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A preliminary study has been made of the scientific 
objectives and payload requirements for landing unmanned space- 
craft on satellites of the four giant outer planets. Scientific 
and operational rationale are developed for selecting six major 
satellites for composite orbiter/lander missions, Specific 
missions to lo (Jupiter I), Europa (Jupiter TI), Ganymede 
(Jupiter 111), Callisto (Jupiter IV), Titan (Saturn VI) and 
Triton (Neptune I) are considered, TWO elasses of lander missions 
(of equal mass in satellite orbit) are discussed, 1) a single 
soft-lander, and 2) multiple (10) rough-landers, 

The major objective of such missions would be the collection 
of scientific data 

1) 

Lander experiments 

pertinent to: 

er understanding of the mode(s) of 
formagion of the satellites and smaller 
planets of the solar system, 
the study of the origin of planetary/satellite 

comparing theories for the evolution of 
planet/satellite systems with those for the 
evolution of the solar system itself, 

should emphasize identification of fundamen 
chemical and physical properties of the satellite, The orbiting 
bus, regarded as an essential communication link between the 
lander and earth, could enhance these measurements by generating 
global surface feature and thermal maps through orbital imagery. 
With these data the satelliees could be compared with the smaller 
terrestrial planets and the moon, hopefully providing new insight 
into the vast differences of the inner and outer planets. Surface 
experiments 
are briefly 

and instrumentation appropriate 
discussed 

for initial landings 
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A second ob jec t ive  f o r  s a t e l l i t e  lander  missions i s  t h e  
use of t hese  bodies a s  bases f o r  t he  remote observation of t h e i r  
parent  p lane ts .  A s a t e l l i t e  base has the  inherent  advantage 
of platform s t a b i l i t y  compared wi th  an o rb i t i ng  spacec ra f t ,  
Also, i f  t h e  s a t e l l i t e s '  r o t a t i o n  periods a r e  locked t o  t h e i r  
o r b i t a l  periods (e.g. t he  moon and ea r th ) ,  as  is  predicted,  then  
t h e  parent  p l ane t  i s  continuously observable from any landing 
s i t e  on t h e  l ' front-facelv of t he  s a t e l l i t e .  Since the  s i x  
s a t e l l i t e s  s e l ec t ed  a l l  apparent ly  revolve w e l l  ou ts ide  the  
in t ense  regions of p lane tary  r ad ia t ion  b e l t s ,  r ad ia t ion  hazards 
should not  be a major concern, 
regular  s a t e l l i t e s  above t h e i r  parent  p l ane t s  would s impl i fy  
imagery requirements f o r  p lane tary  observations.  

t he  magnetospheres surrounding the  parent p l ane t ,  However, i t  
was concluded t h a t ,  a t  l e a s t  u n t i l  t he  ex is tence  and c h a r a c t e r i s t i c s  
of ou ter  p lane t  magnetospheres have been b e t t e r  e s t ab l i shed ,  t he  
d i s rup t ive  effects of t h e  s a t e l l i t e s  presence would make such 
measurements d i f f i c u l t  t o  i n t e r p r e t .  Hence a payload cons i s t ing  
s o l e l y  of p a r t i c l e  and f i e l d  instruments was considered inappro- 
p r i a t e  f o r  any lander mission. 

composite o rb i t e r / l ande r  mission to each of t he  s i x  r egu la r  
s a t e l l i t e s  i d e n t i f i e d  above, The class of sof t - lander  missions 
w e r e  s i zed  t o  a u se fu l  landed payload of 1000 l b s , ,  exclusive of 
terminal  guidance (descent radar ) ,  va r i ab le - th rus t  propulsion and 
landing gear.  Experiment instrumentat ion w a s  l imi t ed  t o  100 l b s ,  
For t h e  c l a s s  of rough-lander missions 60 l b s ,  u se fu l  payload 
(exclusive of t h e  impact l i m i t e r )  was allowed a t  impacts 
- < 200 f t /sec.  
I n  e i t h e r  case the  supporting o r b i t e r  was assumed t o  weigh 
1500 lbs .  

The constant  a l t i t u d e  of t hese  

The s a t e l l i t e s  w e r e  a l s o  considered a s  bases f o r  monitoring 

Tra jec tory  and payload analyses w e r e  performed f o r  t he  

The assoc ia ted  sc ience  was l imi t ed  t o  10-15 lb s .  
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Payload requirements were determined by separa t ing  
the mission i n t o  four  d i s t i n c t  phases ‘and applying var ious  pro- 
puls ion systems t o  each phase. The phase breakdown, i n  reverse 
order  of  occurrence, i s  as follows: 

Jx 

Terminal landing maneuver; v a r i a b l e - t h r u s t  
chemical propulsion considered f o r  so f t - l ande r ,  
f r e e - f a l l  assumed f o r  rough-lander, 
Deorbit  and braking maneuvers; chemical propulsion 
considered f o r  both deo rb i t  impulse and constant-  
t h r u s t  braking maneuver j u s t  p r i o r  to  terminal 
descent 
Polar  s a t e l l i t e  o r b i t  i n s e r t i o n ;  a )  chemical 
three-impulse maneuver sequence from p l a n e t  
approach of e i t h e r  b a l l i s t i c  o r  so la r -e lec  t r i c  
low- thrus  t i n t e r p l a n e t a r y  t r a n s f e r s  > o r  b) s p i r a l  
low- thrus  t approach from nuclear-elec t r i c  t r a n s f e r  
followed by single-impulse chemical propulsion 
capture  maneuver. 
In t e rp l ane ta ry  t r a n s f e r ;  a) b a l l i s t i c ,  b) s o l a r -  
e l e c t r i c  low- thrus  t > and c )  nuclear-elec t r i c  low- 
t h r u s t  f l i g h t  modes considered, 

Payload r e s u l t s  i nd ica t ed  t h a t  a nominal total. u se fu l  weight of  
4000 l b s  w a s  required i n  a 100-km po la r  c i r c u l a r  s a t e l l i t e  o r b i t  
t o  perform the defined sof t - lander  missions ( t h i s  inc ludes  the 
1500 l b s  communications r e l a y  and mapping o r b i t e r )  I n  order  t o  
apply the i n t e r p l a n e t a r y  t r a j e c t o r y  and payload analyses  equal ly  
t o  each mission c l a s s ,  the rough-lander missions were a l s o  per- 
mi t ted  a t o t a l  u se fu l  i n - o r b i t  weight of 4000 l b s ,  Analysis of 
the rough-lander propuls ion requirements showed t h a t  ten landers ,  
t h e i r  carrier s t r u c t u r e  and the o r b i t e r  were wi th in  t h i s  weight 
a1 lowanc e. 

* Candidate chemical p rope l l an t s  
space-s torable  and cryogenic. 
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Assuming t h a t  combinations of ear th-s to rab le  , space- 
s to rab le ,  cryogenic and s o l i d  propulsion systems can be made 
a v a i l a b l e  f o r  s a t e l l i t e  capture ,  deorbi  t braking and landing 
maneuvers, the payload f e a s i b i l i t y  of  e i t h e r  lander -c lass  mission 
can be summarized i n  terms of the i n t e r p l a n e t a r y  f l i g h t  mode 
employed. This i s  done i n  Table S-1. 

Missions using b a l l i s  t i c  i n t e r p l a n e t a r y  t r a j e c t o r i e s  
a r e  conceptual ly  poss ib l e  to  a l l  s i x  se l ec t ed  s a t e l l i t e s  using 
Saturn-class  launch vehicles., A mission t o  C a l l i s t o  i s  f e a s i b l e  
with the Intermediate-20/Centaur i f  cryogenic propulsion i s  used 
f o r  the capture  and braking maneuvers. The Saturn V provides 
mission c a p a b i l i t y  to  Europa, Ganymede and C a l l i s t o  without 
regard to  the type of propulsion used a t  the s a t e l l i t e .  Adding 
a Centaur to  the Saturn V makes poss ib l e  missions to  a l l  four  
Gal i lean  s a t e l l i t e s  of J u p i t e r  and the more d i s t a n t  s a t e l l i t e s ,  
T i  tan (Saturn) and Tr i ton  (Mep tune) , with f l i g h t  t i m e s  ranging 
from about 2 years  t o  the Gal i lean  s a t e l l i t e s  t o  11 years  t o  
Tr i ton .  

Ganymede, C a l l i s t o  and Titan with the Intermediate-20/Centaur a s  
a launch vehicle., The f l i g h t  times are comparable t o  the b a l l -  
i s t i c  f l i g h t  mode f o r  C a l l i s t o  and somewhat longer f o r  the o the r  
t h ree  s a t e l l i t e s ,  The Ti tan  3F/Centaur launch veh ic l e  may per- 
form a marginal s o l a r - e l e c t r i c  mission to  C a l l i s t o ,  cons i s t ing  of 
an o r b i t e r  and two o r  t h ree  rough-landers, bu t  t h i s  mission has  
n o t  been s tudied  i n  d e t a i l ,  

Solar-elec t r i c  low- t h r u s t  missions are poss ib le  to  

The nuc lea r - e l ec t r i c  low-thrust  f l i g h t  mode makes 
poss ib l e  missions to  a l l  s i x  s a t e l l i t e s  with a Ti tan-c lass  launch 
vehicle., Missions to  the s a t e l l i t e s  of J u p i t e r  and Saturn r equ i r e  
the Ti tan  3F veh ic l e  (seven-segment s o l i d s ) ,  A mission t o  Tri ton 
r equ i r e s  the Ti tan 3FICentaur. F l i g h t  t i m e  requirements t o  the 

* 

>k Subj ec t to  confirmation t h a t  i n t e g r a  t ion  of T i  tan 3F/Cen taur  
nuc lea r - e l ec t r i c  s t age  i s  f e a s i b l e  from a f l i g h t  launch dynamics 
s tandpoin t. 
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Gal i lean  s a t e l l i t e s  are somewhat longer than the b a l l i s t i c  and 
s o l a r - e l e c t r i c  counterpar t s ,  t h i s  being a t t r i b u t e d  to the use of 
s p i r a l  earth-depar tu re  and Jup i  ter-approach maneuvers employed 
with the nuc lea r - e l ec t r i c  mode. For a nuc lea r - e l ec t r i c  f l i g h t  
to  Ti tan (Saturn) t h i s  t i m e  d e f i c i t  i s  made up on the i n t e r -  
p lane tary  t r a n s f e r .  For a Tr i ton  (Neptune) mission the f l i g h t  
time i s  from 2 to  4 years  sho r t e r  wi th  n u c l e a r - e l e c t r i c  
propulsion. 

t h a t  composite o r b i t e r / l a n d e r  missions to  the outer  p l a n e t  
s a t e l l i t e s  are deserving of f u r t h e r  study. Spec i f i ca l ly ,  we 
recommend a prephase-A mission study f o r  missions t o  Ganymede 
( Jup i t e r )  and Ti tan (Saturn). Primary emphasis should be given 
to  d e f i n i t i o n  of s c i e n t i f i c  ob jec t ives ,  instruments ,  subsystem 
requirements, opera t ions ,  propulsion system t r adeof f s ,  and com- 
pa r i sos s  of the explora t ion  p o t e n t i a l  of a sof t - lander  versus  
mu1 t i p l e  rough landers  e 

Based on the r e s u l t s  of t h i s  study, i t  i s  concluded 
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1. INTRODUCTION 

The purposes of this study are: 1) to summarize the 
characteristics of the outer planet satellites and assess their 
role in the exploration of the outer planets, 2) to define mission 
configurations for landing unmanned science experiments on the 
satellites, and 3) to establish approximate payload requirements 
necessary to perform these missions to a selected set of the 
most interesting satellites. This study is an extension to 
earlier work by Price and Spadoni (1970) which was restricted 
to the feasibility of direct soft-landings on the Galilean 
satellites of Jupiter, It is to be determined from the results 
of these analyses whether outer planet satellite lander missions 
merit further study, and if so which satellites and mission 
configurations are appropriate for more detailed mission analysis, 

Characteristics and exploration uses of the outer planet 
satellites are reviewed in Section 2. The properties of the 
satellites are discussed and compared with the smaller planets 
Mercury and Mars, and with the Moon. The possibilities of using 
the satellites as bases for remote observation of their parent 
planets, and for monitoring magnetospheres surrounding the outer 
planets are also presented. 

configurations are considered and a rationale developed for 
selecting a composite orbiterllander profile as the baseline 
for subsequent payload analysis. Two classes of landers are 
identified: 1) a soft-lander of a design similar to Surveyor 
and Viking, and 2) multiple rough-landers (total weight in 
satellite orbit equal to the soft-lander) similar to Ranger 
and proposed designs for Apollo missions. A number of science 
instruments appropriate for an initial satellite lander mission 
are briefly discussed. A science payload of about 100 lbs, is 
envisioned for soft-lander missions. One or two instruments 
totaling 10-15 l b s .  are suggested for the rough-landers, A total 

Section 3 deals with mission synthesis. Here mission 
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weight of about 4000 l b s .  i n  o r b i t  i s  determined necessary t o  
conduct e i t h e r  t h e  sof t - lander  o r  mul t ip le  rough-lander missions, 

sub jec t  of Sect ion 4 ,  
s i x  l a r g e s t  regular  s a t e l l i t e s ,  which include I o  ( Jup i t e r  I), 
Europa ( Jup i t e r  11), Ganymede ( Jup i t e r  III), C a l l i s t o  ( Jup i t e r  I V ) ,  
T i t an  (Saturn V I ) ,  and Tr i ton  (Neptune I). Three in t e rp l ane ta ry  
f l i g h t  modes a r e  considered, b a l l i s t i c ,  s o l a r - e l e c t r i c  low-thrust 
and nuc lea r - e l ec t r i c  low-thrust:, Resul ts  a r e  summarized i n  t e r m s  
of launch veh ic l e  and f l i g h t  t i m e  requirements f o r  each f l i g h t  
mode. The effects of using seve ra l  d i f f e r e n t  propulsion systems 
t o  perform s a t e l l i t e  capture ,  deo rb i t ,  braking and terminal  
descent maneuvers a r e  discussed. Earth-s torable ,  so l id ,  space- 
s to rab le  and cryogenic systems a r e  considered i n  var ious 
combinations 

Sec t ion  5. 

Analysis of t r a j e c t o r y  and payload requirements i s  t h e  
Resul ts  a r e  presented f o r  missions t o  t h e  

Study conclusions and recommendations a r e  presented i n  
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2 ,  SATELLITE CHARACTERISTICS AW USES 

2 . 1  

2 . 1 . 1  Orb i t a l  Parameters 

The o r b i t a l  parameters of t h e  s a t e l l i t e s  of Jup i t e r ,  
Saturn,  Uranus and Neptune a r e  l i s t e d  i n  Table 1. For each 
p lane t ,  t he  s a t e l l i t e s  a r e  l i s t e d  i n  order  of increas ing  r a d i a l  
d i s tance .  The data  f o r  t h e  Gal i lean  s a t e l l i t e s  ( Jup i t e r  'I 
through I V )  a r e  taken from Melbourne e t  a 1  (1968). Data f o r  
a l l  o ther  s a t e l l i t e s  a r e  taken from Allen (1963), Unless 
otherwise noted, the i n c l i n a t i o n  of t he  plane of t h e  o r b i t  i s  
measured from t h e  equa to r i a l  plane of t he  parent  p lane t  o r b i t s  
a r e  d i r e c t ,  unless  t h e  i n c l i n a t i o n  i s  proceded by the  symbol R 
i n  which case they a r e  re t rograde ,  

2 , 1 . 2  Basic Physical  Parameters 

The bas i c  physical  parameters of t he  s a t e l l i t e s  of 
Jup i t e r ,  Saturn, Ura us and Neptune a re  l i s t e d  i n  Table 2 ,  
Again, f o r  each p lane t ,  t he  s a t e l l i t e s  a r e  l i s t e d  i n  order  of 
increas ing  r a d i a l  d i s tance ,  The masses a r e  taken from a review 
by Brouwer and Clemence (1961), The r a d i i  f o r  t he  Gal i lean 
s a t e l l i t e s  ( Jup i t e r  I through IV) a r e  taken from a review by 
P r i c e  (1970) of a l l  measured va lues ,  Radi i  f o r  a l l  o the r  
s a t e l l i t e s  a r e  taken from Allen (1963). 

measurements made by experienced observers;  its value i s  accurate  
t o  10-20 pe r  cent, 
too  f a i n t  f o r  micrometric measurements t o  be  made. Their r a d i i  
must be est imated from t h e i r  apparent br ightnesses ,  w i th  
assumptions made concerning t h e i r  sur face  albedos a t  photographic 
wavelengths. Such est imates  a r e  uncer ta in  t o  a f a c t o r  of 2 o r  3, 

The rad ius  of T i t an  (Saturn V I )  i s  derived from micrometric 

A l l  o the r  s a t e l l i t e s  a r e  e i t h e r  t oo  small  o r  
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'LANETISATELLITE 
NUMBER 

V 
I 

J 11 
u 111 
P I V  
I V I  
T V I 1  
E X 
R X I 1  

X I  
V I 1 1  

IX 
- 

X 
I 

I1 
s I11 
A IV 
T V 
u V I  
R V I 1  

I X  
N V I 1 1  

U V 
R I 
A I1 
N III 
U I V  
S 

N 
E - 

SATELLITE 
NAME 

AMALTHEA 
I O  
EUROPA 
GANYMEDE 
CALLISTO 

JANUS 
MIMAS 
ENCELADUS 
TETHYS 
DIONE 
RHEA 
TITAN 
HYPERION 
IAPETUS 
PHOEBE 

MIRANDA 
ARIEL 
UMBRIEL 
TITANIA 
OBERON 

TRITON 
NEREID 

IN: 

TABLE 1 

SATELLITES OF THE OUTER PLANETS: ORBITAL PARAMETERS 

SEMI-MAJOR P 

I N  lo6 I(M 

0.181 
0.422 
0.671 
1.070 
1.883 
11.470 
11.740 
11.850 
21.200 
22.560 
23.500 
23.700 

0.160 
0.186 
0.238 
0.295 
0.377 
0.527 
1.222 
1.481 
3.560 
12.950 

0.128 
0.192 
0.267 
0.438 
0.586 

0.353 
5.600 

S OF ORBIT 

I N  PLANET RADII 

2.531 
5.915 
9.404 
14.996 
26.391 
160.757 
164.541 
166.083 
297.127 
316.188 
329.362 
332.165 

2.65 
3.079 
3.940 
4.884 
6.242 
8.725 
20.232 
24.520 
58.940 
214.404 

5.378 
8.067 
11.218 
18.403 
24.622 

15.901 
252.252 

-0 
0.0201 
0.0044 
0.0 
0.0022 
0.0010 
0.0290 
0.104 
0.0283 
0.1633 

0.4 
-0 
-0 
-0 
-0 
28 
26 

28.5 
R33* 
R16.5* 
R33* 
R25* 

SIDEREAL PERIOD 
OF REVOLUTION 
( I N  DAYS) 

ORBIT 
INCLINATION 
( I N  DEGREES) 

ECCEMXICIlY 
OF ORBIT 

I '  
i - I 

0.003 
-0 
0.0003 
0.0015 
0.0075 
0.158 
0.206 
0.135 
0.16 
0.207 
0.40 
0.27 

2 
-0 
1.5 
0.0 
1.1 
0.0 
0.3 
0.3 
0.5 
14.7 
R30 

0.498179 
1.769138 
3.551181 
7.15455 3 
16.689018 
250.59 
259.7 
255 
631 
692 
737 
758 

0.748958 
0.942422 
1.370218 
1.887802 
2.736915 
4.517500 
15.945452 
21.27666 
79.33082 
550.41 

eo.01 
0.003 
0.004 
0.0024 
0.0007 

-0 
-0 
-0 
-0 
-0 

1.414 
2.52038 
4.14418 
0.10508 
13.46326 

* ANGLE OF IWLINATION MEASURED FROM ORBITAL PLANE OF PARENf PMNET 

R RETROGRADE ORBIT 
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T A B U  2 

SATELLITES OF THE OUTER PLANETS: BASIC P m S I C A L  PA'ARANETERS 

T 
U 
N 
E 

c 

PLANETBATELLITE NUMBER I SATELLITE NAME 

J 
U 

V 
I 

I1 
111 

I V  
P V I  
I V I 1  
T X 
E X I 1  
R X I  

V I 1 1  
I X  

AMALTHEA 
I O  
EIJROPA 
GANYMEDE 
CALLISTO 

7.22 f 0.57 
4.70 -+ 0.09 
15.45 _+ 0.19 
9.64 f 0.76 

X 
I 

S XI 
A I11 
T I V  
U V 
R V I  
x V I 1  

V I 1 1  
I X  

JANUS 
MIMAS 
ENCEUDUS 
TETmS 
DIONE 
RHEA 
TITAN 
W E R I O N  
IAPETUS 
PHOEBE 

0.00380 _+ 0.00007 
0.00721 -+ 0.00204 
0.06475 f 0.00114 
0.10338 -+ 0.00227 
0.23: 

I 13.69 f 0.07 
I 

1 I 

I 
I1 

TRITON 
NEREID 

13.56 f 2.36 

RADIUS ( I N  KM) 

70 
1800 _+ 163 
1549 f 98 
2621 _+ 367 
2389 _+ 389 

50 
10 
7 
6 
8 
10 
8 

150: 
300 
300 
500 
500 
700 
2440 
200 
500 
100 

100 
300 
200 
5 00 
400 

2000 
100 

5 



Clear ly ,  s u b s t a n t i a l  unce r t a in t i e s  and gaps e x i s t  i n  our knowledge 
of t h e  bas i c  physical  parameters of t he  s a t e l l i t e s .  Much more 
accura te  data  on t h e  masses and r a d i i  of t hese  s a t e l l i t e s  w i l l  be 
required of e a r l i e r  ou ter  p lane t  missions before  lander  missions 
can be attempted. 

2 , 1 . 3  Regular and I r r egu la r  S a t e l l i t e  Groups 

On t h e  bas i s  of t h e i r  o r b i t a l  and phys ica l  parameters, 
reviewed i n  Sections 2 . 1 , l  and 2 , 1 , 2 ,  t he  s a t e l l i t e s  of t h e  ou te r  
p lane ts  d iv ide  n a t u r a l l y  i n t o  two d i s t i n c t  groups, Regular and 
I r r egu la r .  

The 

1. 

2. 
3. 

4 .  

5. 

The 

1. 

2, 
3. 

4 .  
5. 

Regular group has t h e  following proper t ies :  

The o r b i t s  a r e  d i r e c t  wi th  r e spec t  t o  t h e  d i r e c t i o n  
of r o t a t i o n  of t h e  parent  p l ane t ,  
The o r b i t s  a r e  very  nea r ly  c i r c u l a r .  
The o r b i t s  a r e  very c lose  to t h e  equa to r i a l  plane of 
t h e  parent  p lane t .  
The periods of r o t a t i o n  a r e  probably equal t o  t h e  
periods of revolu t ion  (see Sec t ion  2.2), 
The r a d i i  range from - 50 km t o  M 2600 km, 

I r r e g u l a r  group has the  following proper t ies :  

The o r b i t s  a r e  e i t h e r  d i r e c t  o r  re t rograde  wi th  
respec t  t o  the  d i r e c t i o n  of r o t a t i o n  of t h e  parent  
p lane t  ., 
The o r b i t s  a r e  appreciably non-circular.  
The o r b i t s  a r e  inc l ined ,  i n  some cases  subs t an t i a l ly ,  
t o  t h e  equa to r i a l  plane of t h e  parent  p l ane t ,  
The s a t e l l i t e s  a r e  always t h e  outermost i n  any system, 
The s a t e l l i t e s  a r e  always small  i .e. less than - 500 km i n  rad ius .  

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

6 



The n a t u r a l  d iv i s ion  of t h e  s a t e l l i t e s  i n t o  d i s t i n c t  
groups does not  merely provide a convenient method f o r  l a b e l l i n g  
them, It a l s o  provides a means f o r  d i scuss ing  t h e i r  r e spec t ive  
o r ig ins ,  O n  t he  bas i s  of cu r ren t  ideas  concerning the  formation 
of s a t e l l i t e  systems (Kuiper 1956) t he  two groups o r ig ina t ed  
through d i f f e r e n t  processes,  The Regular s a t e l l i t e s  a r e  bel ieved 
t o  have been formed a% nea r ly  t h e  same epoch as  t h e i r  parent  
p lane ts ,  a s  t h e  f i n a l  s t age  i n  t h e  systematic process of formation 
of t he  s o l a r  system from the  s o l a r  nebula, 

es, on the  o the r  hand, a r e  bel ieved t o  be cap 
a s t e ro ids ,  t h e  g rav i t a t iona l  captures  having occurred f a i r l y  
r ecen t ly  on an astronomical t i m e  scale. 

Table 3,  For each p lane t ,  t h e  s a t e l l i t e s  a r e  l i s t e d  i n  order  
of r a d i a l  d i s t ance ,  That t he  two sa te l l i t es  of Neptune have 
been put i n  t h e  Regular c l a s s  may be questioned. 
t h e i r  p rope r t i e s  w i th  those of t h e  two groups one might suppose 
t h a t  these  two moons should more properly be put i n  t h e  I r r e g u l a r  
c l a s s ,  However, t h e  s a t e l l i t e  system of Neptune appears t o  be 
a spec ia l  case.  The hypothesis has been advaneed (Kuiper 1956) 
t h a t  t h i s  system has been d r a s t i c a l l y  modified since i t s  
formation. 1 i s  speculated t h a t  o r i g i n a l l y  Neptune was the  
parent  of t h ree  s a t e l l i t e s ,  r a t h e r  than the  two it now possess,  

severe dynamical i n t e rac t ion ,  The r e s u l t  was the  d r a s t i c  
modif icat ion of t he  system. One s a  e l l i t e  was e j ec t ed  - now t h e  
p lane t  P lu to  - while  t h e  o r b i t a l  parameters of he remaining two 
w e r e  completely changed. The theory explains  t h e  phys ica l  and 
o r b i t a l  parameters of Pluto,  I n  addi t ion ,  it accounts f o r  t h e  
cu r ren t  pecu l i a r  p rope r t i e s  of t h e  s a t e l l i t e  system of Neptune. 
I f ,  indeed, t h e  d i s rup t ion  hypothesis i s  co r rec t  t h e  two 
s a t e l l i t e s  of Neptune should be c l a s s i f i e d  a s  Regular r a t h e r  
than I r r egu la r ,  on t h e  bas i s  of t h e i r  probable o r ig in .  

Lander missions may be unnecessary t o  test  t h e  hypothesis 
t h a t  t h e  Regular and I r r egu la r  s a t e l l i t e s  had b a s i c a l l y  d i f f e r e n t  

The I r r e g u l a r  

The s a t e l l i t e s  a r e  grouped as  Regular and I r r e g u l a r  i n  

By comparing 

he formation of t h e  system t h e  s a t e l l i t e s  su f fe red  

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 

SATTLLITES OF TIE OUTER PLANETS: D I V I S I O N  INTO 

WGULAR AND IREtEGeTLAR GROWS 
._ - _. _ _  

I 
PARENT PLANET I 

S a t e l P i t e b  f I -  

Group 

- - - . - - .- I r - -  

I 

1 Saturn j Uranus Neptune 
! ._ 

, J u p i t e r  __ .- - _. - - . . - -1 - - 1 

V (Amalthea) X (Janus) V (Miranda) I (Triton) 
7: (10) , I (Mimas) 1 (Ariel)  I1 (Nereid) 
I1 (Europa I1 (Eneeladus) IP (Umbriel) 
III (Ganymede), 111 (Tethys) 111 (Ti tan ia)  

' I V  (Ca l l i s to )  EV (Dione) I V  (Oberon) 
' V  (Rhea) 
VI (Ti tan)  
VI1 (Hyperion) 

V I  VI1 ( Iapetus)  
V I 1  IX (Phoebe) 
X 
X I 1  
X I  

I I T  R E S E A R C H  I N S T I T U T E  
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or ig ins ,  Visual imaging of t h e  s a t e l l i t e s  during fly-by 
reconnaissance missions could provide t h e  necessary s c i e n t i f i c  
data., The l a rge  Regular s a t e l l i t e s ,  f o r  example the  Gal i lean  
s a t e l l i t e s  of J u p i t e r  and T i t a n  (Saturn),  appear t o  be sphe r i ca l  
bodies c lose ly  resembling small  p lane ts  (Sect ion 2,1.4) ,  I f  a l l  
t h e  Regular s a t e l l i t e s ,  even the  smal les t ,  w e r e  formed by the  
same phys ica l  process a s  t he  Inner p l ane t s ,  they w i l l  appear 
a s  sphe r i ca l  ob jec ts  i .e ,  miniature  p l ane t s ,  The I r r e g u l a r  
s a t e l l i t e s ,  however, w i l l  look ve ry  d i f f e r e n t ,  i f  they a r e  
captured a s t e ro ids .  They w i l l  appear t o  be  i r r e g u l a r l y  shaped 
objec ts ,  probably p a r t s  of a l a r g e r  s o l i d  body which broke up, 
Evidence t h a t  t h e  a s t e ro ids  have i r r e g u l a r  shapes comes from 
photometric s tud ie s  of t h e i r  r o t a t i o n a l  per iods.  Some photometric 
evidence a l s o  e x i s t s  t o  suggest t h a t  t he  I r r e g u l a r  s a t e l l i t e s  
a r e  non-spherical. Iapetus  (Saturn VIII) shows a very  l a rge  
v a r i a t i o n  i n  i t s  apparent br ightness  wi th  pos i t i on  i n  i t s  o r b i t  
(Harris 1961) .  The range i n  br ightness  i s  over 2 magnitudes - 
a f a c t o r  of over 6, Since the  br ightness  v a r i a t i o n  repea ts  from 
one o r b i t  t o  t h e  next t h e  probable explanat ion is  t h a t  t h e  periods 
of r o t a t i o n  and revolu t ion  of t h e  s a t e l l i t e  a r e  equal,  s o  t h a t  
it keeps t h e  same face  permanently urned towards Sa tur  
(see Sect ion 2.2), For such a l a r g e  range i n  br ightness ,  t h e  
s a t e l l i t e  i s  almost c e r t a i n l y  of i r r e g u l a r  shape. 

2 ., 1,4 Comparison wi th  the  Smaller P lane tary  Bodies 
and Asteroids 

The Regular s a t e l l i t e s  span a very  broad range i n  s i z e ,  
a f a c t o r  of nea r ly  40 separa t ing  t h e  r a d i i  of the  l a r g e s t ,  
Ganymede, from t h e  smal les t ,  Amalthea, Table 4 compares t h e  
masses, r a d i i  and mean d e n s i t i e s  of t h e  s i x  l a r g e s t  s a t e l l i t e s  
w i th  those of t h e  Moon, Mercury and Mars, The p lane ts  and 
s a t e l l i t e s  a r e  l i s t e d  according t o  decreasing mass Basic 
phys ica l  data  f o r  t he  p lane ts  a r e  taken from Allen (1963). 

l l T  R E S E A R C H  I N S T I T U T E  
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Mars 
Mercury 
Ganymede ( Jup i t e r  1x1) 
Titan (Saturn VI) 
Triton (Neptune I) 
C a l l i s t o  ( Jup i t e r  IV) 
Moon 
I o  ( Jup i t e r  EO 
E u r ~ p a  ( Jup i t e r  %E) 

63.95 
31-68 
15045 
13,69 
13,56 

9.64 
7.35 

.a 0 22 
4,7 

3400 
2420 
2621  
2440 
2000 
2389 
1738 
1800 
1549 

3.95 
5.3 
2 . 1  
2 .3  
4.1 
1, 7 
3,343 
3,0 
3.0 
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Two of the  s a t e l l i t e s  l i s t e d  i n  Table 4, Ganymede and 
Ti tan,  a r e  intermediate  i n  s i z e  ( rad ius)  between Mercury and 
Mars, Three o ther  s a t e l l i t e s ,  C a l l i s t o ,  T r i ton  and Io ,  a r e  
intermediate  i n  s i z e  between the  Moon and Mercury. Other 
conclusions 

1. 

2. 

3 .  

4 ,  

5. 

6.  

emerging from Table 4 a r e  as follows: 

The two l a r g e s t  s a t e l l i t e s ,  Ganymede and Ti tan ,  a r e  
c lose ly  s imi l a r  i n  mass, rad ius  and mean dens i ty ,  
I o  i s  c lose ly  s imi l a r  t o  t h e  Moon, i n  mass, rad ius  
and mean dens i ty ,  
Europa, although only about h a l f  a s  massive a s  t he  
Moon, has very nea r ly  the  same densi ty .  
C a l l i s t o ,  intermediate  i n  s i z e  between the  Moon and 
Ti tan,  has the  lowest dens i ty  of t he  s ix  l a r g e s t  
s a t e l l i t e s .  
The mean d e n s i t i e s  of t he  Gal i lean  s a t e l l i t e s  Io ,  
Eulfopa, Ganymede and C a l l i s t o ,  decrease wi th  
increas ing  d is tance  from Jup i t e r ,  
Apart from Tr i ton  (whose rad ius  i s  uncer ta in  by a 
f a c t o r  of - 2)  t h e  mean dens i t i e s  of t h e  s a t e l l i t e s  
a r e  a l l  lower then  ha t  of t h e  M o Q ~ ,  i n  some cases  
subs t an t i a l ly .  

Leaving a s ide  Tr i ton ,  because of unce r t a in ty  i n  i t s  
radius ,  t h e  o ther  5 l a r g e s t  s a  e l l i t e s  may be divided i n t o  two 
aub-groups on t h e  b a s i s  of t h e i r  mean dens i t i e s :  1) IO and Europa9 
wi th  mean dens i  ies - 3 grm and 2 )  Ganymede, Ti tan,  and 
C a l l i s t o ,  w i th  mean dens i t i e s  2,2 grm. ern I o  and Europa 
a r e  probably rocky bodies s imi l a r  t o  the  Moon; Ganymede, Ti tan,  
and C a l l i s t o  may be ve ry  d i f f e r e n  , composed perhaps of a mixture 
of rock and ice. 

s i z e  and mass, s i m i l a r  t o  the  smaller  p l ane t s  i n  t h e  s o l a r  system, 
They should, t he re fo re ,  be t r e a t e d  a s  d i s t i n c t  p lane tary  bodies 
i n  t h e i r  own r i g h t .  

- 3  

The s i x  l a r g e s t  Regular s a t e l l i t e s  a r e  of s u b s t a n t i a l  

Determination of t h e i r  chemical composition 
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 i n t e r n a l  s t r u c t u r e  would provide data  e s s e n t i a l  f o r  s tud ie s  
of both t h e  mode of forma ion  of t he  smaller  p lane tary  bodies 
i n  the  s o l a r  system, and t h e  o r i g i n  of s a t e l l i t e  systems, 
Comparison of t he  physical  p rope r t i e s  of t h e  Regular s a t e l l i t e s  
w i th  those of t h e  Moon and smaller  p lane ts  could provide a l i n k  
between s tud ie s  of t h e  Inner and Outer p l ane ta ry  groups. 

The I r r e g u l a r  s a t e l l i t e s  , which a r e  supposedly captured 
a s t e ro ids ,  may be compared wi th  a s t e ro ids  i n  s o l a r  o r b i t ,  The 
fou r  l a r g e s t  Minor Planets  a r e ,  i n  order  of decreasing mean 
rad ius ,  Ceres, Pa l l a s ,  Vesta and Juno, Their  respec t ive  r a d i i ,  
given by Allen (1963), a r e  370, 240, 190 and 100 km. Smaller 
a s t e ro ids  range downwards i n  s i z e  through bodies t h e  s i z e  of 
Eros (radius  10 km) t o  boulder - s i zed  ob jec t s ,  and f i n a l l y  down 
t o  dus t  p a r t i c l e s ,  The I r r e g u l a r  s a t e l l i t e  group may be  divided 
i n t o  two apparent ly  d i s t i n c t  sub-groups, t h e  d iv i s ion  being 
by p l ane t ,  1) Jup i t e r ,  and 2 )  Saturn,  The seven I r r e g u l a r  JoVi.an 
s a t e l l i t e s  a r e  s imi l a r  i n  s i z e  t o  the  smaller  a s t e ro ids ,  f o r  
example Eros, However, t he  two I r r egu la r  s a t e l l i t e s  of Saturn 
a r e  comparable i n  s i z e  t o  t h e  fou r  l a r g e s t  a s t e ro ids ,  Iape tus  
(Saturn V I I I )  may, i n  f a c t ,  be somewhat l a r g e r  than Ceres, while  
Phoebe (Saturn I X )  appears t o  be much t h e  same s i z e  a s  JUDO, 

2,2 The S a t e l l i t e s  as  Bases f o r  t h e  Remote Observation 
of t h e i r  Pare 

The sur faces  of t he  s a t e l l i t e s  provide extremely s t a b l e  
platforms from which remote observations of t h e i r  parent  planetx 
could be made, O f  t h e  two s a t e l l i t e s  groups, t he  Regular 
s a t e l l i t e s  would be f a r  more use fu l  f o r  t h i s  purpose because of 
t h e i r  g rea t e r  proximity t o  t h e  parent  p l ane t ,  However, t h e  
usefulness  of any p a r t i c u l a r  s a t e l l i t e  depends not  only on i t s  
o r b i t a l  parameters bu t  on i t s  r o t a t i o n  parameters a l so ,  

Strong evidence ind ica t e s  t h a t  f o r  bo th  groups of 
s a t e l l i t e s ,  Regular and I r r egu la r ,  t h e  per iods of r o t a t i o n  of 
t h e  s a t e l l i t e s  a r e  genera l ly  equal t o  t h e i r  periods of revolu t ion ,  
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For J u p i t e r  and Saturn, t h e  main evidence comes from t h e  
published work on the  v a r i a t i o n  i n  t h e  br ightness  of s eve ra l  
of t h e i r  s a t e l l i t e s  w i th  pos i t i on  i n  t h e i r  o r b i t s ,  reviewed 
by Harr is  (1961), I n  t h e  case  of J u p i t e r  t h e  evidence i s  
provided by observations of t h e  Regular s a t e l l i t e s  Xo(P), 
Europa (II), Ganymede (111), and C a l l i s t o  (HV); f o r  Saturn it 
i s  provided by observations of t h e  Regular s a t e l l i t e  Rhea (V) 
and the  I r r e g u l a r  s a t e l l i t e  Iapetus  (VPIH). For Jup i t e r ,  
add i t iona l  evidence i s  provided by v i s u a l  observations of su r face  
markings on t h e  G a l i l e a n  s a t e l l i t e s ,  reviewed by Dolfus (1961), 
Not only do t h e  s a t e l l i t e s  appear to keep 
permanently turned towards t h e i r  parent  p l ane t s ,  bu t  t h e i r  
r o t a t i o n  axes seem t o  be c lose ly  perpendicular t o  t he  plane of 
t h e i r  o r b i t s ,  In t he  case of Uranus, no s tud ie s  have been made 
to determine any poss ib le  v a r i a t i o n  i n  t h e  b r igh  ness of i t s  
s a t e l l i t e s  w i th  pos i t i on  i n  t h e i r  o r b i t s  Consequently, w e  have 
no d i r e c t  knowledge of t h e i r  r o t a  ion parame emp  However, i n  
v i e w  of t h e  r e g u l a r i t y  of t he  s a t e l l i t e  system - t he  c i r c u l a r i t y  
of t h e  d i r ec  o r b i t s ,  t h e i r  l ack  of i n c l i n a t i o n  t o  t h e  equa to r i a l  
plane of Uranus, and the  r e l a t i v e  proximity of t he  s a t e l l i t e s  
t o  the  p l ane t  - it i s  probably a f a i r  assumption t h a t  t h e  
s a t e l l i t e s  do indeed keep t h e i r  same faces  permanently turned 
towards t h e  parent  p l ane t ,  It i s  almost c e r t a i n  t h a t  i n  the  
l i fe t ime of t h e  s o l a r  system t h e  t i d a l  in f luence  of Uranus would 
have produced j u s t  such an effect ,  I n  the  case  of Neptune, however, 
w e  a r e  not  j u s t i f i e d  i n  assumi t h a t  i t s  two s a t e l l i t e s  a l s o  
keep t h e i r  same faces  permanently turned towards 
The apparent d i s rup  ion of t he  system, discussed i n  Sec t ion  % , P , 3 ,  
may have beaz too r ecen t ,on  an astronomical t i m e  s ca l e ,  f o r  t he  
t i d a l  in f luence  of t he  p lane t  t o  have re -asser ted  i t se l f ,  and 
enforced equa l i ty  between t h e  periods of r o t a t i o n  and t h e  new 
periods of revolu t ion ,  

Since t h e  periods of r o t a t i o n  and revolu t ion  of each of 
t h e  Regular s a t e l l i t e s  a r e  apparent ly  equal,  and the i f  o r b i t s  
a r e  very nea r ly  c i r c u l a r ,  it follows t h a t  a s  viewed from t h e i r  

he same faces  
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parent  p l ane t s  l i b r a t i o n  i s  neg l ig ib l e .  In  addi t ion ,  t h e  
c i r c u l a r i t y  of t he  o r b i t s  ensures t h a t  v a r i a t i o n  i n  t h e  apparent 
angular s i z e  of t he  parent  p lane t  a s  seen from each s a t e l l i t e  
w i l l  be small. In  the  case  of t h e  I r r e g u l a r  s a t e l l i t e s ,  al though 
t h e i r  per iods of r o t a t i o n  and revolu t ion  may a l s o  be equal, t h e  
e c c e n t r i c i t y  of t h e i r  o r b i t s  means t h a t  l i b r a t i o n  is  non-negligible,  
In  addi t ion ,  t h e  apparent angular s i z e  of t he  parent  p lane t  w i l l  
depend on the  p o s i t i o ~ ~  of t he  s a t e l l i t e  i n  i t s  o r b i t .  

have been used t o  c a l c u l a t e  t he  apparent equa to r i a l  angular 
diameters of t he  parent  p lane ts ,  a s  seen from each of t h e  
s a t e l l i t e s .  I n  a l l  cases  i t  has been assumed t h a t  t h e  d is tance  
of t he  s a t e l l i t e  from the  parent  p lane t  i s  equal  t o  t h e  s e m i -  
major ax i s  of i t s  o r b i t ,  and t h a t  t he  s a t e l l i t e s  a l l  revolve 
exac t ly  i n  t h e  equa to r i a l  plane of t he  p lane t .  
d i s tances  a t  t he  s u b - s a t e l l i t e  po in ts  on the  parent  p lane ts  which 
correspond t o  a n  angular r e so lu t ion  of 1 second of a rc  (I") have 
a l s o  been ca lcu la ted .  The r e s u l t s  a r e  l i s t e d  i n  Table 5. Data 
on the  equa to r i a l  r a d i i  of t he  parent  p lane ts  w e r e  taken from 
Allen (1963), The apparent angular diameters of t he  parent  
p lane ts  cover a broad r a  ge from nea r ly  45 degrees, f o r  JupiCer V 
and Saturn X, t o  somewhat less than 0,5 degrees f o r  t h e  I r r e g u l a r  
s a t e l l i t e s  of J u p i t e r  and Saturn,  For comparison, no te  t h a t ,  as  
seen from the  Earth,  t he  Moon subtends an  angle  of c l o s e  t o  0.5 
degrees 

I n  almost a l l  cases the  parent  p lane t ,  as  seen from one 
of i t s  s a t e l l i t e s ,  w i l l  appear t o  revolve r ap id ly  because i t s  
r o t a t i o n  per iod is  much shor t e r  than  t h e  per iods of revolu t ion  
of i t s  s a t e l l i t e s .  
observe ind iv idua l  f ea tu re s  on t h e  p lane tary  d i sk  f o r  per iods 
longer than about one-half t h e  r o t a t i o n  per iod of t he  p l ane t ,  
This per iod would range from about 5 hours i n  t h e  case of 
J u p i t e r  t o  about 8 hours i n  the  case  of Neptune. The only 
exception i s  t h e  case  of J u p i t e r  V which revolves around J u p i t e r  
i n  a s i d e r e a l  per iod of 0.498179 days a t  a d i s t ance  of 2.537 

The o r b i t a l  data  for t h e  s a t e l l i t e s ,  l i s t e d  i n  Table 1, 

The l i n e a r  

It would not  be poss ib le  t o  use them t o  
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TABLE 5 

FROM THEIR SATELLITES 

A-R EQUATORIAL D I M T E R  
PLANET/SATELLITE NUMBER SATELLITE NAKE OF PLANET ( I N  DEGREES) 

V AMALTHEA 45.2 
I I O  19.4 

J 11 EUROPA 12.2 
U 111 GANYMEDE 7.6 

I VI 0.7 
T VI1 0.7 
E X 0.7 
R XI1 0.4 

XI 0.4 
VI11 0.4 
IX 0.3 

P I V  CALLISTO 4.3 

X JANUS 43.3 
I MIMAS 37.2 

S I1 ENCELADUS 29.1 
A 111 TETHYS 23.5 
T IV DIONE 18.4 
U V RHEA 13.1 
R VI TITAN 5.7 
N VI1 HYPERION 4.7 

VI11 IAPETUS 1.9 
IX PHOEBE 0.5 

U V MIBAEBIA 21.3 
R I ARIEL 14.2 
A I1 UMBRIEL 10.2 
N 111 TITANIA 6.2 
U IV OBERON 4.7 
S 

N I TRITON 7.2 
E I1 ElEREID 0.5 
P 
T 
U 
N 
E 

DISTANCE AT SUB-SATELLITE 
POINT ON PLANET CORRESPOEBIING 
TO 1" OF ARC RESOLUTION ( I N  KM) 

0.5 
1.7 
2.9 
4.8 

55.3 
56.6 
57.1 
102.4 

113.6 
114.6 

8.8 

109,o 

0.5 
0.6 
0.9 
1.1 
1.5 
2.3 
5.6 
6.9 
17.0 
62.5 

0.5 
0.8 
1.2 
2.0 
2.7 

1.6 
27.0 
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Jovian equatorial radii from the center of the planet, 
satellite is close to being in a synchronous orbit, the sidereal 
periods of rotation of the equatorial/temperate regions of 
the Jovian cloud layer being gh 50m.5 (0.410060 days)/9 55 .4 
(0.413472 days), respectively, Because of the particular location 
of Jupiter V, individual features on Jupiter will remain below 
the satellite for a period very substantially longer than 5 hours. 
It can be shown that the rotation periods of Jupiter with respect 
to an observer on Jupiter V are 2,318554/2.4317126 days, 
Consequently, individual equatorialltemperate features could be 
monitored for up to 1,159277/1.215856 days (iOee for about 2.5 
orbits of the satellite), provided solar illumination is not 
necessary for observation., On the basis of geometrical 
considerations, the satellites of the Regular group, particularly 
the innermost, would be especially useful as bases for remote 
study of their parent planets, Landings of remote sensing 
instruments should be made on the planet-turned face of each 
satellite, ideally at the sub-planet point for planetary 
observations. Here, the planet will be continuously in the 
zenith with a large apparent angular diameter, and observing 
conditions will be optimum. 

would be most appropriate for remote study of their parent 
planet depends also on the intensity of the radiation environment 
of the planet., If the planet possesses radiation belts, and the 
satellite under consideration for a lander mission is located 
within their most intense regions, the lifetime of the elec 
components on-board a landed spacecraft could be shortened 
substantially by radiation damage. Anticipating the discussion 
in Section 2.3, it appears that only landers on Jupiter V would 
experience significant levels of radiation. In planning landings 
on that satellite consideration must be given to shielding the 
electronic components on-board. 

The 

h m  

Precisely which of the innermost Regular satellites 
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2 , 3  

Surfaces of their Satellites 

Of the four giant outer planets only Jupiter is known 
to possess a magnetosphere. Warwick (1967) has reviewed present 
knowledge of the interplanetary environment in the immediate 
vicinity of Jupiter. Results from radio astronomy indicate 
that Jupiter has van Allen-type radiation belts surrounding it, 
which suggests that the planet may have an essentially dipole 
magnetic field with probable strength at the Jovian cloud layer 
on the order of 10 gauss. Observations indicate that the axis 
of the  dipole is inclined about 10 degrees to the rotation axis 
of the planet, The maximum density of the charged particles in 
the belts appears to occur at approximately 2 Jupiter radii from 
the center of the planet. Almost all the accumulated particles 
lie within about 5 Jupiter radii from the planet. 

satellites appear to be most suitable for use as observation 
stations for monitoring the physical properties of 
magnetosphere, because of their relative proximity to the planet, 
Since the periods of revolution and rotation of the Regular 
satellites are apparently equal, each body presents the same 
face permanently turned towards the direction of i t s  or 
motion., 
detectors to monitor the environment of Jupite would, therefore, 
appear to be on the '9forwardrg face of the sate lite, 90 degrees 
from either pole of rotation and from the sub-Jupiter point. 

satellites are not particularly suitable as stations for the 
study of the Jovian magnetosphere: 

Of the twelve known moons of Jupiter the five Regular 

The ideal location for soft-landing particle/field 

There are, however, several reasons why the Regular 

1. With the exception of Jupiter V, the other four - 
the Galilean moons - revolve around the planet well 
outside the most intense regions of the radiation 
belts ., 
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2. Since t h e i r  o r b i t s  a r e  e s s e n t i a l l y  c i r c u l a r  it would 
not  be poss ib le  t o  s tudy va r i a t ions  i n  p a r t i c l e  
dens i t i e s  and f i e l d  s t r eng ths  as a func t ion  of 
d i s t ance  from t h e  cen te r  of t h e  p lane t .  
Even i f  t h e  p a r t i c l e / f i e l d  de t ec to r s  w e r e  so f t -  
landed a t  t h e  i d e a l  spot  on t h e  "front tv  f ace  of 
t he  s a t e l l i t e  i n t e r p r e t a t i o n  of t h e i r  measurements 
would be d i f f i c u l t ,  The instruments could not 
make "pure" measurements of t h e  r a d i a t i o n  b e l t s  
because i n t e r a c t i o n  of Che charged p a r t i c l e s  with 
the  s a t e l l i t e  i t se l f  would almost c e r t a i n l y  
d r a s t i c a l l y  modify t h e  l o c a l  and non-local p a r t i c l e /  
f i e l d  environment of t h e  lander .  The s e v e r i t y  of 
t h e  i n t e r a c t i o n  would, of course,  depend on bo th  
the  e l e c t r i c a l  conduct iv i ty  of t he  s a t e l l i  
t h e  magnitude of i t s  magnetic f i e l d ,  Very l i k e l y  
the  instruments would be measuring the  i n t e r a c t i o n  
of t h e  s a t e l l i t e  with t h e  r a d i a t i o n  b e l t s ,  r a t h e r  
than t h e  i n  r ics ic  p rope r t i e s  of t he  undisturbed 
b e l t s ,  Such information would, of course 

u t  only a f t e r  a b e t t e r  physica 
s tanding of t he  b e l t s  has been obtained. 

3.  

S p a t i a l  and eemporal m ~ a ~ ~ r e m e ~ ~ s  of par  ieEe d e n s i t i e s  
and f i e l d  s t r eng ths  i n  the  v i c i n i t y  of J u p i t e r  would be b e t t e r  
made using e i t h e r  a spacecraf t  i n  a highly e ~ l i ~ t i c a l  o r  
t h e  plane of t h e  Jov5a-1 magnetic equator o r  a series of Pioneer- 
type f ly-by missions Should magnetospheres e discovered $0 

surround Saturn,  Uranus and Neptune, very  s imi l a r  comclusions 
would apply. 
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3 .  MISSION SYNTHESIS 

3-1 General Remarks 

Up t o  t h i s  po in t  a l l  29  s a t e l l i t e s  of t he  ou te r  p l ane t s  
have received more o r  less equal emphasis, For payload ana lys i s  
of i n i t i a l  lander  missions, however, it was appropr ia te  t o  l i m i t  
cons idera t ion  t o  the  l a r g e r  r egu la r  s a t e l l i t e s .  A s  d i s t i n c t  
bodies they a r e  almost c e r t a i n l y  the  most i n t e r e s t i n g  s c i e n t i f i c a l l y  
and have undoubtedly p-layed a s i g n i f i c a n t  r o l e  i n  the  o r i g i n  and 
evolu t ion  of t he  outer  p lane t  systems. 
t o  t h e i r  parent  p l ane t s  t o  make them use fu l  a s  observatioE bases 
f o r  remote measurements of t h e  parent  - a secondary cons idera t ion  
f o r  lander  missions. Six s p e c i f i c  s a t e l l i t e s  w e r e  chosen f o r  t h e  
payload ana lys i s .  They a r e  I o  ( Jup i t e r  I), Europa ( Jup i t e r  
Ganymede ( Jup i t e r  111) C a l l i s t o  ( Jup i t e r  SV) , Ti tan  (Saturn VI) 
and Tr i ton  (Neptune I). Amalthea ( Jup i t e r  V) has been discussed 
a t  some l eng th  a s  an observing base of Jup i t e r .  
considered f u r t h e r  here f o r  t h e  following reasons: 1) i t s  small  
s i z e  (- 70 km) makes it less in t e re se ing  than  i t s  l a r g e r  neighbors, 
t h e  Gal i lean  sa te l l i t zes ,  f o r  s a t e l l i  e explorat ion,  2 )  i t s  0 

loca t ion ,  apparent ly  i n  t h e  Jovian r a d i a t i o n  b e l t s ,  make missions 
t o  i t  a s p e c i a l  hazard, 3) i t s  t i g h t  c i r c u l a r  o r b i t  implies high 
energy requirements f o r  a lander  mission which means less payload 
c a p a b i l i t y  ( t h i s  a l s o  holds t r u e  f o r  t h e  seve ra l  smaller  regular  
s a t e l l i t e s  i n s ide  of T i t an  a t  Saturn) .  

w i th  inves t iga t ion  of t h e  s a t e l l i t e  i t se l f ,  
almost c e r t a i n l y  w i l l  r equ i r e  complete freedom of s i te  se l ec t ion ,  
Although prel iminary knowledge of s a t e l l i t e  su r f ace  charac 
would probably be ava i l ab le  from previous f lyby  and orb iker  
missions, real- t ime s i t e  selection could b e s t  be achieved by 
preceeding t h e  landing phase of t h e  mission wi th  o r b i t a  
reconnaissance. 

A l l  a r e  s u f f i c i e n t l y  close 

It was mot 

The primary objeceives of t h e  lander  mission a r e  concerned 
Maximum science reeur'n 

Obtaining a complete su r face  map of t h e  satellfte 
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obviously a l s o  improves the mission 's  s c i e n t i f i c  value.  A low 
(- 100 km) polar  o r b i t  about the s a t e l l i t e  would provide the geo- 
metrical and opera t iona l  f l e x i b i l i t y  necessary f o r  f i n a l  s i t e  
s e l e c t i o n  and landing, 

A f t e r  the  f i n a l  s i t e  s e l e c t i o n  has  been made, two 
choices  are a v a i l a b l e  f o r  the landing phase. E i the r  the e n t i r e  
o r b i t i n g  spacecraf t  can be landed, o r  a separa te  lander can be 
detached from an orbiter, ,  

Landing the e n t i r e  spacec ra f t  reduces occu l t a t ion  
problems permit t ing longer i n t e r r u p t e d  per iods  of communication 
with the Earth.  A t  b e s t ,  the communication per iods would be h a l f  
of the s a t e l l i t e ' s  per iod of revolut ion.  On the o ther  hand, 
o r b i t e r l l a n d e r  type missions allow continued mapping of the 
s a t e l l i t e  sur face ,  and avoid landing the l a r g e  spacecraf t -  to- 
Earth communication subsystem. Also, o r b i t e r -  to-Earth communi- 
c a t i o n  can be accomplished a t  any t i m e  except during b r i e f  
per iods of occu l t a t ion  by the s a t e l l i t e .  The lander- t o -o rb i t e r  
communication l i n k  occurs twice per  s a t e l l i t e  revolu t ion ,  

For the purpose of t h i s  ana lys i s ,  i t  was concluded 
t h a t  the l a t t e r  scheme i s  p re fe r r ed ,  The advantages of continu- 
ous o r b i t a l  mapping and smaller lander  weight probably outweigh 
the d i f f i c u l t i e s  imposed by per iodic  blackouts i n  o r b i t e r / l a n d e r  
communication. Using the TOPS spacecraf t  as a benchmark, the 
weight of the o r b i t e r  w a s  s e l ec t ed  to  be 1500 l b s .  

3 . 2  Lander Al t e rna t ives  

Assuming a f ixed  payload budget i s  a v a i l a b l e  f o r  the 
landed po r t ion  of the t o t a l  spacecraf t ,  two a l t e r n a t i v e  lander 
designs are r e l evan t ,  1) a s i n g l e  sof t - lander ,  and 2 )  mul t ip le  
rough-landers. 
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A s ing le  sof t - lander ,  pa t te rned  a f t e r  Viking, 
represents  a comprehensive sur face  inves t iga t ion  c a p a b i l i t y ,  
l imi ted ,  however, t o  a very small area about the landing poin t ,  
Soft-lander missions t o  the s a t e l l i t e s  of J u p i t e r  have a l ready  
been discussed b r i e f l y  by Pr ice  and Spadoni (1970). I n  t h e i r  
prel iminary f e a s i b i l i t y  study d i r e c t  approach t r a j e c t o r i e s  were 
chosen f o r  sof t - landing a payload of 1000 l b s  on each s a t e l l i t e . ,  
Vertical landings only, d i r e c t  from the i n t e r p l a n e t a r y  t r a j e c t o r y ,  
were t r e a t e d  t o  s implify the t r a j e c t o r y  and payload ana lys i s .  
Such a d i r e c t  approach, however, r equ i r e s  a p r i o r i  s i t e  s e l e c t i o n  
which severe ly  l i m i t s  the mission f l e x i b i l i t y  necessary to  pro- 
duce maximum s c i e n t i f i c  bene f i t ,  For the payload ana lys i s  pre- 
sented below, a nominal landed weight of 1500 l b s  w i l l  be used as 
a guide l ine  to  in su re  an explora t ion  c a p a b i l i t y  s i m i l a r  t o  t h a t  
envisioned f o r  f i r s t  landing missions to Mars, ice., Viking. 

Mult iple  rough-landers, similar t o  the e a r l y  Ranger 
impacters (impact v e l o c i t y  - 100 f t / s e c ) ,  represent  a very l imi t ed  
inves t iga t ion  c a p a b i l i t y ,  traded f o r  a d i s t r i b u t i o n  of t h a t  capa- 
b i l i t y  over many s i t e s  on the s a t e l l i t e  sur face ,  A comparison of 
sof t - landers  versus  rough-landers produces the following 
conclusions: 

1, 

2. 

3 .  

Rough lander instruments must be  more rugged i n  
design to  withstand the high-g impact, y e t  pro- 
vide comparable s e n s i t i v i t y  t o  soft-landed 

The sof t - lander  emphasizes a complete inves t iga-  
t i o n  of science ob jec t ives  a t  one s i t e ,  the 
rough-landers emphasize inves t iga t ion  of  one o r  
two objec t ives  a t  many s i tes .  For example, rough- 
landers  could be used t o  s e t  up an extensive 
a r r a y  of seismic de t ec to r s  over the sur face ,  

Choice of rough-lander s i t e s  i s  l e s s  c r i t i c a l  
from the s tandpoint  of opera t iona l  hazards e 
Si tes  may be chosen pr imar i ly  f o r  t h e i r  p o t e n t i a l  
s c i e n t i f i c  mer i t  r a t h e r  than f o r  t h e i r  topographic 
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na tu re  

4 ,  Design development and f l i g h t  operat ions of 
mul t ip le  rough-landers are less  complex and 
perhaps more r e l i a b l e  (one lander  f a i l u r e  i s  n o t  
a t o t a l  f a i l u r e )  than f o r  a sof t - lander .  

Several  independent design and development s tud ie s  
havq been performed concerning rough-lander capsules ,  most 
notably by Philco Aeronautronic (1965), Space-General Corporation 
(1965), and the J e t  Propulsion Laboratory (1968), The r e s u l t s  of 
these s t u d i e s  vary due to  dependence upon mission ob jec t ives  and 
operat ions 

The r e s u l t s  of the Space-General study w i l l  be used 
a s  a benchmark s ince  t h e i r  i npu t s  appear t o  be most nea r ly  com- 
p a t i b l e  with the requirements o f  an outer  p l ane t  s a t e l l i t e  rough- 
lander * 
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3 . 3  

A number of appropriate  experiments can be def ined f o r  
an exploratory s a t e l l i t e  lander  mission, The f i r s t  s t e p  i s  t o  
i d e n t i f y  the  s a t e l l i t e  measurables which a r e  important., These 
a r e  as  follows: 

1, composition of sur face  mater ia l  
2. i n t e r n a l  physical  s t r u c t u r e  

r i n s i e  magnetic f i e l d  
4. charged p a r t i c l e  flux a t  sur face  
5, thermal balance and rad ioac t ive  content  
6, atmospheric composition and s t r u c t u r e  
7 ., surface topography and physical  s t r u c t u r e .  

Instrument s e l e c t i o n  and d e f i n i t i o n  i s  presented In 
Table 6 f o r  t h i s  see of measurables, 

mater ia l  would be s tudied  using gas chromatography and mass 
spectrometry, coupled wi th  a scanning color imeter .  Because of 
t he  l o w  dens i t i e s  of t he  s a t e l l i t e s  (Table 4 ) ,  the  chemical 
composition of t he  surface ma e r i a l  would be of- considerable  
s c i e n t i f i c  i n t e r e s  e The composition may t u r n  out t o  be 
I f  r o ~ k y - i c e ~ ~ ,  which would be of d i r e c t  relevance t o  s e l e c t i o n  of 
a theory f o r  t h e  o r i g i n  of t h e  s a t e l l i t e s ,  To a i d  s tudy of t he  
o r i g i n  of t h e  s a t e l l i t e s ,  the  i n t e r n a l  physical  and thermal 
s t r u c t u r e s  would a l s o  be determined using t h r e e  bas ic  i n s  
a seismometer, a magnetometer, and a thermal flow meter. Bnfor- 
qa t ion  on t h e  i n t e r a c t i o n  of t he  s a t e l l i t e s  wi th  the  i n ~ e r p ~ a ~ ~ ~ ~ r ~  
gas, and/or wi th  trapped charged p a r t i c l e s  near the  parent  ~~~~~~s~ 
would be provided by Plasma, and high-energy p a r t i c l e ,  de tec tors  ., 

Study of any atmospheres surrounding the  s a t e l l i t e s  would 
be of considerable  s c i e n t i f i c  i n t e r e s t ,  s ince  t h e i r  ex is tence  i s  
r e l a t e d  t o  t h e  thermal h i s t o r y  of t h e  sur face  mater ia l .  

Chemical composition and vola t i le -conten t  of t h e  sur face  

T i t an  
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(Saturn V I )  i s  known t o  possess a t h i n  atmosphere of methane 
(Kuiper 19441, and weak evidence f o r  t he  presence of atmospheres 
on I o  ( Jup i t e r  I) and Europa ( Jup i t e r  11) has been presented by 
Binder and Cruickshank (1964, 1966). An atmospheric monitor t o  
measure chemical composition, su r f ace  pressure  and temperature, 
and ve loc i ty  of t h e  winds has been included i n  the  instrumen$ 
se l ec t ion ,  

topograph i n  t h e  v i c i n i t y  of t h e  landing s i te ,  The forma 
and melting of any "hoarfrostfg during and a f t e r  s o l a r  e c l i p s e  
andlor  t h e  s a t e l l i t e  n ight  would a l s o  be monitored wi th  t h e  
camera, 
r e f l e c t i o n s  of su r face  ma te r i a l  i n  the  v i s i b l e  area surrounding 
the  landing s i te ,  These data  would be co r re l a t ed  wi th  t h e  
fn  s i t u  s o i l  ana lys i s  conducted wi th in  the  reach  of t he  lander"  

A t o t a l  sc ience  package of I00 Ibs  r equ i r ing  150 wat ts  
of power was adopted f o r  t h e  so f t - l ande r  mission. A l l  equipme 
except t h e  d r i l l  ( see  Table 6) may operate  simultaneously. To 
provide power f o r  t h e  d r i l l  whi le  t he  hermal f l o w  m e t e r  i s  set 
up on t h e  sur face ,  a l l  o ther  experiments must be turned o f f .  

r equ i r ing  less than  15 wat t s ,  i s  budgeted f o r  an ind iv idua l  
rough-lander, The i n s t r u m e ~ t s  i n  Table 6 which a r e  appl ica  
include t h e  seismometer, magnetometer, p a r t i c l e  de 
atmospheric monitor and t h e  f acs imi l e  camera. Rough-lander 
experiments emphasize t h e  inves t iga t ion  of one QK- two s p e c i f i c  
measurables on a g loba l  s ca l e ,  

The imaging f acs imi l e  camera would examine t h e  su r face  

The assoc ia ted  s p e c t r a l  photometer would s tudy specular  

A science package of 10-15 Ibs. (one o r  t w o  i 

3.4 Def in i t i on  of Lander Modes 

I n  t h e  preceeding discussion,  it was seen t h a t  a composite 
o rb i t e r / l ande r  type mission i s  more p r a c t i c a l ,  from a n  opera t iona l  
s tandpoint ,  than  landing t h e  entire spacecraf t .  The following 
d iscuss ion  pe r t a ins  t o  a more complete d e f i n i t i o n  of t h i s  mission 
mode 

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

25 



Mission payload f e a s i b i l i t y  can most e a s i l y  be discussed 
i n  terms of t o t a l  spacecraf t  weight del ivered i n t o  o r b i t  about 
t he  s a t e l l i t e  f o r  two reasons: 1) t o t a l  weight i n  o r b i t  i s  the  
common f a c t o r  which l i n k s  the  discussion of var ious in t e rp l ane ta ry  
t r a n s f e r  modes with t h a t  of var ious landing systems, and 
2)  i n -o rb i t  weight p r i o r  t o  separa t ion  of t he  lander(s)  b e s t  
reflects the  near s a t e l l i t e  mission performance requirements 
( a f t e r  separa t ion  the  operat ions of two separa te  spacecraf t s  
a r e  considered).  
spacecraf t  weight i n  o r b i t ,  propuls ion system requirements f o r  
t he  o v e r a l l  l a  ding system w e r e  f i rs t  examined. 

I n  order  t o  adequately def ine the  t o t a l  

3 , 4 . 1  Deorbit and Retro Maneuvers 

Af te r  t he  surface has been surveyed and the  l a  g s i t e  

se lec ted ,  a sequence of maneuvers i s  required t o  deploy the  
lander ,  This sequence i s  i l l u s t r a t e d  i n  Figure 1. The f i r s t  
impulse (No. 2 i n  the  f igu re )  places  the  lander  ( a f t e r  separa t ion  
from the  o r b i t e r )  on a descent o r b i t  o br ing  it much c l o s e r  t o  
the  surface.  Operationally,  t h i s  impulse occurs approximately 
180 degrees from the  se l ec t ed  l a n d i  g s i te ,  
of t he  descen o r b i t  i s  dependent upon the  operat ional  mode of 
t he  lander  and the  s i z e  and mass of the  s a t e l l i t e .  For a so f t -  
lander  the  per iapse a l t i t u d e  must match the  a l t i t u d e  of i n i t i a t i o n  
of t he  sof t - landing maneuver (braking and terminal  descent) , which 
ranges from 1 .6  km t o  3.2 km f o r  t he  s i x  satel l i tes ,  I n  the  ease 

of a rough-lander, t h e  per iapse a l t i t u d e  was constrained to mat 
the  height  above t h e  sur face  required f o r  t h e  lander  t o  impact 
wi th  the  des i red  v e l o c i t y  (180-200 f t / s e c ) .  This a l t i t u d e  r a  
from 0,8 k m  t o  1 .6  km f o r  t he  s i x  s a t e l l i t e s .  These low a l t i t u d e s  
almost c e r t a i n l y  i n f e r  guidance d i f f i c u l t i e s  f o r  t h e  rough-landers, 
a problem which has not  been considered here.  

braking maneuver (No. 3 i n  Figure 1) i s  performed t o  reduce the  

The per iapse a 

Near the  low point  of t h e  descent e l l i p s e  a f ixed- t  
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MANEUVER SEQUENCE: 

1. CAPTURE IMPULSE 
2. DESCENT ORBIT INJECTION IMPULSE 
3. CONSTANT-THRUST BRAKING 
4. VARIABLE-THRUST TERMINAL DESCENT 

SATELLITE 
ROTAT I 0 N 

ANETARY OR !BIT 

FIGURE 1 .  SATELLITE LANDING S 
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lander 's  ve loc i ty ,  
a l s o  dependent on the  operat ional  mode of t h e  lander .  
so f t - l ande rvs  v e l o c i t y  must be reduced t o  match the  i n i t i a l  
v e l o c i t y  of t h e  terminal  descent maneuver, whereas the  forward 
v e l o c i t y  (hor izonta l  t o  the  surface)  of a rough-lander i s  reduced 
t o  zero so  t h a t  i t s  payload package can drop a s  near ly  v e r t i c a l  
t o  $he surface as  possible .  

t o  a nominal set  of o r b i t  and propuls ion parameters f o r  t h i s  
phase of t he  landing m a n e ~ ~ ~ r ~  
c i r c u l a r  po la r  parking o r b i t  and an i n i t i a l  t h r u s t  level f o r  the  

braking maneuver of lg. 
already been mentioned above. 

The f i n a l  v e l o c i t y  of t h i s  re t ro  burn i s  
The 

A number of exploratory t r a j e c t o r y  cornputations have l e d  

These include a 100 km a l t i t u d e  

The a l t i t u d e  a t  t h r u s t  i n i t i a t i o n  has 

3 ,, 4 2 Landing Maneuver 

The f i n a l  maneuver (No. 4 i n  Figure 1) i s  t 
descent maneuver. For a sof t - lander  a var iab le- thrus t ,  gravi ty-  

implies t h a t  t he  t h r u s t  d i r e c t i o n  i s  always a l igned  oppos i t e  t o  

of nominal parameters f o r  t h i s  maneuver, i luding an i n i t i a l  
v e l o c i t y  of 300 m/sec, an i n i t i a l  s t e e r i n g  angle  of 90 degrees 
(implying motion hor izonta l  t o  t h e  surface)  and a 4:1 t h r o t t l e  
r a t i o .  

propulsion. Since landing i s  i n i t i a t e d  a t  per iapse of t h e  descent 
e l l i p s e ,  t he  v e r t i c a l  v e l o c i t y  i s  e s s e n t i a l l y  zero, and upon 
completion of t he  r e t r o  burn t h e  hor izonta l  v e l o c i t y  i s  a l s o  
el iminated,  Thus t h e  rough-lander begins t o  f a l l  with zero 
v e l o c i t y  relative t o  the  surface.  Space-General Corporation (1965) 
ind ica t e s  an impact v e l o c i t y  on t h e  order  of 200 ft/sec and an 
impact shock of up t o  3000 e a r t h  g r a v i t i e s  a s  reasonable values  
f o r  a 100 Ib rough-lander. Note t h a t  no allowance o r  consfderatfon 

ory was chosen. Gravi ty- turn s t e e r i n g  

o c i t y  vec tor ,  Exploratory computations have l e d  t o  a set  

The landing phase f o r  a rough-lander requi res  no terminal  
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has been given i n  t h i s  s tudy f o r  t h e  effect of an atmosphere 
on t h e  landing maneuvers (see Figure 1). 

3.5 

Scal ing of t h e  terminal  descent propuls ion system and 
landing hardware f o r  t h e  sof t - lander  was accomplished by use 
of t h e  following equation, derived from e x i s t i n g  sof t - lander  
designs including Surveyor, Apollo and Viking: 

PL + 50 W 
- 

- 1  wL - r 1 

r 1 + 1.5 g s a t j  
i I gMoon 
L 

W, i s  the  t o t a l  landed weight, WpL i s  the t o t a l  u se fu l  
landed payload, R = WL/Wo = exp (-AV/g I sp )  i s  the  c h a r a c t e r i s t i c  
mass r a t i o ,  gsat and gMoon a r e  t h e  sur face  g r a v i t i e s  of t h e  
s a t e l l i t e  and Moon respec t ive ly ,  and 50 l b s ,  has been included 
f o r  an aL t i tude /ve loc i ty  con t ro l  un i t .  The p rope l l an t  assumed 
was Ear th-s torab le  N204- Aerozine 50 with an I s p  of 310 secs. 

Useful landed weight (WpL> i s  def ined a s  t h e  weight of 
t h e  scient i f ic  instrument package, subsystems and s t r u c t u r e ,  while  
t o t a l  landed weight (W,) a l s o  includes the  landing gear,  descent 
powerplant and te rmina l  guidance u n i t .  For t h i s  study, t h e  use fu l  
payload (WpL) was taken t o  be 1000 lbs., and t h e  t o t a l  landed 
weight w a s  ca l cu la t ed  f o r  each s a t e l l i t e  accordingly.  
landed weights (W,) range from 1364 l b s .  a t  C a l l i s t o  t o  1576 l b s ,  
a t  Tri ton.  

su r f ace  via a rough-lander, approximately 50 l b s  of i n t e r n a l  
support  equipment a r e  required,  and the l i m i t e r  ( the  ex te rna l  
s h e l l  which absorbs the i n i t i a l  impact shock) should weigh 
about 40 l b s .  The t o t a l  rough-lander package weight i s ,  there-  
fo re ,  about 100 lb s .  

To ta l  

To success fu l ly  p lace  a 10-15 l b .  science package on t h e  
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Payload sca l ing  f o r  t he  deorb i t  and braking maneuvers 
was accomplished by use of methods developed by Chadwick (1968) 
f o r  those cases  involving l i q u i d  chemical propel lan ts ,  and from 
the  Launch Vehicle Estimating Factors  handbook (1970) f o r  those 
cases  using s o l i d  propel lants .  The var ious propel lants  s tud ied  
f o r  these maneuvers, and t h e i r  respect ive I s p ' s  are:  cryogenic 
(468), space-s torable  (400), beryfiumized s o l i d  (315), and 
Earth-s torable  (3x0) e 

Table 7 shows the  t o t a l  i n -o rb i t  spacecraf t  weight 
( i , e .  before  separa t ion  of o r b i t e r  and lander)  f o r  t he  var ious 
r e t r o  propulsion systems. For  t he  l i q u i d  propel lant  systems, 
t he  same propulsion u n i t  can perform both t h e  deorbft  impulse 
and the  f ixed- thrus t  braking maneuver, 
motor has been scaled only €or  the  braking maneuver wi th  ex t r a  
weight a l loca t ed  f o r  t he  vernier rockets  t o  perform t h e  deorbi t  
maneuver and a t t i t u d e  con t ro l  during f i r i n g  of t he  s o l i d  motor. 

The s o l i d  propel lan t  

Only s o l i d  propel lant  propulsion was considered f o r  the  
rough-landers. The 100 1 . package was f i r s t  scaled f o r  the  
braking maneuver just p r i o r  t o  the  rough 1% ding, e s t a b l i s h b g  
s o l i d  propel lan t  rocket  weights ranging from 100 Ibs. t o  150 lbs., 

lander  plus  r e t r o  rocket  weight was then sca led  f o r  t 
impulse, leading to a second, smaller  s o l i d  rocket  weighing 
approximately 20 l b s ,  The t o t a l  weight of a s i n g l e  roug 
ranges from about 220 lbs.  a t  Europa t o  about 270 lb s .  a t  

I n  a s tudy on mult iple  s a t e l l i t e  configurat ions,  
P h i k o  Aeronutronic (1967) has indicated t h a t  the  weight of t he  
o r b i t e r  support  equipment f o r  t he  rough-landers should be 
approximately 10 percent  of the total .  lander  weight, 
i n -o rb i t  weights presented i n  Table 7, it can a l s o  be seen t h a t  
the  weight of a sof t - lander  with i t s  r e t r o  propuls ion system 
ranges from about 2300 l b s ,  t o  abou& 3900 lb s . ,  depending on the  
s a t e l l i t e  and type of propuls ion system, Therefore, it was 
assumed t h a t  any number of rough-landers up t o  ten, plus  t h e f r  

ding on the  mass of t he  t a r g e t  sa e l l i t e ,  The eo  

From the  
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support  equipment, could be used i n  place of one sof t - lander  
a t  any p a r t i c u l a r  s a t e l l i t e  f o r  t he  same t o t a l  weight i n -o rb i t  
requirement e 

with in  the scope of t h i s  repor t ,  a note  b r i e f l y  descr ibing one 
poss ib le  sequence of operat ions f o r  rough-landers i s  appropriate .  
A rough-lander should be of t h e  s implest  design, probably spin- 
s t a b i l i z e d ,  Assuming t h i s  t o  be t h e  case,  and f u r t h e r  assuming 
t h a t  no a c t i v e  a t t i t u d e  con t ro l  i s  provided, t he  following 

Although no spacecraf t  design considerat ions a r e  made 

operat ions 

5) 
6 )  
7) 

a r e  proposed t o  deploy rough-landers: 

proper alignment of lander ' s  s p i n  ax i s  by o r b f t e r ' s  
a t t i t u d e  con t ro l  u n i t ,  
spin-up of lander  package, 
separa t ion  of lander  from o r b i t e r ,  180" i n  t r a n s i t  
from ianding s i te ,  
igni$fLon of deorb i t  rocket  ( t h r u s t  opposi te  t o  
d i r e c t i o n  of motion) , 
j e t t i s o n  of deorb i t  rocket ,  
descent along coas t  e l l i p s e ,  
i g n i t i o n  of braking rocket  a t  proper a l t i t u d e  ( t h r u s t  
i s  again opposite t o  d i r e c t i o n  of motion), 
j e t t i s o n  of r e t r o  rocket ,  
descent t o  sur face  and impact. 

Although t h i s  i s  a r e l a t i v e l y  simple approach t o  
problem, quest ions of p r a c t i c a l i t y  and r e l i a b i l i t y  a r i s e ,  such 
as t h e  use of automatic timing devices t o  t r i g g e r  each seep of 
the procedure, t he  s t a b i l i t y  of t h e  spin-axis  during t h e  180" 
descent t r a n s i t  , and accura e con t ro l  of t h e  impact-sensi t ive 
f i n a l  per iapse a l t i t u d e .  These quest ions a r e  a s  ye t  unanswered 
and would have t o  be c a r e f u l l y  examined should the  above procedure 
be u t i l i z e d .  
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4 *  TRAJECTORY AND PAYLOAD ANALYSIS 

I n  the  preceeding sec t ion  composite o r b i t e r l l a n d e r  type 
missions t o  each of t he  s i x  l a r g e s t  regular  s a t e l l i t e s  of the  
outer  p lane ts  w e r e  s 
missions w e r e  develo d. Before the  quest ion of mission payload 
f e a s i b i l i t y  can be answered, methods of de l iver ing  the  payload 
t o  i t s  t a r g e t  must f i r s t  be examined. 

Two types of i n t e rp l ane ta ry  t r a n s f e r ,  b a l l i s t i c  and low- 
t h r u s t ,  a r e  considered, and two methods of capture  i n t o  o r b i t  
about t h e  s a t e l l i t e ,  one from b a l l i s t i c  approach, t h e  o ther  from 
low-thrust approach, a r e  examined. The performance of s eve ra l  
launch vehic les ,  ranging from the  T i t an  3F (seven segment) t o  the  
Saturn VICentaur, i s  in t eg ra t ed  wi th  the  t r a j e c t o r y  data  t o  
determine payload c a p a b i l i t i e s .  
vehic les ,  and c e r t a i n  high- and low-thrust  propuls ion systems 
s tudied  have not  ye t  been f u l l y  developed, it i s  f e l t  t h a t  they 
could be ava i l ab le  by the  t i m e  such missions a r e  undertaken 
(probably 1985 - 1990 t i m e  frame). 

thesized,  and the  payloads t o  perform these  

Although seve ra l  of these  l 

4 .1  

Data f o r  b a l l i s t i c  t r a n s f e r s  from e a r t h  t o  t h e  th ree  
t a r g e t  p lane ts  under considerat ion a r e  presented i n  Table 8. 
The launch energies  and approach condi t ions a r e  respresenta t ive  
values  over t h e  synodic per iod of launch opportuni t ies  f o r  each 
t a r g e t  planet .  The c h a r a c t e r i s t i c  v e l o c i t i e s  shown refleet an 
allowance f o r  a t e n  day launch window a t  ea r th ,  
examination of t he  c h a r a c t e r i s t i e  v e l o c i t i e s  i nd ica t e  t h a t  1 h 
vehic les  of t he  Saturn c l a s s  w i l l  be  necessary t o  d e l i v e r  t he  
required payload t o  the  t a r g e t  from a b a l l i s t i c  t r a n s f e r ,  

t r a n s f e r  t o  J u p i t e r  and Saturn and s o l a r - e l e c t r i c  propuls ion 
system parameters f o r  a range of f l i g h t  t i m e s ,  Solar-e 

Precursory 

Table 9 presents  data  f o r  s o l a r - e l e c t r i c  low-thrust 
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missions to  Neptune were n o t  examined due to  excessively long 
(19 to  25 years)  f l i g h t  t i m e s  necessary to  d e l i v e r  requi red  
payloads 

cons tan t  f l i g h t  times typ ica l  of a per iod of launch oppor tuni t ies .  
The payload and power da t a  were sca led  to  the Intermediate-20/ 
Centaur launch veh ic l e  from da ta  generated f o r  T i  tan 3D/Centaur 
missions to J u p i t e r  and Titan 3F/Centaur missions to  Saturn 
(Friedlander , 1970) Thus the payload and propulsion sys t e m  
parameters are n o t  necessa r i ly  optimum values  f o r  the f l i g h t  
t i m e s  and launch condi t ions under cons idera t ion ,  but  good approx- 
imations thereof ,, Impulsive capture  maneuvers (explained below) 
i n  the p l a n e t - s a t e l l i t e  system are employed with both the b a l l i s -  
t i c  and so lar -e lec  t r i c  low- thrus  t f l i g h t  modes 

An optimum Titan 3F/Centaur/SEP mission to  C a l l i s t o  
w a s  b r i e f l y  examined to  determine the c a p a b i l i t y  of t h i s  launch 
veh ic l e ,  The mission c h a r a c t e r i s t i c  included a 2000 day f l i g h t  
t i m e ,  i n d i r e c t  h e l i o c e n t r i c  t r a n s f e r  mode, an i n i t i a l  power a t  
1 AU of 29.4 kw, a VHP of 3.697 km/sec and a de l ivered  payload 
weight of 8950 l b s  p r i o r  t o  capture  i n t o  o r b i t  about C a l l i s t o ,  

Nuclear-elec t r i c  low- t h r u s t  t r a n s f e r  da t a  and pro- 
pu ls ion  system parameters a r e  shown i n  Table 10. The da ta  were 
generated from a method developed by Mascy (1970), The payload 
and propulsion sys tem parameters were optimized f o r  the va lues  of 
s p e c i f i c  mass and power ind ica t ed ,  which assume a nominal tech- 
nology l eve l .  Unlike the b a l l i s t i c  and so lar -e lec  t r i c  t r a n s f e r s ,  
the nuc lea r - e l ec t r i c  t r a n s f e r s  include a s p i r a l  escape from a 
300 n,m. e a r t h  parking o r b i t  and a s p i r a l  approach to  the o r b i t  
of the t a r g e t  sa te l l i t e ,  

Again, the da ta  presented a r e  va lues  averaged a t  

4 e 2 Orb i t  I n s e r t i o n  Maneuver 

For a b a l l i s t i c  p l ane t  approach ( i . e .  , both b a l l i s t i c  
and s o l a r - e l e c t r i c  f l i g h t  modes) i t  i s  gene ra l ly  n o t  poss ib l e  to  
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e f f i c i e n t l y  e s t a b l i s h  a spacecraf t  o r b i t  about a s a t e l l i t e  with 
a s i n g l e  impulse. Figure 2 i l l u s t r a t e s  a sequence of t h ree  
impulses which w a s  adopted f o r  s a t e l l i t e  capture .  The sequence 
i s  a de r iva t ive  of the b i - e l l i p t i c  t r a n s f e r .  

The f i rs t  impulse e s t a b l i s h e s  a loose e l l i p t i c a l  
o r b i t  about the pa ren t  p l ane t  i n  a plane which contains  the 
hyperbolic approach v e l o c i t y  (VHP) and i n t e r s e c t s  the s a t e l l i t e ' s  
o r b i t  a t  the per iapse  of the approach hyperbola (Note: t h i s  
c o n s t r a i n t  f i x e s  the i n i t i a l  per iapse  rad ius)  The second 
impulse occurs a t  the apoapse of the i n i t i a l  o r b i t .  I t s  purpose 
i s  to  change the o r b i t  plane to  coincide with t h a t  of  the 
s a t e l l i t e  and r a i s e  the per iapse  r ad ius  to  match the s a t e l l i t e  
o r b i t .  The amount of plane change a t  the second impulse i s  a 
funct ion of both the VHP vec tor  (d i r ec t ion  and magnitude) and the 
rad ius  of c l o s e s t  approach t o  the parent  p lane t .  The t h i r d  
impulse, performed a t  per iapse of the second o r b i t ,  i s  the a c t u a l  
s a t e l l i t e  cap ture  maneuver which e s t a b l i s h e s  the des i r ed  o r b i t  
about the satel l i te , ,  I t  i s  assumed t h a t  the s p a c e c r a f t ' s  p e r i -  
apse passage i s  matched with the pos i t i on  of the s a t e l l i t e  so 
t h a t  cap ture  can occur, Since i t  i s  assumed t h a t  the s a t e l l i t e ' s  
equa to r i a l  and o r b i t a l  planes co inc ide ,  there  i s  no penal ty  i n  
e s t ab l i sh ing  a polar  o r b i t  with the t h i r d  impulse, 

Using a low-thrust  s p i r a l  approach from the nuclear- 
e l e c t r i c  i n t e rp l ane ta ry  t r a n s f e r s ,  the capture  maneuver i s  
simpler than f o r  the d i r e c t  approach, Upon completion of the 
s p i r a l  to  the s a t e l l i t e ' s  o r b i t ,  the s p a c e c r a f t ' s  v e l o c i t y  i s  
assumed to  match the s a t e l l i t e ' s  c i r c u l a r  v e l o c i t y  about the 
parent  p lane t .  A s i n g l e  impulse can then be used to  e s t a b l i s h  
the des i red  o r b i t  about the s a t e l l i t e .  Again, i t  i s  a l s o  
assumed t h a t  the s p a c e c r a f t ' s  p o s i t i o n  a t  the end of the s p i r a l  
maneuver matches the pos i t i on  of the s a t e l l i t e  i n  i t s  o r b i t ,  and 
t h a t  the s a t e l l i t e ' s  equa to r i a l  and o r b i t  planes coincide so t h a t  
the s a t e l l i t e ' s  equa to r i a l  and o r b i t  planes coincide so t h a t  
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FIGURE 8. MISSION F E A S I ~ ~ L I ~ Y  USI 
COMBINATIONS WITH SEP TRANSFE 
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- po la r  o r b i t s  are poss ib l e  without  penal ty .  

4 e 3 Feasible  Missions 

The required i n - o r b i t  spacec ra f t  weights f o r  each 
s a t e l l i t e  (Table 7,  Section 3.5) were taken as design po in t s  on 
the payload versus  f l i g h t  t i m e  da t a  developed i n  Section 4 .1  and 
4 ,2 .  Figure 3 presents  payload versus  f l i g h t  t i m e  curves f o r  
b a l l i s t i c  t r a n s f e r s  using a Saturn V/Centaur launch veh ic l e ,  The 
payload curves are i n - o r b i t  weight, i . e ,  , a f t e r  the 3-impulse 
capture  maneuver, f o r  the var ious propulsion systems considered. 
Note t h a t  only da ta  f o r  c e r t a i n  of the missions considered a r e  
presented. Those n o t  shown are e i t h e r  n o t  poss ib l e ,  such as I o  
using a space-s torable  capture ,  o r  unnecessar i ly  powerful, such 
as Ti tan using a space-s torable  capture  propulsion system, 
Figure 4 presents  s imi l a r  b a l l i s t i c  t r a n s f e r  da ta  f o r  the Saturn V 
without Centaur and the Intermediate-20/Centaur launch veh ic l e s  
Figure 5 presents  similar da ta  f o r  s o l a r - e l e c t r i c  t r a n s f e r s  
combined with the Intermediate-20/Centaur launch vehic le .  

The optimum Titan 3F/Centaur so la r -e lec  t r i c  mission 
can d e l i v e r  a payload of 2490 l b s  (8950 on approach) i n t o  o r b i t  
about C a l l i s t o ,  This does n o t  meet the nominal payload requi re -  
ment, bu t  would be s u f f i c i e n t  t o  perform a marginal mission 
cons i s t ing  of a 1500 l b  o r b i t e r  and two o r  three  rough-landers, 
Although t h i s  mission p r o f i l e  may q u a l i f y  f o r  more study, i t  was 
n o t  considered f u r t h e r  i n  t h i s  r e p o r t ,  

Figure 6 presents  payload versus f l i g h t  t i m e  da t a  f o r  
the nuc lea r - e l ec t r i c  low-thrust  f l i g h t  mode, This da t a  i s  r e l a -  
t i v e l y  i n s e n s i t i v e  t o  the type of propulsion system used f o r  the 
s a t e l l i t e  capture  maneuver. The bands i n  the  f i g u r e  i n d i c a t e  the 
extremes assumed f o r  propulsion system performance, i . e . ,  cryo- 
genic  ( l e f t - s i d e  of band) to  ea r th - s to rab le  ( r igh t - s ide  of band) 
p rope l l an t ,  a t  each s a t e l l i t e . ,  
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- To c l a r i f y  the l a rge  number of useable opt ions,  
Figures 7 and 8 present  poss ib l e  missions f o r  var ious combina- 
t i ons  of propulsion sys t e m s  f o r  the capture  and braking maneuvers , 
f o r  the b a l l i s t i c  and s o l a r - e l e c t r i c  low-  t h r u s t  t r a n s f e r  modes, 
r e spec t ive ly ,  Moving from top t o  bottom on the f igu re  implies  a 
decreasing level  of propulsion system technology, o r  decreasing 
level  of performance. The target  s a t e l l i t e s  are a l s o  l i s t e d  f o r  
each propulsion system combination (diamond), i n  approximate 
order  of decreasing mission d i f f i c u l t y .  Note t h a t  the dominating 
e f f e c t  of the Jovian g r a v i t a t i o n a l  f i e l d  causes missions to  
c e r t a i n  of J u p i t e r ' s  c l o s e r  sa te l l i t es  to be more d i f f i c u l t  to  
perform than missions to  the s a t e l l i t e s  of the two other  ou te r  
p l ane t s ,  No f i g u r e  i s  necessary f o r  the nuc lea r - e l ec t r i c  low- 
t h r u s t  f l i g h t  modes s ince  a l l  poss ib l e  missions are f e a s i b l e ,  
i r r e g a r d l e s s  of the propulsion system combinations o r  s a t e l l i t e  
s e l ec t ed .  
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5. CONCLUSIONS AND RECOMMENDATIONS 

The major scientific object ives  envisioned f o r  composite 
o r b i t e r l l a n d e r  missions t o  the  s i x  l a r g e s t  s a t e l l i t e s  of t h e  
Outer p lane ts  are:  

1. 

2. 

To obta in  data  e s s e n t i a l  f o r  s t u d i e s  of:  
(a) t he  mode of formation of t he  smaller  planetary 

(b) 
(c) 

bodies i n  the  s o l a r  system 
t h e  o r i g i n  of p l a n e t l s a t e l l i t e  systems 
the  o r i g i n  of t h e  s o l a r  system i tself  

To develop a poss ib le  l i n k  between s tud ie s  of t he  
Inner  and Outer p lane tary  groups by comparing t h e  
physical  p roper t ies  of t he  s a t e l l i t e s  wi th  tBose 
of t h e  smaller  p lane ts .  

A f u r t h e r  ob jec t ive  would be t o  use the  s a t e l l i t e s  8 s  
A bases f o r  t h e  remote observat ion of t h e i r  parent  p lane ts ,  

s a t e l l i t e  base has the  inherent  advantage of platform s 

compared wi th  an o r b i t i n g  spacecraf t ,  Also, i f  t h e  sa te l l i t e ' s  
r o t a t i o n  per iods a r e  locked t o  t h e i r  o r b i t a l  per iods,  as  i s  
predicted,  then the  parent  p lane t  i s  cont inuously observable 
from any landing s i te  on the  " f r ~ n t - f a c e ' ~  of t h e  satel l i te .  
Since t h e  s i x  s a t e l l i t e s  s e l ec t ed  a l l  apparent ly  revo 
outs ide  t h e  in t ense  regions of p lane tary  r a d i a t i o n  b e l t s ,  r a d i a t i o n  
hazards should not  be a major concern, The constant  a l t i t u d e s  
of the  Regular s a t e l l i t e s  above t h e i r  parent  p lane ts  would 
s implify imagery requirements f o r  planetary observat ions.  

The f l i g h t  t i m e  requirements f o r  sof t - landing 1000 Ibs ., 
use fu l  payload, o r  rough-landing 10 50-%be instrument packages, 
on each of t h e  Outer p lane t  s a t e l l i t e s  under cons idera t ion  are 
summarized i n  Table 11. Impl i c i t  i n  the  f l i g h t  t i m e  range 
presented i s  t h e  performance of t h e  var ious propuls ion systems 
considered f o r  t he  capture  and braking maneuvers a t  t he  satellite, 
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These propulsion sys t e m s  cons is ted  of combinations of 

I l i q u i d  p rope l l an t s  (ear th-s torab le ,  space-s torable ,  and cryogenic) 
and i n  some ins tances ,  s o l i d  p rope l l an t ,  t o  perform the var ious  
maneuvers. The app l i ca t ions  of var ious  propulsion combinations to  
each of the considered f l i g h t  modes are summarized i n  the follow- 
ing paragraphs. 

Bal l is  t i c  Transfer Mode 
Missions with b a l l i s t i c  t r a j e c t o r i e s  to  the s i x  t a r g e t  
sa te l l i t es  are conceptually poss ib l e  using Saturn-class  
launch vehic les ,  A mission to  C a l l i s t o  i s  f e a s i b l e  
with the Intermedia te-20/Centaur i f  cryogenic propul- 
s ion  systems are a v a i l a b l e  to  perform the capture  and 
braking maneuvers, U s e  o f  the Saturn V launch veh ic l e  
provides mission c a p a b i l i t y  to  Europa, Ganymede and 
C a l l i s t o  without regard to  the type of propulsion 
system used a t  the s a t e l l i t e .  Addition of the Centaur 
upper s tage  to  the Saturn V includes missions t o  a l l  
four  Gal i lean s a t e l l i t e s  of J u p i t e r  and the more 
d i s t a n t  s a t e l l i t e s ,  T i t an  and Tr i ton ,  with f l i g h t  time 
requirements ranging from about 2 years  a t  J u p i t e r  t o  
11 years  a t  Neptune. A v a i l a b i l i t y  of the Saturn launch 
veh ic l e  and the 3-impulse maneuver required because of 
d i r e c t  approach condi t ions  ra ise  unanswered f e a s i b i f -  
i t y  quest ions concerning the p r a c t i c a l i t y  of the 
b a l l i s t i c  mission mode. 

Solar-Elec t r i c  Transfer Mode 

Solar-elec t r i c  low- thrus  t f l i g h t  mode missions a r e  
poss ib l e  (excluding I o ,  Europa and Tri ton)  using the 
Intermediate-20/Centaur launch vehic le .  F l i g h t  t i m e s  
are comparable to  the b a l l i s t i c  mode a t  Cal l is . to ,  and 
somewhat longer a t  Europa, Ganymede and Ti tan,  The 
reserva t ions  noted above s t i l l  apply, and i n  addi t ion ,  
the development of a high-powered (125-150 Kwe a t  
1 AU) s o l a r - e l e c t r i c  s t age  i s  questionable.  
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Nuclear-electr ic  Transfer  Mode 

Missions using nuc lear -e lec t r ic  propuls ion a r e  poss ib le  
t o  a11 s i x  s a t e l l i t e s  w i th  use of t h e  Ti tan-class  launch 
vehic les  
satell i tes a r e  somewhat longer than f o r  t he  b a l l i s t i c  
and s o l a r - e l e c t r i c  modes, t h i s  being mainly due t o  use 
of a smaller  launch vehic le  and s p i r a l  departure  and 
approach modes, Whereas the  f l i g h t  t i m e  requirement 
t o  T i t an  i s  comparable t o  the  b a l l i s t i c  mode, t h e  t i m e  
t o  T r i ton  i s  on the  order  of 2 t o  4 years s h o r t e r  than 
t h a t  f o r  t h e  b a l l i s t i c  mode, The primary f e a s i b i l i  
quest ions center on the  development of the  nuclear- 
e l e c t r i c  low-thrust  s t age ,  

F l i g h t  t i m e  requirements t o  the  Gal i lean 

Missions, each cons i s t ing  of t e n  rough-landers ins tead  
of a s i n g l e  sof t - lander ,  a r e  poss ib le  wi th  approximately the  
same f l i g h t  t i m e  requirements a s  a sof t - lander  for t h e  var ious 
in t e rp l ane ta ry  t r a n s f e r  modes and propuls ion systems under 
considerat ion.  
mode/ launc h vehic l e  / propulsion s ys %em e ombinat ions considered 
have ye t  t o  be developed, it i s  coneluded t h a t  t he  nuel ar-electric 
low-thrust mode i s  most e f f e c t i v e  i n  regard t o  minimizi 
vehic le  and f l i g h t  t i m e  requirements, 

lander  misscons i s  des i rab le .  Spec i f ica l ly ,  a mission s tudy i s  
recommended f o r  composite orb i te r / lander  missions t o  ~ a n ~ e d ~  
( Jup i t e r  111) and t o  T i t an  (Saturn V I ) ,  t he  two l a r g e s t  s a t e l l i t e s  

Although many of t h e  in t e rp l ane ta ry  t r a n s f e r  

Further  s tudy of t he  t echn ica l  f e a s i b i l i t y  of s a t e l l i t e  

i n  the  s o l a r  system. 
scientific i n t e r e s t ,  s ince  t o  da t e  it i s  the only s a e e l l i t e  
p o s i t i v e l y  i d e n t i f i e d  t o  possess an atmosphere, I n  add i t ion  t o  
def ining more completely the  science objec t ives ,  instrume 
mission operat ions and subsystem requirements of these  se 

A mission t o  Ti tan  may be of speeia  
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missions, t he  study should a l s o  i d e n t i f y  t h e  r e l a t i v e  s c i e n t i f i c  
importance of Ganymede and Ti tan,  compared wi th  the  other  27 
s a t e l l i t e s  of t he  Outer p lane ts .  Also, t he  study should take  
i n t o  considerat ion the  e f f e c t  of s a t e l l i t e  atmospheres 
(espec ia l ly  f o r  Ti tan)  on the  lander  design and operat ions,  
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