - 

1. INTRODUCTION 

The o b j e c t i v e  of t h i s  survey  w a s  t o  b r i e f l y  ana lyze  

m u l t i p l e  miss ions  t o  a number of solar  system t a rge t s  and t o  

s u g g e s t  f o r  f u r t h e r  c o n s i d e r a t i o n  t h e  g r a v i t y - a s s i s t  miss ions  

t h a t  would be more advantageous t h a n  d i r e c t  mi s s ions  t o  t h e  

same ta rge t .  

Grav i ty  a s s i s t  i s  a s i g n i f i c a n t  t r a j e c t o r y  p e r t u r b a t i o n  

between launch and t h e  f i n a l  t a r g e t  due t o  a c l o s e  approach 

( u s u a l l y  less t h a n  25 p l a n e t  r ad i i )  of a n  i n t e r m e d i a t e  p l a n e t .  

A p r e l i m i n a r y  a n a l y s i s  o f  two-dimensional g r a v i t y - a s s i s t e d  

t r a j e c t o r i e s  can  be found i n  ASC/IITRI Report  No. T-12 ,  "An 

Ana lys i s  of Grav i ty  A s s i s t e d  T r a j e c t o r i e s  i n  t h e  E c l i p t i c  Plane". 

Advantages of m u l t i p l e  mis s ions  i n c l u d e  s h o r t e r  t r i p  

t i m e s ,  lower energy  requi rements ,  lower approach v e l o c i t i e s ,  

and t h e  combining of s c i e n t i f i c a l l y  s i m i l a r  t a r g e t s  i n t o  one 

miss ion .  However, c e r t a i n  disadvantages a re  a l s o  encountered :  

s t r i n g e n t  guidance requi rements ,  r e s t r i c t e d  launch o p p o r t u n i t i e s ,  

I I T  R E S E A R C H  I N S T I T U T E  
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and t r a d e - o f f s  r a t h e r  t h a n  s imultaneous r e d u c t i o n s  i n  t r i p  

t i m e ,  energy ,  and approach v e l o c i t y .  Both advantages and d i s -  

advantages  of a m u l t i p l e  mission w e r e  cons ide red  b e f o r e  i t  w a s  

sugges t ed  f o r  f u r t h e r  s t u d y  as a u s e f u l  a l t e r n a t i v e  t o  a 

d i r e c t  miss ion .  A guidance a n a l y s i s ,  however, w a s  beyond t h e  

scope  of t h i s  su rvey .  

M u l t i p l e  miss ions  t o  t h e  fo l lowing  t a r g e t s  w e r e  

ana 1 yz ed  : 

(1) Mercury 
(2 )  Outer  p l a n e t s  (Sa turn  and beyond) 
( 3 )  Out-of - t h e - e c l i p t i c  r e g i o n s  
( 4 )  S o l a r  probes 
(5)  Reconnaissance ( E a r t h  r e t u r n )  
(6)  A s t e r o i d s  (as a group and i n d i v i d u a l l y )  
(7)  Comet rendezvous 
(8) P l a n e t a r y  sa te l l i t es .  

I n  t h i s  respect each t a r g e t  i s  d i s c u s s e d  i n  a s e p a r a t e  

s e c t i o n ,  and i n d i v i d u a l  results a re  c o l l e c t e d  i n  t h e  l a s t  

s e c t i o n  i n  which sugges t ions  fo r  f u r t h e r  mul t ip le -miss ion  

a n a l y s e s  are made. Note t h a t  g r a v i t y - a s s i s t e d  and d i r e c t  

t r a j e c t o r i e s  w e r e  r e s t r i c t e d  t o  b a l l i s t i c  f l i g h t ;  low- thrus t  

f l i g h t  and impulse augmentation d u r i n g  a s s i s t  were n o t  ana lyzed  

i n  t h i s  survey .  

2.  EARTH-VENUS-MERCURY MISS IONS 

The use  o f  g r a v i t y  a s s i s t  from Venus can g r e a t l y  i m -  

p rove  t h e  payload c a p a b i l i t y  of  miss ions  t o  Mercury. 

l l r  R E S E A R C H  I N S T I T U T E  
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F i g u r e  2 . 1 ,  a p l o t  of i d e a l  v e l o c i t y *  ve r sus  t r i p  t i m e  f o r  

d i r e c t  and Venus-assis ted t r a j e c t o r i e s ,  shows t h a t  an  a b s o l u t e  

minimum-energy miss ion  t o  Mercury ( i n t e r c e p t  i n  t h e  e c l i p t i c  

p l a n e  a t  0.47 AU from the  Sun) r e q u i r e s  a n  i d e a l  v e l o c i t y  o f  

45,200 f t / s e c  and 115 days f l i g h t  t i m e .  A Venus-ass i s t  

r educes  t h e  energy requirement  t o  43,500 f t / s e c  w i t h  t h e  same 

fllght t i m e .  r u L  an  Aiias-Centaur  launch vehic le  t h i s  reduc-  

t i o n  r e p r e s e n t s  an  i n c r e a s e  i n  payload from 450 t o  1050 l b .  

v--- 

The pr imary o b j e c t i v e s  of  an e a r l y  Mercury f l y b y  miss ion  

i n c l u d e  measurements of  i t s  s u r f a c e  t empera tu re ,  magnet ic  f i e l d ,  

and su r round ing  environment;  o p t i c a l  de t e rmina t ion  o f  i t s  geo- 

m e t r i c a l  f i g u r e ;  o b s e r v a t i o n  o f  i t s  predominant s u r f a c e  f e a t u r e s ;  

i n v e s t i g a t i o n  o f  i t s  tenuous atmosphere (by o c c u l t a t i o n ) ;  and 

r e f inemen t  o f  i t s  mass from pos t - f lyby  o r b i t  de t e rmina t ion .  If 

a Mercury f l y b y  were planned i n  con junc t ion  w i t h  a Venus f l y b y  

mis s ion  ( implying Venus g r a v i t y  a s s i s t ) ,  t h e s e  o b j e c t i v e s  would 

be compat ib le  w i t h  measurements of t h e  magnetic f i e l d s ,  s u r f a c e  

t empera tu re ,  and m a s s  o f  Venus. Although a r a d i o  o c c u l t a t i o n  

experiment  could  supp ly  informat ion  on b o t h  p l a n e t  a tmospheres ,  

a s e p a r a t e  drop  sonde experiment i n t o  t h e  VeniJri=rn stmesphere 

;: I d e a l  v e l o c i t y  i s  t h e  i d e a l  launch  v e h i c l e  v e l o c i t y  r e q u i r e d  
( i n  f t / s e c )  t o  ach ieve  a given h y p e r b o l i c  excess  v e l o c i t y  
(VHL) beyond E a r t h  escape from a 100 NM park ing  o r b i t ,  

4000 assumin$ f t  sec.  
all losses  from launch t o  escape  a r e  e q u i v a l e n t  t o  

The e q u a t i o n  f o r  i d e a l  v e l o c i t y  i s  
- '-' + 4000 f t / s e c  . '1V = (36 ,178)  + (VHL) 2 
- i 

I l T  R E S E A R C H  I N S T I T U T E  
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FIGURE 2.1. IDEAL VELOCITY COMPARISON: MERCURY (Oa47 AU) 
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cou ld  a l s o  be i n c o r p o r a t e d  i n t o  t h e  double  p l a n e t  f l yby  miss ion  

p r o f i l e .  

A l i s t  o f  30-day launch windows f o r  Earth-Venus-Mercury 

m i s s i a n s  between 1967 and 1973 and c e r t a i n  a s s o c i a t e d  t ra jec-  

t o r y  p r o p e r t i e s  are  g iven  i n  Table  2 .1 .  Each o p p o r t u n i t y  

c o i n c i d e s  w i t h  a d i r e c t  Venus oppor tun i ty .  Because t h e  rela- 

i 

t ive  planet positions change f r m  =r,e 1aur;ch wii ldow t o  t h e  

n e x t ,  some of t h e  t r a j e c t o r y  p r o p e r t i e s  shown undergo s i g n i f i -  

c a n t  v a r i a t i o n s .  The most appa ren t  changes appear  i n  t h e  m i s s  

distance;'; a t  Venus and i n  t h e  t r i p  t i m e .  Half t h e  o p p o r t u n i t i e s  

r e q u i r e  minimum m i s s  d i s t a n c e s  of 200 k m  o r  less.  The t r i p  

t i m e s  va ry  from 165 days t o  a lmost  300 days.  

The most f a v o r a b l e  launch o p p o r t u n i t y  l i s t e d  i n  t h e  

t a b l e  occurs  i n  August 1970. It has  (1) t h e  l a r g e s t  m i n i r n l l m  

m i s s  d i s t a n c e  requi rement ,  ( 2 )  a t r i p  t i m e  of 175 days,and 

(3)  a payload of 1650 l b  wi th  t h e  At las -Centaur .  F igu re  2 . 2  

i s  a p o l a r  p l o t  of a t r a j e c t o r y  from t h i s  o p p o r t u n i t y .  T h i s  

p a r t i c u l a r  t r a j e c t o r y  r e q u i r e s  an i d e a l  v e l o c i t y  o f  less  than  

42,000 f t / s e c ,  and t h e  t r i p  t i m e  i s  160 days.  The hvpe rbo l i c  

approach v e l o c i t y  (VHP) a t  Venus i s  7 .6  km/sec, on ly  about  

1 km/sec fas te r  t h a n  VHPs f o r  d i r e c t  Venus mis s ions .  Notice 

i n  F igu re  2.2 t h a t  Mercury is  n e a r  maximum wes te rn  e l o n g a t i o n  

d u r i n g  i n t e r c e p t .  T h i s  c o n f i g u r a t i o n  reduces  t h e  n o i s e  t e m -  

p e r a t u r e  c o n t r i b u t i o n  o f  t h e  Sun t o  s p a c e c r a f t  communications, 

~ ~~ 

;? Unless o the rwise  s t a t e d ,  miss d i s t a n c e  i s  measured from t h e  
o p t i c a l  s u r f a c e  ( t h i s  i nc ludes  atmosphere)  o f  t h e  p l a n e t .  
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Table 2 . 1  

SOME IMPORTANT PARAMETERS;? 
OF EARTH-VENVS -XERC‘U’RY LA’uXCH OPPORTUNITIES 

T -.. 
L ~ L I  rich “ i n  dow s 

Mission 
Parameters  

June  3- Jan .5-  Aun.2- Mar.24- Oct.21- 
J u l y  5 ,  Feb.2,  Aui.30, Apr.21, Nov.16, 

1967 1969 1970 1972 1973 
~ 

Maximum i d e a l  v e l o c i t y ,  43,000 43,420 42,110 42,870 42,940 
f t / s e c  

Atlas-Centaur  payload ,  1,260 1,090 1,650 1 ,300  1 ,280  
l b  

Minimum Venus m i s s  40 25 2,600 200 2,400 
d i s t a n c e ,  k m  

Maximum t r i p  t i m e ,  days 182 287 1 7  5 287 165 

Maximum Mercury approach 9.6 9.7 12.5 15.6 11.4 
v e l o c i t y  , km/  s ec 

;?Trajectory d a t a  by Minovitch (1963) .  It should  be noted  t h a t  
t h i s  d a t a  p e r t a i n s  t o  launch windows and does n o t ,  i n  g e n e r a l ,  
imply matched va lues  of any p a r t i c u l a r  t r a j e c t o r y .  

I l l  R E S E A R C H  I N S T I T U T E  
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TRAJECTORY DATA: 
LAUNCH DATE-AUGUST 1970 - - -  
I DEAL VELOCITY = 41,950 FEET/SEC 
TIME TO VENUS = 100 DAYS ._  - . -  
VENUS APPROACH VELOCiTY = 7. I KM/SEC 
VENUS CLOSEST APPROACH = 4000 KM 
TOTAL TRIP T IME = 160 DAYS 
MERCURY APPROACH VELOCITY = 9.2 KM/SEC 
MAXIMUM COMMUNICATION DISTANCE = 1.15 AU 
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/ 
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/ / 
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/- 
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FIGURE 2.2. EARTH/ VENUS/ MERCURY TRAJECTORY ILLUSTRATION 
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a c r i t i c a l  f a c t o r  t o  be  cons idered  i f  t h e  r a d i o  o c c u l t a t i o n  

exper iment  i s  d e s i r e d .  The t o t a l  guidance requi rements  f o r  

t h e  1979 o p p o r t u n i t y  have been shown t o  be modest (Cu t t ing  

and Sturms 1964). A 1650 l b  payload would r e q u i r e  on ly  about  

185 l b  f o r  p ropu l s ion  hardware and p r o p e l l a n t .  

A r e c e n t  i n v e s t i g a t i o n  of launch o p p o r t u n i t i e s  between 

197G and 1385 (Sturms 1966) r e v e a l e d  t h a t  on iy  t h e  1970 and 

1973 launch windows (Table  2 . 1 )  a re  a c c e p t a b l e  f o r  a M a r i n e r  

c l a s s  Earth-Venus-Mercury m i s s i o n .  Present  p l a n s  f o r  Venus 

f l y b y  miss ions  focus around launch d a t e s  from 1970 t o  1978. 

F u r t h e r  

m i s s  i o n  

3. 

s t u d y  should  be  given t o  u p r a t i n g  a 1970 o r  1973 Venus 

t o  i n c l u d e  a Mercury f l y b y .  

OUTER PLANET MISSIONS 

The o u t e r  p l a n e t s  Sa turn  Uranus Neptune and P l u t o  

o r b i t  t h e  Sun between 9 .5  AU (Sa tu rn )  and 30 AU ( P l u t o  du r ing  

t h e  n e x t  30 y e a r s ) .  Grav i ty  ass i s t  from J u p i t e r  ( o r  S a t u r n )  

c h a r a c t e r i s t i c a l l y  reduces t h e  f l i g h t  t i m e  and energy  r e q u i r e -  

ments of b a l l i s t i c  t r a j e c t o r i e s  t o  t h e s e  p l a n e t s .  Also,  

m u l t i p l e  p l a n e t  o b j e c t i v e s  of a g r a v i t y - a s s i s t  mi s s ion  provide  

a g r e a t e r  s c i e n t i f i c  pntential tn each s p a c e c r a f t  l z ~ n c h e d .  

T h i s  f a c t o r  i s  p a r t i c u l a r l y  impor tan t  f o r  o u t e r  p l a n e t  mi s s ions  

fcr  which f l i g h t  t i m e s  can be as long  a s  8 y e a r s  even w i t h  

g r a v i t y  ass i s t .  

Ir. c o n t r a s t  t o  t h e s e  advan tages ,  t h e r e  a re  however, 

several  r e s t r i c t i o n s  t o  t h e  u s e  of g r a v i t y - a s s i s t e d  t r a j e c t o r i e s  

f o r  o u t e r - p l a n e t  e x p l o r a t i o n .  For equa l  time t r a j e c t o r i e s ,  a 
I I T  R E S E A R C H  I N S l I T U T €  



g r a v i t y - a s s i s t  maneuver always i n c r e a s e s  t h e  h y p e r b o l i c  

approach veloci ty  a t  t h e  t a r g e t  p l a n e t .  Th i s  i s  n o t  a s e v e r e  

c o n s t r a i n t  for  f l y b y  mis s ions ,  bu t  fo r  s p a c e c r a f t  i n t ended  t o  

become o r b i t e r s ,  a n a l y s i s  shows t h a t  d i r e c t  t r a j e c t o r i e s  y i e l d  

a larger weight  i n  o r b i t  than do g r a v i t y - a s s i s t  t r a j e c t o r i e s  

of e q u a l  t r i p  t i m e .  Th i s  r e s u l t  v i r t u a l l y  e l i m i n a t e s  t h e  

c o n s i d e r a t i o n  o f  g r a v i t y  assist  f o r  o u t e r  p l ane t  o r b i t e r  

mi s s ions .  

Launch o p p o r t u n i t i e s  f o r  d i r e c t  t r a j e c t o r i e s  t o  t h e  

o u t e r  p l a n e t s  occur  approximately once a y e a r  due t o  t h e  

E a r t h ' s  o r b i t a l  motion. Inc lud ing  a g r a v i t y  ass i s t  maneuver l i m i t s  

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

y e a r s  due t o  an a d d i t i o n a l  o u t e r  p l a n e t  phas ing  requi rement .  

Subsequent o p p o r t u n i t i e s  do n o t  r eappea r  f o r  a t i m e  approxi -  

mate ly  equa l  t o  t h e  synodic  pe r iod  o f  t h e  ou te r two  p l a n e t s  

c o n s i d e r e d  i n  t h e  combination. A number of  o u t e r  p l a n e t  synodic  

p e r i o d s  a r e  l i s t e d  i n  Table  3.1.  S ince  t h e  s h o r t e s t  synodic  

p e r i o d  o f  a l l  combinations of o u t e r  p l a n e t s  i s  about  12 .5  y e a r s  

( J u p i t e r - P l u t o ) ,  advanced p lanning  of  launch schedu les  i s  

impor t an t  i f  g r a v i t y - a s s i s t  missions a r e  p a r t  o f  an o u t e r  

p l a n e t  e x p l o r a t i o n  program. 

I I T  R E S E A R C H  I N S T I T U T E  
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Table 3.1 

CONSIDERED AS MULTIPLE MISSION TARGETS 

Synodic Pe r iod ,  
P l a n e t  Combination yea r s  

J u p i t e r - S a t u r n  
Jupi te r -Uranus  
Jupi te r -Neptune  
J u p i t e r  -P lu to  
Saturn-Uranus 
Saturn-Neptune 
Uranus-Neptune 

19.86 
13.81 
12.78 
1 2 .  Lc6 
45.36 
35.87 

171.39 

Three s p e c i f i c  s p a c e c r a f t / l a u n c h  v e h i c l e  examples w e r e  

selected t o  ana lyze  g r a v i t y  a s s i s t  performance. S ince  d i r e c t  

t ra jec tor ies  perform s u p e r i o r  o r b i t e r  miss ions  t o  t h e  o u t e r  

p l a n e t s ,  on ly  s p a c e c r a f t  designed f o r  f l y b y  miss ions  a re  con- 

s i d e r e d .  . The s p a c e c r a f t  weight , launch v e h i c l e s  , and  miss ion  

d e s c r i p t i o n s  are summarized i n  Table  3 .2 .  The Sa tu rn  V-Centaur 

w a s  a lso cons ide red  as a p o t e n t i a l  l aunch  v e h i c l e ,  bu t  i t  w a s  

e l i m i n a t e d  af ter  a n a l y s i s  showed t h a t  more than  a 10 ,000- lb  

payload would be r e q u i r e d  f o r  i t s  e f f e c t i v e  u s e ;  i . e . ,  i t  

should  be used f o r  an  o r b i t e r  c l a s s  miss ion  i n s t e a d  of  a f l y b y  

c l a s s  miss ion .  
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Table 3.2 

SUGGESTED SPACECEUFT/LAUNCH VEHICLE 
EXAMPLES FOR PERFORMANCE ANALYSIS 
OF OUTER PLANET MULTIPLE MISSIONS 

Spacecraft/Launch Vehicle Mission Description 

500-lb/Atlas -Centaur-Kick A precursor mission with a very 
limited experiment/communication 
package for initial critical 
measurements. 

lOOO-lb/Saturn 1B-Centaur Mariner class mission w i t h  several 
planetary experiments excluding 
photography. 

2500- IblSaturn 1 B  (Zero A detailed flyby mission with a 
Stage)-Centaur variety o f  sophisticated experi- 

ments and limited photography. 

Factors of merit a r e  discussed f o r  each of the fo l low-  

ing multiple missions: 

(1) Earth-Jupiter-Saturn 

(2) Earth-Jupiter-Uranus and 
Earth- Sa turn-Uranus 

(3) Earth-Jupiter-Neptune and 
Earth-Saturn-Neptune 

The three factors of merit are (1) the compatibility of scien- 

tific objectives between the outer planets within each combina- 

tion, (2) payload and flight time improvements to the outermost 

planet with gravity assist, a n d  ( 3 )  the next series of launch 

opportunities of each  set of missions listed. 

I I T  R E S E A R C H  I N S T I T U T E  
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3.1 Earth-Jupiter-Saturn 

Scientific observations of Jupiter and Saturn suggest 

that these planets have many similar properties. The critical 

measurements suggested fo r  an early flyby mission to Jupiter 

(Witting, Cann, and Owen 1965) could also answer some of the 

fundamental scientific questions about Saturn (Dickerman 1966) .  

A compatible set of objectives f o r  th is  double-planet f l y b y  

would include (1) measurement of the strength and configuration 

of the planetary magnetic fields, (2) initial investigation of 

the atmospheres including temperature, composition, and per- 

haps photographic data, and ( 3 )  particle and field measurements 

of the surrounding environment. 

Figure 3 . 1  is a bar chart of the spacecraft weight 

capability of three launch vehicles for four fixed flight times 

to Saturn. Both direct and Jupiter-gravity-assisted trajec- 

tories are considered. The chart emphasizes potential payload im- 

provement with gravity assist at fixed flight times. At a 

three-year flight time, for example, a Jupiter gravity assist 

provides a 118% average improvement in spacecraft weight. 

The smallest improvement with this flight time is 70%, or 

330 l b ,  with the Atlas-Centaur-Kick launch vehicle. 

When specific spacecraft/launch vehicle combinations 

are given, flight time rather than spacecraft weight is the 

mission parameter that can be improved with gravity assist. 

The flight times of each spacecraft/launch vehicle example 

cited in Table 3.2 are compiled in Table 3.3 for both direct 

I I T  R E S E A R C H  I N S T I T U T E  
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and J u p i t e r - a s s i s t e d  t r a j e c t o r i e s  t o  S a t u r n .  

Table 3 . 3  

FLIGHT TIMES FOR SATURN MISSIONS 

F l i g h t  T i m e ,  yea r s  
Sa tur r ;  J u p i t e r  

S p a c e c r a f t  /Launch Vehic le  Direct Grav i ty  Assist 

500-lb/  A t l a s  -Centaur-Kick 3 . 1  

lOOO-lb/Saturn 1B-Centaur 3.5 

2500- lb /Sa turn  1 B  (Zero Stage)-  4.0 
Centaur  

2.5 

2.7 

2 . 8  

Direct S a t u r n  m i s s i o n s  t a k e  more t h a n  3 years .  A 

J u p i t e r  g r a v i t y  ass i s t  provides  an average  of 24% sav ings  i n  f l i g h t  

t i m e  f o r  t h e  combinat ions shown. 

The payload improvements w i t h  g r a v i t y  ass is t  are  

i m p o r t a n t  i n  t h e  development of s p a c e c r a f t  des ign .  A f t e r  a 

s p a c e c r a f t  has  been s e l e c t e d  (and t h i s  u s u a l l y  i m p l i e s  a mated 

launch  v e h i c l e ) ,  t h e  f l i g h t  t i m e  improvements become t h e  i m -  

p o r t a n t  parameter  of g r a v i t y - a s s i s t  i n t e r e s t .  F l i g h t  t i m e  

improvements will be emphasized ir, c h i s  d l ~ c i i s s i ~ i i  i i i  o r d e r  t o  

show changes i n  g r a v i t y - a s s i s t  performance from one o u t e r  

p l a n e t  t a r g e t  t o  t h e  n e x t  w i t h  g iven  s p a c e c r a f t / l a u n c h  v e h i c l e  

combina t ions .  

The nex t  p e r i o d  of y e a r l y  o p p o r t u n i t i e s  f o r  J u p i t e r -  

a s s i s t e d  t r a j e c t o r i e s  t o  S a t u r n  occur s  from 1976 t o  1979,  and 

1 1 1  R E S E A R C H  I N S T I T U T E  
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t h e  b e s t  o p p o r t u n i t y  du r ing  t h i s  p e r i o d  occurs  i n  1977. A f t e r  

1979,  t h e  nex t  p e r i o d  o f  g r a v i t y - a s s i s t  o p p o r t u n i t i e s  does 

n o t  begin u n t i l  1996. Oppor tun i t i e s  f o r  d i r e c t  t r a j e c t o r i e s  

are always a v a i l a b l e  once every  13 months. 

The commonality of o b j e c t i v e s  between J u p i t e r  and Sa tu rn  

f o r  e a r l y  f l y b y  miss ions  is  the  most a t t r a c t i v e  a s p e c t  of an 

E a r t h - J u p i t e r - S a t u r n  miss ion .  The iaprGvement I n  flight time 

t o  S a t u r n  w i t h  a J u p i t e r  a s s i s t  i s  a l so  u s e f u l .  The launch 

p e r i o d  from 1976 t o  1979 should permi t  s u f f i c i e n t  l e a d  t i m e  t o  

deve lop  a s p a c e c r a f t  f o r  t h i s  mi s s ion .  I n  summary, t h i s  i s  one 

o f  t h e  b e t t e r  o u t e r - p l a n e t  m u l t i p l e  miss ions  cons ide red .  

3 . 2  Ear th-Jupi te r -Uranus  and Earth-Saturn-Uranus 

S i m i l a r i t i e s  between J u p i t e r  and Sa tu rn  a r e  a l s o  s h a r e d  

by Uranus. For i n i t i a l  s p a c e c r a f t  i n v e s t i g a t i o n s  o f  Uranus' 

p h y s i c a l  p r o p e r t i e s ,  e i t h e r  J u p i t e r  o r  Sa tu rn  g r a v i t y  a s s i s t s  

would have compat ib le  s c i e n t i f i c  o b j e c t i v e s .  Measurements of  

a tmospher ic  tempera ture  and composi t ion,  magnetic f i e l d  s t r e n g t h  

and c o n f i g u r a t i o n ,  and t h e  nea r -p l ane t  i n t e r p l a n e t a r y  envi ron-  

ment would add t o  what i s  p r e s e n t l y  a t  b e s t  a q u a l i t a t i v e  base  

o f  i n fo rma t ion  about  t h e s e  p l a n e t s .  

F igu re  3 . 2  i s  a s p a c e c r a f t  weight  ba r  c h a r t  f o r  Uranus 

m i s s i o n s .  With a f i x e d  f l i g h t  t i m e  and any launch v e h i c l e  shown, 

t h e  u s e  of  a S a t u r n  a s s i s t  almost always doubles  t h e  d i r e c t - f l i g h t  

s p a c e c r a f t  weight .  Employing a J u p i t e r  a s s i s t  a t  l e a s t  t r i p l e s  t h e  

s p a c e c r a f t  weight  and can improve it by a s  much a s  a f a c t o r  of 

8 .  F l i g h t  t i m e s  t o  Uranus a r e  compared i n  Table 3.4  f o r  t h e  

I l l  R E S E A R C H  I N S l l l U T E  
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spacecraft/launch vehicle combinations specified in Table 3.2. 

A 500-lb spacecraft launched in direct flight by the Atlas- 

Centaur-Kick uses a near-Hohmann transfer to reach Uranus in 

13.7 years. The other two combinations cannot reach Uranus 

without a gravity assist. A Saturn assist improves the 13.7- 

year flight time by 6 . 7  years, or 49%. A Jupiter gravity 

assist would improve the Saturn-assisted flight time by an 

average of 36%. 

Table 3.4 

FLIGHT TIMES FOR URANUS MISSIONS 

Flight Time, years 
Spacecraft/ Uranus Saturn Jupiter 

Launch Vehicle Direct Gravity Assist Gravity Assist 

500-lb/ Atlas-Centaur- 13.7 
Kick 

lOOO-lb/Saturn 1 B -  I E i k  
Centaur 

2500-lb/Saturn 1B 1E;k 
(Zero Stage)-Centaur 

7.0 

8.0 

8.9 

4.8 

5.1 

5 . 3  

~ ~~~~ ~ 

*IE:  Insufficient energy to reach Uranus. 

The next period of opportunities for Saturn-assisted 

trajectories to Uranus occurs between 1979 and 1985. The phas- 

ing between Saturn and Uranus after 1985 prohibits any further 

gravity assist opportunities until 2025. The next period of 

opportunities for Jupiter-assisted trajectories to Uranus is 

I I T  R E S E A R C H  I N S T I T U T E  
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1978 t o  1980. Twelve y e a r s  l a t e r  (1992),  a s imilar  launch  

p e r i o d  r eappea r s .  

S e v e r a l  i n t e r e s t i n g  a l t e r n a t i v e s  t o  E a r t h - J u p i t e r - S a t u r n  

and Ear th-Jupi te r -Uranus  miss ions  are a v a i l a b l e .  F landro  

(1966) s u g g e s t s  a "Grand Tour" Earth-Jupiter-Saturn-Uranus- 

Neptune mis s ion  t o  t a k e  advantage o f  f a v o r a b l e  phas ing  between 

the c u t e r  planets d u r i n g  t h e  I a t c  197'0s. Replacement of s e p a r a t e  

E a r t h - J u p i t e r - S a t u r n  and Earth-Jupi ter-Uranus miss ions  w i t h  t h e  

"Grand Tour" i s  an  i n t e r e s t i n g  p o s s i b i l i t y .  A p e n a l t y  of  about  

1 a d d i t i o n a l  year  t o  r each  Uranus i s  necessa ry .  Launch oppor- 

t u n i t i e s  occur  i n  1977 and 1978. 

Another i n t e r e s t i n g  a l t e r n a t i v e  i s  a double  launch o f  

two s p a c e c r a f t  w i t h  one v e h i c l e  du r ing  t h e  1978 oppor tun i ty .  

Both s p a c e c r a f t  would t rave l  s imi la r  t r a j e c t o r i e s  t o  J u p i t e r .  

Small  d i f f e r e n c e s  i n  each t r a j e c t o r y  cou ld  be accomplished w i t h  

midcourse c o n t r o l  so t h a t  J u p i t e r  approach c o n d i t i o n s  would be 

d i f f e r e n t .  One s p a c e c r a f t  could then  be  p e r t u r b e d  t o  i n t e r c e p t  

S a t u r n ,  and t h e  o t h e r  would be d e f l e c t e d  t o  i n t e r c e p t  Uranus 

(wi thout  a f l i g h t  t i m e  p e n a l t y ) .  I f  e i t h e r  s p a c e c r a f t  f a i l e d  

e a r l y  i n  f l i g h t ,  t h e  o t h e r  could be used t o  pursue  t h e  most 

f a v o r a b l e  t a rge t .  

Ques t ions  a r i s e  from e i t h e r  a l t e r n a t i v e .  A r e  midcourse 

r equ i r emen t s  r easonab le?  What i s  t h e  p r o b a b i l i t y  o f  s u c c e s s ?  

Does t h i s  a l t e r n a t i v e  provide t h e  maximum s c i e n t i f i c  r e t u r n  

p e r  u n i t  c o s t ?  Examining t h e s e  and o t h e r  a l t e r n a t i v e s  a n d  
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answering t h e  q u e s t i o n s  t h a t  ar ise  r e q u i r e  a d e t a i l e d  s tudy  of 

o u t e r - p l a n e t  m u l t i p l e  miss ions .  

3 .3  Ear th-Jupi te r -Neptune  and Earth-Saturn-Neptune 

So l i t t l e  i s  known about  Neptune t h a t  i t  i s  d i f f i c u l t  

t o  p o s t u l a t e  any more t h a n  b a s i c  s c i e n t i f i c  q u e s t i o n s  f o r  

i n i t i a l  i n t e r c e p t  m i s s i o n s .  Atmospheric and magnetic f i e l d  

measurements seem rnost impor tant .  A s  w i t h  UraRUS, these ob- 

j e c t i v e s  appear  compat ib le  wi th  t h o s e  of J u p i t e r  and Sa tu rn .  

F igu re  3.3 i s  a s p a c e c r a f t  weight  b a r  c h a r t  f o r  

Neptune mis s ions .  Spacec ra f t  weight  improvement w i t h  g r a v i t y  

a s s i s t  i s  even b e t t e r  t han  ga ins  c i t e d  f o r  Uranus m u l t i p l e  

m i s s i o n s .  F l i g h t  t imes  f o r  t h e  sugges t ed  s p a c e c r a f t / l a u n c h  

v e h i c l e  combinat ions are compared i n  Table  3.5. None o f  t h e s e  

combinat ions can r each  Neptune on d i r e c t  b a l l i s t i c  t r a j e c t o r i e s  . 
Even w i t h  a J u p i t e r  g r a v i t y  a s s i s t ,  t h e  f l i g h t  t i m e  i s  more 

t h a n  7 years.  However, by i n c r e a s i n g  t h e  launch v e h i c l e  cap- 

a b i l i t y  w i t h i n  each combinat ion,  some f u r t h e r  r e d u c t i o n  can 

be made i n  f l i g h t  t i m e .  For  example, adding a kick s t a g e  t o  

t h e  S a t u r n  1 B  ( z e r o  s t age ) -Cen tau r ,  t h e  f l i g h t  t i m e  o f  a 

2500-lb s p a c e c r a f t  would be reduced t o  5.6 y e a r s  w i t h  a J u p i t e r  

g r a v i t y  a s s i s t .  
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Table 3.5 

FLIGHT TIMES FOR NEPTUNE MISSIONS 

Spacecraf t /Launch  Vehic le  

F l i g h t  Time, yea r s  
S a t u r n  J u p i t e r  

Neptune G r a v i t y  Grav i ty  
Direct A s s  i s  t A s s  i s  t 

500-lb/  A t l a s  -Centaur-Kick IE$: 10.7 7.2 

lOOO-lb/Saturn 1B-Centaur I E  * 12.0 7.7 

2500-lb/Saturn 1 B  (Zero S tage) -  I E  ;'c 13.4 8.0 
Centaur  

;kIE: I n s u f f i c i e n t  energy t o  r each  Neptune. 

The next  p e r i o d  of  yea r ly  o p p o r t u n i t i e s  f o r  J u p i t e r -  

a s s i s t e d  Neptune miss ions  i s  1979 t o  1981; a s i m i l a r  launch 

p e r i o d  r e a p p e a r s  i n  1992. T h e r e  a r e  a l so  f i v e  o p p o r t u n i t i e s  

f o r  S a t u r n - a s s i s t e d  t r a j e c t o r i e s  t o  Neptune between 1979 and 

1985. A f t e r  1985, t h e  nex t  launch p e r i o d  f o r  t h e s e  t ra jec-  

t o r i e s  does n o t  s t a r t  u n t i l  2015. 

3.4 E a r t h - J u p i t e r - P l u t o  

P l u t o  i s  p r e s e n t l y  regarded as a member o f  t h e  terres-  

t r i a l  p l a n e t  fami ly  o f  ou r  s o l a r  system. Very l i t t l e  i s  known 

abou t  t h i s  p l a n e t .  The most irnportclnt q u e s t i o n s  about  P l u t o  

t h a t  can  be answered by i n i t i a l  f l y b y  s p a c e c r a f t  are  concerned 

w i t h  a c c u r a t e  measurements of i t s  d i ame te r ,  mass, and r o t a t i o n  

( r a t e  and o r i e n t a t i o n )  and wi th  de t e rmina t ions  o f  whether i t  

has  a n  atmosphere.  

Combining t h e  J u p i t e r  and P l u t o  s c i e n t i f i c  o b j e c t i v e s  
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does n o t  appear  advantageous.  The primary mot iva t ion  for  a 

m u l t i p l e  miss ion  t o  t h e s e  p l a n e t s  i s  t h e  improvement i n  f l i g h t  

t i m e  ga ined  w i t h  a J u p i t e r  a s s i s t .  F landro  (1966) r e p o r t s  

f l i g h t  t i m e s  as low a s  7 years  w i t h  a J u p i t e r  ass i s t  and an 

i d e a l  v e l o c i t y  o f  57,600 f t / s e c  d u r i n g  a f a v o r a b l e  1977 launch 

window. Direct f l i g h t  t o  P lu to  w i t h  t h e  same energy t a k e s  42 

y e a r s .  Even a S a t u r n  V-Centaur w i t h  much h i g h e r  e n e r g y ,  cannot  

match t h e  7-year f l i g h t  t i m e  o f  g r a v i t y  a s s i s t .  

The 1977 launch oppor tun i ty  may be premature f o r  a P l u t o  

p r e c u r s o r  miss ion .  However, t h e  synodic  p e r i o d  o f  J u p i t e r / P l u t o  

i s  compara t ive ly  s h o r t ,  12.5 years ( s e e  Table  3 .1) ,  and a n o t h e r  

f a v o r a b l e  o p p o r t u n i t y  fo r  the  J u p i t e r - a s s i s t e d  P l u t o  mis s ion  

o c c u r s  i n  1989 o r  1990. The P l u t o  i n t e r c e p t  p o i n t  (1997) f o r  t h e  

1990 launch i s  a l s o  s l i g h t l y  c l o s e r  t o  t h e  Sun and t h e  e c l i p t i c  

p l a n e  t h a n  i t  i s  f o r  t h e  1977 launch.  There s t i l l  remains ,  how- 

e v e r ,  t h e  7-year t r i p  t i m e ,  and low- th rus t  p ropu l s ion  may be 

c o m p e t i t i v e  by 1990. 

All t h e  launch o p p o r t u n i t i e s  f o r  t h e  o u t e r - p l a n e t  m u l t i p l e  

m i s s i o n s  d i s c u s s e d  are summarized i n  Table  3 .6 .  Below t h e  t a b l e  a 

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

a s s i s t e d  o u t e r  p l a n e t  missions between 1975 and 2030. The f a c t  

t h a t  a l l  t h e  n e x t  o p p o r t u n i t i e s  occur  around 1980 i s  a co inc idence .  

A f t e r  1980, o p p o r t u n i t i e s  do n o t  occur t o g e t h e r  b u t  r eappea r  any- 

where from 1989 t o  2025. S ince  such a l a r g e  number o f  m u l t i p l e  

o u t e r  p l a n e t  o p p o r t u n i t i e s  occur a t  t h e  same t i m e  i n  t h e  l a t e  

1970s,  j u d i c i o u s  p lanning  w i l l  be r e q u i r e d  t o  s i n g l e  o u t  t hose  

mis s ions  most u s e f u l  t o  t h e  space program. 
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Table 3.6 

PERIODS OF YEARLY LAUNCH OPPORTUNITIES FOR 
SELECTED GRAVITY ASSISTED OUTER PLANET MISSIONS 

Mission 
Next Launch Start of 

Period Following Period 

Earth/Jupiter/Saturn 1976-1979 

Earth/Jupiter/Uranus 1978- 1980 

Earth/Saturn/Uranus 1979-1985 

Earth/Jupiter/Neptune 1979-1981 

Earth/Saturn/Neptune 1979-1985 

Earth / Jupiter /Pluto 1976-1978 

1996 

1992 

2025 

1992 

2015 

1989 

DISTRIBUTIONS OF GRAVITY ASSIST OUTER PLANET MWON OPPORTUNITY PERIODS" 
BETWEEN 1975 AND 2030 
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4 .  OUT-OF-THE-ECLIPTIC MISSIONS 

P l a n e t a r y  unmanned miss ions  have a l r e a d y  and w i l l  con- 

t i n u e  t o  supp ly  measurements o f  t h e  i n t e r p l a n e t a r y  environment 

i n  t h e  e c l i p t i c  p l ane .  The purpose of o u t - o f - e c l i p t i c  (OOE) 

m i s s i o n s  i s  t o  p rov ide  a three-d imens iona l  p i c t u r e  o f  i n t e r -  

p l a n e t a r y  space .  

I n  ii r e c e n t  study of i n t e r p l a n e K a r y  mis s ions ,  Roberts  

(1965) d i s c u s s e d  d i r e c t  OOE miss ions .  I d e a l  v e l o c i t y  r e q u i r e -  

ments i n c r e a s e  r a p i d l y  f o r  t r a j e c t o r i e s  of h igh  h e l i o c e n t r i c  

i n c l i n a t i o n ,  as shown by t h e  d i r e c t  cu rve  i n  F igure  4.1 .  I n  

o r d e r  t o  r e a c h  a d e s i r e d  s o l a r  l a t i t u d e  w i t h  t h e  a b s o l u t e  

minimum i d e a l  ve loc i ty ,  Roberts n o t e s  t h a t  t r a j e c t o r i e s  f o r  

such  mis s ions  are c o n s t r a i n e d  t o  narrow bands o f  space  less 

t h a n  1 AU from t h e  Sun. Even s o ,  OOE m i s s i o n s  t o  l a t i t u d e s  

above 45" are beyond t h e  c a p a b i l i t y  o f  a S a t u r n  V-Centaur-Kick 

l aunch  v e h i c l e .  The u s e  of a Venus, Mars, o r  J u p i t e r  g r a v i t y  

ass i s t  w a s  s t u d i e d  t o  reduce t h e  i d e a l  velocity requi rements  

f o r  h i g h e r  l a t i t u d e s  and t o  provide  OOE t r a j e c t o r i e s  t h a t  en- 

compass a l a r g e r  p o r t i o n  o f  t h e  so la r  s y s t e m .  

Maximum p o s t - a s s i s t  i n c l i n a t i o n s  ( l a t i t u d e s )  were 

c a l c u l a t e d  as a f u n c t i o n  o f  i d e a l  v e l o c i t y  u s i n g  c i r c u l a r  

e c l i p t i c  o r b i t s  f o r  Venus and  Mars. The r e s u l t s  a r e  compared 

w i t h  t h e  d i r e c t  f l i g h t  cu rve  i n  F i g u r e  h.1. This  a n a l y s i s  

p r e d i c t s  a maximutr! i n c l i n a t i o n  of  10.5' w i t h  a Venus g r a v i t y  

a s s i s t  a n d  8" w i t h  n Mars a s s i s t .  Minovitch ( 1 9 6 5 ) ,  however, 

o b t a i n e d  somewhat b e t t e r  resul ts  by u s i n g  t h r e e - d h e n s i o n a l  

I I T  R E S E A R C H  I N S l l l U T E  
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p l a n e t  o r b i t s .  H e  s ta tes ,  "Mars and Venus can  be used t o  ob- 

t a i n  i n c l i n a t i o n s  of  about  10 t o  15". The maximum d i s t a n c e s  

o u t  of t h e  e c l i p t i c  p l ane  a re  about  23 m i l l i o n  m i l e s  (0 .223 AU) ."  

I d e a l  v e l o c i t i e s  of  about  42,000 f t / sec  are r e q u i r e d .  

Although a 15" i n c l i n a t i o n  miss ion  w i l l  p rovide  i n i t i a l  

u s e f u l  i n fo rma t ion  about  l o w - l a t i t u d e  OOE r e g i o n s ,  h i g h e r  i n -  

c l i n a t i o n s  shou ld  be a t t a i n e d  before a cnmplete p i c t ~ ~ e  cf 

i n t e r p l a n e t a r y  environment can be expec ted .  Trajectories w i t h  

a 90" i n c l i n a t i o n  cou ld  provide d a t a  a t  a l l  s o l a r  l a t i t u d e s .  

Hunter (1964) p o i n t s  o u t ,  however, t h a t  a n  i d e a l  v e l o c i t y  of 

about  144,000 f t / s e c  would be r e q u i r e d  t o  p l a c e  a n  i n t e r p l a n e t a r y  

probe  i n  a 90" /1  AU d i r e c t  o r b i t .  

mass can  p e r t u r b  an i n t e r p l a n e t a r y  probe t o  e scape  a t  90" t o  

t h e  e c l i p t i c  p l ane  f o r  a n  i d e a l  v e l o c i t y  of  65,000 f t /sec.  

T h i s  energy  requi rement  could be m e t  by a S a t u r n  ( z e r o  s t a g e ) -  

Centaur-Kick launch v e h i c l e  and a 1100-lb payload .  

Y e t  J u p i t e r  w i t h  i t s  l a r g e  

F igu re  4.2 i s  a performance graph  of J u p i t e r - g r a v i t y -  

a s s i s t e d  90" i n c l i n e d  t r a j e c t o r i e s .  The d a t a  w e r e  p repared  

by P o r t e r ,  Luce, and Edgecombe (1965) i n  a s t u d y  of J u p i t e r -  

a s s i s t e d  OOE t r a j e c t o r i e s .  The d i s t a n c e  above t h e  e c l i p t i c  

a t  a p o i n t  d i r e c t l y  ove r  t h e  Sun i s  p l o t t e d  as a f u n c t i o n  of  

i d e a l  v e l o c i t y .  I n  a d d i t i o n  t o  t h e  9 0 " / s o l a r  s y s t e m  escape 

p o i n t  no ted  on t h e  c u r v e ,  t w o  o t h e r  p o i n t s  a r e  of  i n t e r e s t .  

The f i r s t  i s  a t  an i d e a l  v e l o c i t y  of about  54,400 f t / s e c .  
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P o r t e r  e t  a1  p o i n t  o u t  t h a t  90" o r b i t s  are n o t  p o s s i b l e  w i t h  

J u p i t e r  assist  below t h i s  energy; t h e y  e x p l a i n  t h a t  such  a 

maneuver r e q u i r e s  a hype rbo l i c  approach v e l o c i t y  i n  excess  of  

J u p i t e r ' s  h e l i o c e n t r i c  v e l o c i t y .  

i n  F i g u r e  4.2 occurs  a t  59,600 f t f sec .  

i s  capab le  of p e r t u r b i n g  a n  Earth- launched probe i n t o  a 9 0 " /  

5.2 AU c i r c u l a r  o r b i t .  This  t r a j e c t o r y  i s  d e p i c t e d  t h r e e -  

d imens iona l ly  i n  F i g u r e  4 . 3 .  

t o  arr ive d i r e c t l y  ove r  t h e  Sun i s  about  4 years. 

The second p o i n t  of i n t e r e s t  

A t  t h i s  energy ,  J u p i t e r  

Note t h a t  t h e  t r i p  t i m e  r e q u i r e d  

I n  a n o t h e r  s t u d y  Minovitch (1965) p r e s e n t e d  d e t a i l e d  

launch o p p o r t u n i t y  d a t a  fo r  J u p i t e r - a s s i s t e d  OOE miss ions .  

H i s  r e s u l t s  are summarized i n  Tab le  4.1.  These t r a j e c t o r i e s  

have been des igned  t o  m i n i m i z e  t r i p  t i m e  and i d e a l  v e l o c i t y .  

Launch o p p o r t u n i t i e s  occur  yea r ly .  A maximum d i s t a n c e  above 

t h e  e c l i p t i c  p l a n e  of more than 2 AU i s  a t t a i n e d .  I n  m o s t  

cases a d i s t a n c e  of  more than 1 AU over  t h e  Sun i s  a l s o  p o s s i b l e .  

During a f e w  of t h e  o p p o r t u n i t i e s  p e r i h e l i a  go as low a s  

0.02 AU, making a d d i t i o n a l  s o l a r  probe o b j e c t i v e s  p o s s i b l e .  

Other  o p p o r t u n i t i e s  have p e r i h e l i a  i n  t h e  neighborhood of 

1 AU, s u g g e s t i n g  a n  E a r t h  f lyby  as t h e  probe c r o s s e s  t h e  

e c l i p t i c  p lane .  

make i t  p o s s i b l e  t o  add p l a n e t a r y ,  so l a r  probe ,  o r  even s o l a r  

system escape  o b j e c t i v e s  t o  OOE i n t e r p l a n e t a r y  i n v e s t i g a t i o n s .  

I n  summary, J u p i t e r - a s s i s t e d  t r a j e c t o r i e s  
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TRAJECTORY DATA: 
LAUNCH OPPORTUNITIES -ONE/ YEAR FOR 1970-1980 
IDEAL VELOCITY = 59,600 EET/SEC 
JUPITER APPROACH VELOCITY = 18.5 KM/SEC 
JUPITER MISS DISTANCE = 125,000 KM 
FLIGHT TIME TO ECLIPTIC POLE = 4 YEARS 

FIGURE 4.3. EARTH -JUPITER - 90°/5. 2 AU ORBIT ILLUSTRATION 
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5. SOLAR PROBES 

A p r i n c i p a l  advantage o f  s o l a r  probe miss ions  i s  t h a t  

t h e y  p rov ide  l o c a l  measurements of  t h e  s o l a r  corona.  Smith,  

Dickerman, and Thornton (1965) s t a t e  t h a t  " the  energy s p e c t r a  

and f l u x  o f  s o l a r  p ro tons  and M-region p a r t i c l e  streams, and 

t h e  s t r e n g t h  and d i r e c t i o n  of a s s o c i a t e d  magnet ic  f i e l d s ,  can 

n n l y  h e  d i c s v e r e d  by in s i t n  rneacureaents ." Measurements 
w i t h i n  0 .1  AU o f  t h e  Sun could a l s o  l e a d  t o  a b e t t e r  under- 

s t a n d i n g  o f  t h e  behavior  o f  o b j e c t s  pas s ing  c l o s e  t o  t h e  Sun, 

e . g . ,  t h e  r e c e n t  comet Ikeya-Seki .  Temperature and r a d i a t i o n  

d a t a  would be of f u r t h e r  u s e  i n  t h e  des ign  o f  such advanced 

s o l a r  probes as a synchronous solar o r b i t e r ,  which would have 

t o  f u n c t i o n  e x t e n s i v e l y  a t  0.17 AU.  

The i d e a l  v e l o c i t y  requirement  f o r  a d i r e c t  Hohna-i:i 

t r a n s f e r  t o  0 . 1  AU i s  abou t  70,000 f t / s e c .  The high-energy 

S a t u r n  1 B  ( z e r o  stage)-Centaur-Kick launch v e h i c l e  has an  

i d e a l  v e l o c i t y  c a p a b i l i t y  o f  about  72 ,000  f t / s e c  w i t h  a 500-lb 

s p a c e c r a f t .  The energy r e q u i r e d  t o  k i l l  t h e  E a r t h ' s  o r b i t a l  

speed and drop  t o  a s o l a r  i m p a c t  i s  more than  100,000 f t / s e c .  

S i g n i f i c a n t  r e d u c t i o n s  i n  i d e a l  v e l o c i t y  f o r  c l o s e  so l a r -p robe  

mis s ions  c a n  be ach ieved  w i t h  a J u p i t e r  g r a v i t y  ass i s t .  

F i g u r e  5.1 i s  a performance graph o f  J u p i t e r - a s s i s t e d  s o l a r  

probe t r a j e c t o r i e s .  T o t a l  t r i p  t i m e  i s  p l o t t e d  a g a i n s t  i d e a l  

v e l o c i t y  f o r  cu rves  o f  c o n s t a n t  J u p i t e r  m i s s  d i s t a n c e  (measured 

h e r e  from t h e  c e n t e r  o f  t h e  p l a n e t )  and f i n a l  p e r i h e l i o n .  It 

i s  observed  t h a t  p e r i h e l i a  ranging from 0.3 AU t o  s o l a r  impact 
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FIGURE 5.1. JUPITER-ASSISTED SOLAR PROBE PERFORMANCE 
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are avai lable  f o r  no more than  54,000 f t / s e c  and a 3.2-year 

f l i g h t  t i m e .  Admit tedly,  th ree-year  t r i p  t i m e s  a f f ec t  space-  

c r a f t  r e l i a b i l i t y .  Some reduc t ion  i n  f l i g h t  t i m e  i s  p o s s i b l e  

a t  t h e  expense of added energy. For  example, as shown i n  

F i g u r e  5.1, solar  impact  i s  p o s s i b l e  i n  less than  2.3 y e a r s  

f o r  an  i d e a l  v e l o c i t y  of 57,500 f t / s e c .  

The p o s s i b i l i t y  of a Venus g r a v i t y  assist  has also been 

Although performance cannot  be expec ted  t o  equa l  i n v e s t i g a t e d .  

a J u p i t e r  p e r t u r b a t i o n ,  t h e  problems o f  long  f l i g h t  t i m e  and 

a s t e r o i d  haza rds  are avoided. R e s u l t s  o f  o u r  s t u d i e s  i n d i c a t e  

t h a t  Venus-ass i s ted  t ra jector ies  t o  about  0 .3  AU pose on ly  

moderate  launch  v e h i c l e  requi rements  (Niehoff  1965) .  For 

example, a 1000-lb probe/  Atlas -Centaur combinat ion w i t h  a 

Venus ass is t  would r e a c h  0 .3  AU i n  about  120  days.  

Casal and Ross (1965) have sugges ted  an  i n t e r e s t i n g  

double  Venus a s s i s t  t o  reduce t h e  p e r i h e l i o n  t o  less than  

0.2 AU f o r  about  46,100 f t / s e c  i n s t e a d  o f  52,800 f t / sec  w i t h  

a s i n g l e  ass i s t ;  t h a t  i s ,  two f l y b y s  o f  Venus are executed  

about  450 days a p a r t  t o  reach  a c l o s e s t  s o l a r  approach o f  

0.196 AU. The t o t a l  t r i p  t i m e  t o  t h i s  p e r i h e l i o n  i s  less than  

2 y e a r s .  It i s  i n t e r e s t i n g  t o  n o t e  t h a t  t h e  probe spends 

about  15 days w i t h i n  0.3 AU on t h e  second s o l a r  p a s s .  During 

t h i s  t i m e  t h e  r e l a t ive  motion of t h e  Sun ' s  s u r f a c e  t o  t h e  

probe  i s  on ly  3" /day  p o s i t i v e .  Th i s  a l lows  t h e  probe t o  view 

about  45" o f  t h e  s o l a r  s u r f a c e  from less than  0.3 A U ,  i n  add i -  

t i o n  t o  c o l l e c t i n g  i n  s i t u  d a t a  down t o  about  0.2 AU. The  
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guidance  requi rements  of a double Venus ass is t  have no t  been 

ana lyzed  b u t  cou ld  be a drawback t o  t h i s  miss ion .  

hand, a double Venus f l y b y ,  corona measurements t o  0 .2  AU, 

solar s u r f a c e  astronomy f r o m  less t h a n  0 . 3  AU, and a 6,500 f t / s ec  

s a v i n g  i n  idea l  v e l o c i t y  may be t h e  i n g r e d i e n t s  t h a t  make a 

solar  probe m u l t i p l e  miss ion  h i g h l y  worthwhile .  

On t h e  o t h e r  

F i g u r e  5.2 i s  an  energy v e r s u s  f i n a l  p e r i h e l i o n  com- 

p a r i s o n  between d i r e c t ,  s i n g l e  Venus -as s i s t ed  and c o n s t a n t  

t r i p  t i m e  J u p i t e r - a s s i s t e d  s o l a r  probe t r a j e c t o r i e s .  Note t h a t  

Venus -as s i s t ed  t r a j e c t o r i e s  cont inue  t o  have smaller p e r i h e l i a  

t h a n  d i r e c t  t r a j e c t o r i e s  above t h e  energy l e v e l s  c i t e d .  Venus- 

a s s i s t e d  t r a j e c t o r i e s  are sugges ted  f o r  i n i t i a l  s o l a r  probes 

t o  p e r i h e l i a  as l o w  a s  0.2 AU. 

If chemica l  propuls ion  i s  used ,  i t  remains appa ren t  

t h a t  r e g i o n s  from 0 .1  AU t o  t h e  s o l a r  s u r f a c e  can on ly  be 

r eached  w i t h  a J u p i t e r  a s s i s t .  Launch o p p o r t u n i t i e s  f o r  

J u p i t e r / s o l a r  probes are f r e q u e n t ;  t h e y  occur  about  once a 

y e a r .  A d e t a i l e d  s t u d y  of  such o p p o r t u n i t i e s  between 1967 and 

1978 has  been p r e s e n t e d  by Minovitch (1965).  W i t t i n g ,  Cann, 

and Owen (1965) p o i n t  o u t  t h a t  J u p i t e r - a s s i s t e d  s o l a r  probe 

t r a j e c t o r i e s  are i d e a l  for c r i t i c a l  measurements on e a r l y  

J u p i t e r  mi s s ions .  Coupled wi th  J o v i a n  o b j e c t i v e s ,  t h e  J u p i t e r -  

a s s i s t e d  s o l a r  probe i s  a n  a t t r a c t i v e  m u l t i p l e  miss ion  and 

dese rves  f u r t h e r  a t t e n t i o n .  
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6 .  RECONNAISSANCE MISSIONS 

Reconnaissance m i s s i o n s  are d e f i n e d  as f l y b y  miss ions  

o f  one o r  more p l a n e t s  followed by a r e t u r n  t o  E a r t h .  These 

m u l t i p l e  miss ions  a r e  a p p l i c a b l e  t o  bo th  manned and unmanned 

e x c u r s i o n s .  For manned reconnaissance  mis s ions ,  E a r t h  ren-  

dezvous and recovery  are of course  impl ied .  F o r  unmanned 

m i s s i o n s ,  an  E a r t h  r e t u r n  f l i g h t  could  be impor t an t  for m e  n f  

t w o  r easons :  i t  might be more economical t o  r e l a y  l a r g e  amounts 

of  c o l l e c t e d  d a t a  du r ing  a near -Ear th  p a s s  r a t h e r  t han  from a 

g r e a t  d i s t a n c e ,  o r  t h e  recovery o f  t h e  s p a c e c r a f t  i t s e l f  may 

be a miss ion  o b j e c t i v e .  

Minovitch (1963)  has s t u d i e d  i n  some d e t a i l  a number of  

r e c o n n a i s s a n c e  miss ions  invo lv ing  t h e  t e r res t r ia l  p l a n e t s  Venus,  

E a r t h ,  and Mars. Table  6 .1  summarizes some launch o p p o r t u n i t y  

and t r a j e c t o r y  r e s u l t s  of h i s  a n a l y s i s .  The Earth-Venus-Earth 

mis s ions  have t o t a l  f l i g h t  times o f  about  1 y e a r .  Earth-Mars- 

Earth f l i g h t s  (wi thout  added impulse a t  Mars) are  u n a t t r a c t i v e  

because of t h e i r  long t r i p  times of about  3 y e a r s .  The Ea r th -  

Venus-Mars-Earth miss ions  seem p r a c t i c a l  s i n c e  two p l a n e t  f l y b y s  

are  p o s s i b l e  w i t h  t r i p  t i m e s  of less t h a n  2 years .  A l l  miss ions  

can be execu ted  w i t h  i d e a l  v e l o c i t i e s  of less than  43,500 f t / s e c .  

These energy  requi rements  permit  unmanned Mariner  class miss ions  

w i t h  an A t l a s - C e n t a u r  launch v e h i c l e .  

One o t h e r  reconnaissance  f l i g h t  w a s  cons ide red :  t h e  

E a r t h - J u p i t e r - E a r t h  miss ion  f o r  e x p l o r a t i o n  of J u p i t e r  and t, .e 

a s t e r o i d  b e l t .  F igu re  6 . 1  i s  a p o l a r  p l o t  of t h e  round t r i p  
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TRAJECTORY DATA: 

1 
I 

OPPORTUN IT I E S - ONE /YEAR FOR 1970 -1980 
IDEAL VELOCITY = 53,800 FEET/SEC 
JUPITER MISS DISTANCE = 15,900 KM 
VHP AT EARTH = IO.SKM/SEC 
TOTAL TRIP TI ME = 2.8 YEARS 

--n- ASTEROID 

BELT 

e- u 
h J 

\ 
JUPITEF?~ 

AT LAUNCH ', 
\ 

DAYS 

FIGURE 6.1. EARTH- JUPITER-EARTH TRAJECTORY ILLUSTRATiON 
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t r a j e c t o r y .  The close-approach f l y b y  t r a j e c t o r y  a t  J u p i t e r  i s  

a lso shown i n  F igu re  6 .2 .  The i d e a l  v e l o c i t y  requi rement  i s  

less than  54,000 f t / s e c ,  which p e r m i t t e d  payloads i n  excess  of 

I500 1b w i t h  a S a t u r n  1B-Centaur. Communication d i s t a n c e  t o  

E a r t h  d u r i n g  J u p i t e r  encounter  i s  minimized. I n  o r d e r  t o  achieve 

a n  E a r t h - i n t e r c e p t  r e t u r n  t r a j e c t o r y ,  a ve ry  close pass  i s  

r e q u i r e d  a t  J u p i t e r ,  i . e . ,  15,900 km, o r  about  0 .22  J u p i t e r  

r a d i i  from t h e  o p t i c a l  s u r f a c e .  The n e a r  m i s s  promises b e t t e r  

r e s u l t s  f o r  a l l  t h e  experiments  sugges t ed  by W i t t i n g ,  Cann, 

and Owen (1965) and,  i n  a d d i t i o n ,  pe rmi t s  a s e a r c h  f o r  t h e  

p o s t u l a t e d  p ro ton  r a d i a t i o n  b e l t  , which might e x i s t  w i t h i n  two 

J u p i t e r  r a d i i  from the p l a n e t  c e n t e r .  The r e t u r n  t r a j e c t o r y  t o  

E a r t h  i s  a m i r r o r  image of the outbound f l i g h t .  Hyperbol ic  

c a p t u r e  v e l o c i t y  a t  E a r t h  i s  about  10.5 km/sec. T h i s  miss ion  

would be an  e f f e c t i v e  combination of a d e t a i l e d  J u p i t e r  f l y b y  

and a n  a s t e r o i d  f ly - th rough  Ear th - r e tu rn  miss ion  (Greenspan 1966) .  

It i s  worthwhile t o  b r i e f l y  d i s c u s s  t h e  E a r t h  r ecove ry  

problem. The h y p e r b o l i c  E a r t h  c a p t u r e  v e l o c i t i e s  (VHP) c i t e d  

i n  t h i s  s e c t i o n  have f o r  the m o s t  p a r t  n o t  exceeded 10 km/sec. 

A VHP o f  10 km/sec would y i e l d  an  atmospheric  e n t r y  v e l o c i t y  of 

abou t  50,000 f t / s ec .  Hunter  (1965) po in t ed  o u t  t h a t  k i l l i n g  

t h i s  r e e n t r y  v e l o c i t y  would r e q u i r e  a n  energy d i s s i p a t i o n  p e r  

u n i t  mass o f  approximately twice t h a t  planned f o r  t h e  p r e s e n t  

Apollo s p a c e c r a f t .  T h i s  e n t r y  i s ,  however, s t i l l  w i t h i n  t h e  

u s e f u l  range  o f  a tmospheric  braking.  

and Wick (1964) concludes  t h a t  aerodynamic b rak ing  i s  f avored  

Another s t u d y  by Yoshikawa 

I I T  R E S E A R C H  I N S T I T U T E  

39 



EARTH AND 

g- OCCULTATI 0 N 
ZONE 

TRAJECTORY DATA : 

CLOSEST APPROACH = 15,900 KM OR 0.22RJ 
OCCULTATION TIME = 45 MINUTES 
PER1 JOVE VELOCITY = 59.4 KM/SEC. 
DISTANCE TO EARTH = 4.2 AU 

NOTE: RJ -JUPITER RADIUS 

FIGURE 6.2, JUPITER FLY-BY ILLUSTRATION (RECONNAISSANCE MISSION) 1 
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o v e r  combined a tmospher ic  and r o c k e t  b rak ing  f o r  c o n i c a l  bod ie s  

f o r  e n t r y  veloci t ies  up t o  60,000 f t / s e c .  

7 .  ASTEROID MISSIONS 

A sample d i s t r i b u t i o n  of 1500 numbered a s t e r o i d s  i n  

r a d i u s  and l a t i t u d e  on March 20, 1973 is  shown i n  F i g u r e  7 . 1  

(Ea r in  1965).  The a s t e r o i d  b e l t  ex t ends  from about  1.7 t o  4.0 

AU i n  r a d i u s  and + - 16" o u t  of t h e  e c l i p t i c  p l a n e  i n  l a t i t u d e .  

Three  t y p e s  of mis s ions  have e i t h e r  pr imary or  secondary aster- 

o i d  o b j e c t i v e s :  (1) A s t e r o i d  f l y - t h r o u g h s  t o  o u t e r  p l a n e t s  and 

t h e  o u t e r  s o l a r  system (beyond 4 AU), ( 2 )  d e t a i l e d  a s t e r o i d  

b e l t  f l y - th roughs  t h a t  can c o l l e c t  a s t e r o i d  p a r t i c l e s  and r e t u r n  

t o  E a r t h ,  and (3 )  i n t e r c e p t / r e n d e z v o u s  mis s ions  t o  t h e  l a r g e r  

i n d i v i d u a l  a s t e r o i d s .  The purpose o f  t h i s  s e c t i o n  i s  t o  d e t e r -  

I 

mine whether  e i t h e r  Mars- o r  J u p i t e r - g r a v i t y - a s s i s t e d  t r a j e c -  

tories would p rov ide  u s e f u l  b e n e f i t s  t o  t h e s e  types  o f  mis s ions .  

The f i rs t  s p a c e c r a f t  to  p e n e t r a t e  t h e  a s t e r o i d  b e l t  

w i l l  p robably  be  a p r e c u r s o r  t o  o u t e r - p l a n e t  miss ions .  

p r imary  o b j e c t i v e s  i n c l u d e  t e s t i n g  t h e  s p a c e c r a f t  des ign  f o r  

deep space  o p e r a t i o n  and de termining  t h e  s p a c e c r a f t  hazards  

imposed by t h e  a s t e r o i d  b e l t .  

t o  i n c r e a s e  t h e  s p a c e c r a f t  aphe l ion  a s  f a r  i n t o  t h e  a s t e r o i d  

b e l t  a s  p o s s i b l e .  With a g iven  i d e a l  v e l o c i t y  c a p a b i l i t y ,  t h i s  

can  be accomplished w i t h  a Mars g r a v i t y  assist .  

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

M a r s - a s s i s t e d  t r a j e c t o r i e s .  

combinat ion w i t h  a n  i d e a l  v e l o c i t y  c a p a b i l i t y  o f  44,800 f t / s e c ,  

t h e  a s t e r o i d  b e l t  p e n e t r a t i o n  ( a p h e l i o n )  i s  i n c r e a s e d  from 

The 

It would t h e r e f o r e  be d e s i r a b l e  

F igu re  7 .2  i s  

By u s i n g  a 500-lb/Atlas-Centaur  
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2.5 to 3.2 AU w i t h  a maximum Mars ass is t ,  i . e . ,  a g r a z i n g  Mars 

approach.  Fo r  later a s t e r o i d  f l y - t h r o u g h  mis s ions  w i t h  o u t e r -  

p l a n e t  i n t e r c e p t s ,  Mars assists are n o t  sugges t ed .  

for  a c c e p t a b l e  E a r t h ,  Mars, and o u t e r - p l a n e t  phas ing  are  rare; 

VHPs a t  Mars are doubled and added guidance requi rements  are 

p robab ly  n o t  j u s t i f i e d  by the s m a l l  r e d u c t i o n  i n  f l i g h t  t i m e  

(Niehoff  1365). 

O p p o r t u n i t i e s  

D e t a i l e d  a s t e r o i d  b e l t  f l y - th rough  m i s s i o n s  w i l l  prob- 

a b l y  fol low t h e s e  e a r l y  probes.  Determinat ion of s t r u c t u r e ,  

composi t ion ,  and d i s t r i b u t i o n  o f  a s t e r o i d a l  p a r t i c l e s  and an 

i n v e s t i g a t i o n  of i n t e r a c t i o n  processes would be among t h e  ob- 

j ec t ives  of s c i e n t i f i c  i n v e s t i g a t i o n s .  

ments f o r  such mis s ions  are  d i scussed  i n  d e t a i l  by Greenspan 

(1966).  H e  s u g g e s t s  a d e t a i l e d  a s t e r o i d  f l y - t h r o u g h  miss ion  

t o  3 . 2  AU w i t h  a n  E a r t h  recovery o f  c o l l e c t e d  p a r t i c l e  samples 

t h r e e  y e a r s  a f te r  launch.  A J u p i t e r - a s s i s t e d  m i s s i o n  s i m i l a r  

t o  t h e  E a r t h - J u p i t e r - E a r t h  reconnaissance  mis s ion  d i s c u s s e d  i n  

S e c t i o n  6 would a l so  encompass t h e  d e t a i l e d  f ly - th rough  objec-  

t ives  ( i n c l u d i n g  sample r e t u r n )  as w e l l  as a d e t a i l e d  f l y b y  

o f  J u p i t e r .  A t r i p  t i m e  of 2.8 y e a r s  i s  s l i g h t l y  s h o r t e r  than  

t h e  3.2-AU miss ion ,  b u t  t h e  energy and t h e  communication d i s t a n c e  

are h i g h e r .  Y e t  t h e  p o t e n t i a l  of t h e  m u l t i p l e  miss ion  does 

s u g g e s t  f u r t h e r  s t u d y  of t h i s  miss ion ,  i f  e i t h e r  t h e  d e t a i l e d  

a s t e r o i d  f l y - t h r o u g h  or  the  c lose  J u p i t e r  f l y b y  miss ion  i s  of 

p l ann ing  i n t e r e s t .  

Technologica l  r e q u i r e -  
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Rendezvous m i s s i o n s  t o  t h e  l a r g e r  a s t e r o i d s  would be 

one o f  t h e  more impor tan t  s i n g l e  c o n t r i b u t o r s  t o  an unders tanding  

o f  t h e  o r i g i n  o f  t h e  a s t e r o i d  b e l t  and i t s  b e a r i n g  on t h e  

e v o l u t i o n  o f  t h e  s o l a r  system. A s tudy  o f  d i r e c t  a s t e r o i d  f l y -  

by mis s ions  has  a l r e a d y  been completed (As t ro  Sc iences  1964).  

One d i s t u r b i n g  r e s u l t  w a s  t h a t  minimum energy  t r a j e c t o r i e s  t o  

i n d i v i d u a l  a s t e r o i d s  have hype rbo l i c  approach v e l o c i t i e s  (VHP) 

t h a t  p rec lude  a rendezvous maneuver a t  i n t e r c e p t .  VHPs f o r  

E ros ,  Vesta, Ceres, and Juno average  about  7 km/sec f o r  launch 

o p p o r t u n i t i e s  between 1970 and 1985. Missions t o  P a l l a s  have 

a v e r a g e  VHPs o f  about  13 km/sec, and Icarus  VHPs average  a 

h i g h  30 km/sec. 

I n  o r d e r  t o  e f f e c t  a s t e r o i d  rendezvous miss ions  w i t h  

chemica l  p r o p u l s i o n  and r easonab le  mass f r a c t i o n s ,  t h e s e  VHPs 

shou ld  be below 5 km/sec. VHPs can  be reduced i f  p lane  changes 

t h a t  can be made a l i g n  t h e  s p a c e c r a f t  t r a j e c t o r y  p lane  w i t h  t h e  

s s t e r o i d  o r b i t  p l ane .  The a d d i t i o n  of  Mars or  J u p i t e r  g r a v i t y  

ass i s t  w a s  c o n s i d e r e d  f o r  t h e  r e q u i r e d  p l ane  changes.  A Mars 

ass is t  i s  o n l y  worthwhile  f o r  rendezvous w i t h  Eros. W P s  a s  

l o w  as 1 km/sec are p o s s i b l e ,  a l t h o u g h  some a d d i t i o n a l  impulse 

( l e s s  t h a n  1 km/sec) i s  probably n e c e s s a r y  d u r i n g  g r a v i t y  a s s i s t .  

F l i g h t  t i m e  w i t h  Mars a s s i s t  could  be as long as 500 days com- 

pa red  w i t h  175 days d i r e c t .  No launch o p p o r t u n i t i e s  f o r  an  

Earth-Mars-Eros rendezvous miss ions  were found u n t i l  1984. 

J u p i t e r - a s s i s t e d  t r a j e c t o r i e s  looked promising f o r  

rendezvous mis s ions  t o  t h e  h igher  i n c l i n e d  a s t e r o i d s ,  P a l l a s  
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and I c a r u s  (whose o r b i t  i s  a l s o  e x c e p t i o n a l l y  e c c e n t r i c ) .  

J u p i t e r - a s s i s t e d  t r a j e c t o r i e s  t o  t h e  t r o j a n  a s t e r o i d s  are  no t  

recommended, s i n c e  t h e i r  o r b i t s  a r e  s imi la r  t o  J u p i t e r ' s  which makes 

p o s t - a s s i s t  f l i g h t  t i m e s  e x c e s s i v e l y  long  i f  low approach 

v e l o c i t i e s  are d e s i r e d .  

A second look  a t  d i r e c t  t ra jector ies  i s  sugges t ed  

b e f o r e  any  f u r t h e r  a n a l y s i s  of gravity-assist2d asteroid ren-  

dezvous miss ions  i s  undertaken.  Nonminimum-energy d i r e c t  

t r a j e c t o r i e s  w i t h  minimized VHPs have n o t  been gene ra t ed .  

These t r a j e c t o r i e s  might s i g n i f i c a n t l y  improve payload f o r  

d i r e c t  a s t e r o i d  rendezvous miss ions  w i t h o u t  l a r g e  i n c r e a s e s  i n  

f l i g h t  t i m e .  

Table  7 . 1  summarizes mul t ip l e -mis s ion  a p p l i c a t i o n s  t o  

t h e  t h r e e  t y p e s  of  a s t e r o i d  miss ions  cons ide red .  The a p p l i c a -  

t i o n s  are  made, i n  g e n e r a l ,  f o r  t r a j e c t o r y  improvements r a t h e r  

t han  f o r  s c i e n t i f i c  c o m p a t i b i l i t y  o f  o b j e c t i v e s .  

8 .  CClPET RENDEZVOUS MISSIONS 

An e x t e n s i v e  s tudy  of comet miss ions  was r e c e n t l y  com- 

p l e t e d  by N a r i n ,  P ie rce ,  and Roberts  (1965). The r e s u l t s  show 

t h a t  s p a c e c r a f t  could  spend up t o  7 hours  i n  t h e  comet coma 

d u r i n g  i n t e r c e p t .  However, i n v e s t i g a t i o n  of  t h e  comet nuc leus  

i s  ex t r eme ly  d i f f i c u l t  i f  n o t  imposs ib l e  because o f  approach 

v e l o c i t i e s  (VHP), which average 15 lcm/sec. ( A  miss ion  t a  t h e  

comet Kopff du r ing  t h e  1983 a p p a r i t i o n  had t h e  lowes t  VHP, 

8 km/sec) .  A rendezvous maneuver would provide  long-per iod  

o b s e r v a t i o n s  of  t h e  nuc leus  composi t ion ,  t e m p e r a t u r e  and 

I l l  R E S E A R C H  I N S T I T U T E  

46 



3-( 

cn 

m c o m  
a, bok k 
4J.d a, a 

N 

a 
.rl 
O S  urn 
hi 3~ u o  
m k  

s a  
bomu c a, VJ 

a 
a, a 
-d 
0 
a, 
-0 c 
3 

Cn 
3 
0 
3 
N 
aJ a 
C 
a, 
k 

a 
.d 
0 
k 
a, u 
[o 

4 

I I T  R E S E A R C H  I N S l l l U l E  

47 



p h y s i c a l  p r o p e r t i e s ,  b u t  i t  is prec luded  by t h e  h igh  WPs. 

Reduced comet VHPS should  be p o s s i b l e  w i t h  e i t h e r  d i r e c t  

t r a j e c t o r i e s -  u n r e s t r a i n e d  i n  i d e a l  v e l o c i t y  and t r i p  t i m e  o r  

g r a v i t y - a s s i s t e d  t r a j e c t o r i e s .  

Venus-, Mars-, and J u p i t e r - g r a v i t y - a s s i s t e d  t r a j e c t o r i e s  

w e r e  b r i e f l y  ana lyzed .  I n  o rde r  t o  i n t e r c e p t  p e r i o d i c  comets 

w i t h  l o w  "HPs,  Venus-  o r  'f-is-dssisted lid-- - - - -  t r a j e c t o r i e s  should  have 

a p h e l i a  similar t o  t h e  comets, i . e . ,  > 5 AU, b u t  such trajec- 

t o r i e s  a r e  a l s o  s i m i l a r  t o  Venus- and M a r s - a s s i s t e d  J u p i t e r  

i n t e r c e p t  t r a j e c t o r i e s .  It h a s  a l r e a d y  been po in ted  ou t  

(Niehoff  1965) t h a t  d i r e c t  t r a j e c t o r i e s  are favored  t o  t h e s e  

t y p e s  of g r a v i t y  ass i s t .  

J u p i t e r - a s s i s t e d  t r a j e c t o r i e s  appear  t o  b e  more u s e f u l .  

Low VHP t ra jec tor ies  t h a t  i n t e r c e p t  t h e  comet n e a r  aphe l ion  

(and  J u p i t e r )  are p o s s i b l e  with J u p i t e r ' s  g r a v i t y  ass i s t .  The 

p r o b a b i l i t y  of a c h i e v i n g  a c l o s e  i n t e r c e p t ,  however, i s  ex t remely  

s e n s i t i v e  t o  an a c c u r a t e  de t e rmina t ion  of t h e  comet 's  o r b i t .  

Such a de te rmina t ion  is  e s p e c i a l l y  impor t an t  s i n c e  t h e  comet 

o r b i t  e lements  are going  t o  change because of a n a t u r a l  g r a v i t y  

assist  a t  o r  n e a r  t h e  mission i n t e r c e p t  t i m e  ( t h e  comet m u s t  

a l s o  be n e a r  J u p i t e r  a t  t h e  t i m e  o f  t h e  s p a c e c r a f t  g r a v i t y  

assist  i f  VHPs are t o  be kept  low).  Unfo r tuna te ly  i t  i s  when 

t h e  comets are n e a r  a p h e l i o n  t h a t  t h e i r  o r b i t a l  e lements  a r e  

l eas t  w e l l  known. U n t i l  t h e  s e c u l a r  p e r t u r b a t i o n s  of comet 

o r b i t s  between a p p a r i t i o n s  a re  b e t t e r  unders tood ,  J u p i t e r -  

a s s i s t e d  aphel ion-rendezvous comet miss ions  w i l l  no t  be p r a c t i c a l .  
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S e v e r a l  s p e c i a l  c a s e s  of g r a v i t y - a s s i s t e d  comet miss ions  

have been i n v e s t i g a t e d .  D i rec t  t r a j e c t o r i e s  t o  H a l l e y ' s  comet 

have ex t remely  h igh  VHPs of  almost 70 km/sec, p r i m a r i l y  due t o  

t h e  comet's r e t r o g r a d e  motion. 

H a l l e y  t r a j e c t o r i e s  r e v e a l e d  t h a t  t h e  VHP cou ld  be reduced t o  

2 km/sec w i t h  t h e  p rope r  l o c a t i o n  o f  J u p i t e r  i n  i t s  o r b i t  and a 

p e r f h e l f c n  i n t e r c e p t .  Hcwver, J q i t e r  I s  orbltal p o s i t i o n  f o r  

t h e  1986 a p p a r i t i o n  i s  completely u n s a t i s f a c t o r y  f o r  t h e  r e q u i r e d  

t r a j e c t o r y .  J u p i t e r - a s s i s t e d  t r a j e c t o r i e s  t o  Schwassmann-Wachmann 

were also s t u d i e d .  Th i s  comet's o r b i t  i s  n e a r l y  c i r c u l a r  and l i e s  

s l i g h t l y  o u t s i d e  t h a t  o f  J u p i t e r .  P o s t - J u p i t e r  t r a j e c t o r i e s  of  

more t h a n  4 y e a r s  a r e  r e q u i r e d  t o  p rov ide  a t a n g e n t i a l  approach 

( l o w  VHP) t o  t h e  comet. 

seems premature.  S i m i l a r  o p p o r t u n i t i e s  w i l l  n o t  r eappea r  u n t i l  

about  2015. 

Analys is  of  J u p i t e r - a s s i s t e d  

The next launch p e r i o d  i n  t h e  e a r l y  1970s 

Although f i r s t  impress ions  o f  g r a v i t y - a s s i s t e d  comet r en -  

dezvous mis s ions  seems d i scourag ing ,  t h e i r  p o t e n t i a l  cannot  be 

d i scoun ted .  However, a s t u d y  o f  u n r e s t r a i n e d  (nonminimum energy)  

d i r e c t  t r a j e c t o r i e s  should  be c o n s i d e r e d  f o r  t h e s e  rendezvous 

mis s ions  b e f o r e  t h e  g r a v i t y - a s s i s t  t echn ique  i s  f u r t h e r  ana lyzed .  

G r a v i t y  a s s i s t  from Mars used as a midcourse maneuver 

f o r  comet i n t e r c e p t  mis s ions  has r e c e i v e d  some a t t e n t i o n .  A t  

l e a s t  t w o  o p p o r t u n i t i e s  o f  t h i s  t ype  t h a t  occur  du r ing  t h e  nex t  

5 y e a r s  have been found by Reese Jensen  (1965):  Schaumasse i n  

1968 and Encke i n  1971. E n e r g y  requi rements  a r e  l o w ,  p o s s i b l y  

p e r m i t t i n g  a n  Atlas-Agena launch. T r i p  t i m e s  a re  about  
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450 days .  The 1971  Encke mission could  be cons ide red  as a 

secondary o b j e c t i v e  of a 1971 Mars f l y b y  miss ion .  

9. PLANETARY SATELLITES 

P l a n e t  o r b i t e r  missions should c o n s i d e r  g r a v i t y  assist 

from t h e  satel l i tes  o f  t h e  p l a n e t  t o  be o r b i t e d  f o r  two r easons :  

(1) 

wi thou t  r e t r o p r o p u l s i o n  o r  aerodynamic braking ,  (2) o r b i t a l  

A sa te l l i t e  g r a v i t y  assist may prov ide  a method of  c a p t u r e  

maneuvers might be  p o s s i b l e  from satel l i te  assists which a l l o w  

multisatellite e x p l o r a t i o n  wi th  one o r b i t e r .  

The a p p l i c a t i o n  of t h i s  i dea ,  i f  feasible, would r e q u i r e  

s o p h i s t i c a t e d  guidance and good ephemerides of t h e  satell i tes.  

Desp i t e  t h e s e  problems, i t  seems worthwhile t o  p r e s e n t  some 

i n d i c a t i o n  o f  t h e  g r a v i t y  assist p o t e n t i a l  o f  t h e  l a r g e r  satel- 

l i tes  of t h e  s o l a r  system. An energy r a t i o  w a s  formula ted  such 

where 
Rs = t h e  o r b i t a l  r a d i u s  of t h e  sa te l l i t e  

R = r a d i u s  of  t h e  sa te l l i te  

r e c i p r o c a l  mass r a t i o  of sa te l l i t e  (s) t o  p l a n e t  ( 0 ) .  
MO 

MS 
- =  

CIE is  the maximum energy change available from g r a v i t y  assist 

(Niehoff 1965). IEI i s  t h e  a b s o l u t e  v a l u e  of t h e  energy of t h e  

s a t e l l i t e ' s  o r b i t .  Equat ion 9 , l  a p p l i e s  t o  t h e  p l a n e t s  of t h e  

s o l a r  system as w e l l ;  i .e . ,  they can be cons ide red  satell i tes 
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of t h e  Sun. 

be ccmpared w i t h  energy ratios f o r  t h e  p l a n e t s  t o  o b t a i n  a pre-  

l i m i n a r y  i n d i c a t i o n  of  i t s  g r a v i t y - a s s i s t  p o t e n t i a l .  

I n  t h i s  way t h e  energy  r a t i o  o f  a s a t e l l i t e  could  

Energy r a t i o s  f o r  a number of p l a n e t s  and some of t h e i r  

larger s a t e l l i t e s  are p resen ted  i n  Table  9 , l ;  r a t i o s  g r e a t e r  

t h a n  1.0 r e p r e s e n t  g r a v i t y - a s s i s t  c a p t u r e  o r  e scape  c a p a b i l i t y .  

The on ly  s a t e l l i t e  i n  t h i s  ca t egory  i s  ou r  moon. 

Ganymede and C a l l i s t o  o f  J u p i t e r ,  T i t a n  of  Sa tu rn ,  and T r i t o n  

of Neptune would be u s e f u l  f o r  o r b i t a l  maneuvers; f o r  example, 

a maximum-energy g r a v i t y  assist from T r i t o n  cou ld  change t h e  

a p h e l i o n  of a Neptune o r b i t  from 100 down t o  20 Neptune r a d i i .  

R a t i o s  less than  0 ' 2 5  i n d i c a t e  l i t t l e  or  no g r a v i t y  a s s i s t  

c a p a b i l i t y .  

c a t e g o r y .  

10. CONCLUSIONS AND RECOMMENDATIONS 

However, 

Diemos of Mars and I o  o f  J u p i t e r  a r e  i n  t h i s  

Venus g r a v i t y  a s s i s t  f o r  Mercury e x p l o r a t i o n  i s  

recommended. Payload improvement as w e l l  a s  s e v e r a l  compat ib le  

o b j e c t i v e s  make Earth-Venus-Mercury mis s ions  u s e f u l .  

r e c e n t  r e s u l t s  i n d i c a t e ,  however, t h a t  o n l y  t h e  1970 and 1973 

l aunch  o p p o r t u n i t i e s  can  be used f o r  t h i s  m u l t i p l e  miss ion  

between now and 1981. 

Very 

I f  Venus f l y b y  mis s ions  are p lanned  f o r  

1970 and 1973, t h e  i n c l u s i o n  o f  a Mercury f l y b y  shou ld  be 

s e r i o u s l y  cons ide red .  

A l l  o u t e r - p l a n e t  f l y b y  mis s ions  between 1976 and 1985 

b e n e f i t  from J u p i t e r  o r  Sa tu rn  g r a v i t y  assists.  

t i f i c  o b j e c t i v e s  and much reduced  f l i g h t  t i m e  are t h e  key 

Common s c i e n -  
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- - \  ?a' &es .  A d e t a i l e d  s tudy  of t h e  "Grand Tour" miss ion  (1977 

o r  1978) i s  sugges ted  s i n c e  it i s  r e p r e s e n t a t i v e  of  a l l  t hose  con- 

s i d e r e d .  The s tudy  should focus on a r e a s  of experiment  s e l e c t i o n ,  

o v e r a l l  s p a c e c r a f t  des ign  and laanch  v e h i c l e  s e l e c t i o n ,  launch 

w-ladow d e f i n i t i o n ,  p l a n e t  encounter  p r o f i l e s ,  and guidance  and 

control requi rements .  

o u t e r  p l a n e t  o p p o r t u n i t i e s  i n  t h e  l a t e  1970s and t h e  p r i o r i t y  of 

o t h e r  o u t e r - p l a n e t  i n v e s t i g a t i o n s ,  a J u p i t e r - a s s i s t e d  P l u t o  m i s -  

s i o n  is n o t  sugges ted  u n t i l  1989 o r  1990. 

ass is t  w i t h  o u t e r - p l a n e t  o r b i t e r  miss ions  is  n o t  recommended 

due t o  t h e  h ighe r  p l a n e t  approach veloci t ies  which are gene ra t ed .  

I n  view of t h e  d e n s i t y  of g r a v i t y - a s s i s t e d  

The u s e  of g r a v i t y  

Direct t r a j e c t o r i e s  a r e  sugges t ed  f o r  l o w - l a t i t u d e  OOE 

Venus- and Mars -g rav i ty -a s s i s t ed  o r b i t s  are l i m i t e d  mis s ions .  

t o  a maximum i n c l i n a t i o n  of  about 15". J u p i t e r  assists,  on t h e  

o t h e r  hand,  provide  a wide v a r i e t y  of 9 0 " - i n c l i n a t i o n  o r b i t s  i n  

t h e  range  of i d e a l  v e l o c i t i e s  between 55,000 and 65,000 f t / s e c .  

A d d i t i o n a l  o b j e c t i v e s  such a s  a s o l a r  probe,  E a r t h  f l y b y ,  and 

solar sys tem escape  a r e  p o s s i b l e .  

t r a j e c t o r i e s  are emphasized f o r  OOE e x p l o r a t i o n .  

J u p i t e r  g r a v i t y - a s s i s t e d  

S o l a r  probe miss ions  down t o  0 .1  AU should  use s i n g l e  o r  
s 

m u l t i p l e  Venus assists t o  decrease  energy  requi rements  and t o  

enhance miss ion  o b j e c t i v e s .  

p robes  t o  less than  0 .1  AU. 

s o l a r  probe  miss ions  can be reduced t o  less t h a n  2 .5  years w i t h  

i d e a l  v e l o c i t i e s  on t h e  o r d e r  57,000 f t / sec  and m i s s  d i s t a n c e s  

w i t h i n  a J u p i t e r  r a d i u s  o f  J u p i t e r .  

J u p i t e r  assists are recommended f o r  

F l i g h t  t i m e s  f o r  J u p i t e r - a s s i s t e d  
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Reconnaissance missions are u s e f u l  t o  unmanned explora-  

tion for l a r g e  d a t a  r e t u r n  and recovery  of c o l l e c t e d  a s t e r o i d  

samples .  

b o t h  o f  t h e s e  r easons .  

An E a r t h - J u p i t e r - E a r t h  miss ion  could  be p r a c t i c a l  f o r  

I n i t i a l  a s t e r o i d  f ly - th rough  miss ions  should  use a Mars 

g r a v i t y  assist  t o  i n c r e a s e  t h e  b e l t  p e n e t r a t i o n  and t o  test 

s p a c e c r a f t  w i t h  a g r a v i t y - a s s i s t  maneuver i n  p r e p a r a t i o n  f o r  

l a t e r  J u p i t e r - a s s i s t e d  o u t e r - p l a n e t  miss ions .  

o r  J u p i t e r  a s s i s t s  f o r  a s t e r o i d  rendezvous miss ions  cannot  be 

p r o p e r l y  eva lua ted  u n t i l  f u r t h e r  a n a l y s i s  o f  nonminimum-energy 

direct  t r a j e c t o r i e s  i s  completed.  This  same conclus ion  a p p l i e s  

t o  comet rendezvous miss ions .  

The use o f  Mars 

These r e s u l t s  and conclus ions  suppor t  cont inued  i n t e r e s t  

i n  t h e  a p p l i c a t i o n  o f  m u l t i p l e  miss ions  t o  s o l a r  system exp lo ra -  

t i o n .  Although some a d d i t i o n a l  e f f o r t  i n  g e n e r a l  g r a v i t y -  

a s s i s t e d  t r a j e c t o r y  a n a l y s i s  is  necessa ry ,  s p e c i f i c  m u l t i p l e  

miss ion  s t u d i e s  based on t h e  above conclus ions  should  be 

i n i t i a t e d .  I n  p a r t i c u l a r ,  compat ible  experiment  s e l e c t i o n  and 

a n a l y s i s  of  s p a c e c r a f t  des ign ,  launch window parameters ,  guid-  

ance requi rements ,  and encounter  p r o f i l e s  are needed. J u p i t e r -  

a s s i s t e d  miss ions  are recommended as f irst  p r i o r i t y  s i n c e  t h e y  

have t h e  l a r g e s t  p o t e n t i a l  f o r  expanding s o l a r  sys tem e x p l o r a t i o n .  

I 
I 
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