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l e  

It i s  b e t t e r  t o  p a i n t  wi th  a wide 
brush of unknown th ickness  than t o  
leave  t h e  canvas blank,  'I-Gunnar Myrdal 

11 

The purpose of t h i s  s tudy i s  t o  es t imate  t h e  requirements 
imposed on spacec ra f t  support  subsystem technologies  by imaging 
sensor  systems used aboard unmanned p lane ta ry  orbihters, The time 

frame of i n t e r e s t  covers  launch oppor tun i t i e s  from 1975 t o  1995, 
and the t a r g e t s  considered a r e  Mercury, Venus, the Moon, Mars, and 
J u p i t e r .  By the d e f i n i t i o n  used he re ,  imaging sensors  provide 
two d imens i o n a l  information,  e s s e n t i a l l y  s imultaneously , eiehher 
by r a p i d  scanning o r  d i r e c t  LVC, dimensional rewording e 

subsystems assists i n  i d e n t i f y i n g  needs f o r  advanced technology 
development, 
subsystem support  wi th  p r o j  ec ted  subsystem c a p a b i l i t i e s .  
study provides  t h e  groundwork f o r  such comparison by es t imat ing  t h e  
support  requirements of plane tary  o rb i t a l .  imaging experiments. 
Ranger, Surveyor, Lunar Orb i t e r ,  and Mariner mission experience 
has  shown t h a t  imaging experiments are PLkely t o  impose t h e  most 
c r u c i a l  demands on spacec ra f t  subsystems i n  f u t u r e  unmanned 
p lane tary  exp lo ra t ion ,  
subsystem technology development i s  afforded by cons ider ing  
p l ane ta ry  o r b i t a l  imaging experiments,  

imaging experiment and t h e  o t h e r  spacec ra f t  subsystems, These 
i n t e r f a c e s  can be represented  by t h e  fol lowing experiment 
charac t e r i s t i c  s : 

Knowledge of  demands imposed upon spacec ra f t  support  

These needs are made apparent  by comparing required 
This  

Thus va luable  i n s i g h t  pe r t a in ing  t o  necessary 

F igure  1-1 shows t h e  support  i n t e r f a c e s  between an 

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 I -1.  SPACECRAFT SUBSYSTEMS 
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weight 
volume 
shape 
field of view 
environmental constraints 
data acquisition rate 
c smmand requirements 
pointing and platform stability 
power 
orbit requirements 

The functional relationships between the experiment 
and the rest of the spacecraft are expressed, in this study, by 
"scaling laws a '' Scaling laws express required subsystem capa- 
bilities in terms of image characteristics (such as image 
ground size and resolution) and spacecraft orbit variables 
(such as altitude and velocity), The image characteristics are 
necessary to meet the imaging measurement requirements, which are 
derived directly from Ehe goals 0f space exploration, and the 
orbit variables are defined by selecting specific orbits for 
groups of similar experiments or "families," Thus the study 
tasks, as shown in Figure 1-2, are: 

1. 

2. 

3 .  

4 ,  

exploration objectives - identify role of remote 
measurement definition - specify imaging measure- 

sensing in total planetary exploration 

ments in support of exploration 
objectives 

orbit selection - determine operational orbits 
for measurement families 

imager scaling laws - express experiment charact- 
eristics in terns of measurement 
definition and orbit variables 

I I T  R E S E A R C H  I N S T I T U T E  
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EX P LORAT ION 

MEASUREMENT 

EXPERIMENT 
SUPPORT 
RE Q U I REMENTS 

FIGURE 2.  STUDY TASKS 
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5. experiment support  requirements - use  measure- 
ment d e f i n i t i o n s ,  o r b i t  s e l e c t i o n s ,  
and s c a l i n g  laws t o  e s t ima te  
t y p i c a l  support  requirements e 

This volume of t h e  f i n a l  r e p o r t  summarizes the r e s u l t s  
of t hese  t a sks .  The remaining sec t ions  of t h i s  volume are :  

Sec t ion  2 (Study Procedure) - r e p o r t s  t h e  method of 
approach used i n  each of t h e  s tudy  t a sks .  

Sec t ion  3 (Explorat ion Object ives)  - summarizes t h e  
s c i e n t i f i c  and engineer ing ob jec t ives  and shows how each ob jec t ive  
c o n t r i b u t e s  t o  t h e  goa ls  of space explora t ion .  Relevant observable 
p r o p e r t i e s  of t h e  p l a n e t s  a r e  i d e n t i f i e d  i n  support  of t h e  ob jec t ives .  
A d e t a i l e d  d e s c r i p t i o n  of each observable property,  i n  terms of i t s  
geometric, temporal, and s p e c t r a l  c h a r a c t e r i s t i c s  i s  presented i n  
V o l .  1% (Def in i t i on  of S c i e n t i f i c  Object ives)  e 

Sec t ion  4 (Measurement Def in i t i on )  - descr ibes  t h e  n a t u r e  
arnd q u a l i t y  of t h e  d e s i r e d  imagery, Image s p e c i f i c a t i o n s  a r e  
t abu la t ed  f o r  each observable property.  
ment achievement upon each s p e c i f i e d  parameter i s  summarized. 

p l ane t ,  t h e  o r b i t a l  s e l e c t i o n s  f o r  t h e  imaging measurements. 
I n t e r p l a n e t a r y  t r a n s f e r s  a r e  s e l e c t e d  f o r  each t a r g e t  p l a n e t ,  
and o r b i t s  a r e  s e l e c t e d  t o  m e e t  t h e  measurement s p e c i f i c a t i o n s .  
A d e t a i l e d  d e s c r i p t i o n  of each o r b i t  s e l e c t e d  f o r  imaging 
experiments may be found i n  Volume III (Orbi t  S e l e c t i o n  and 
Def in i t i on ) .  

The dependence of measure- 

Sec t ion  5 (Orbi t  Se l ec t ion )  - summarizes, f o r  each t a r g e t  

Sec t ion  6 (Imaging Sensor System Sca l ing  Laws) - presen t s  
sensor  models consisking of a c o l l e c t i o n  of t h e o r e t i c a l  and 
empir ica l  expressions s u i t a b l e  f o r  r e l a t i n g  the image 
spec i f ic ia t ions ,  o r b i t  parameters ,  sensor  s y s t e m  design vari- 
a b l e s ,  an experiment support  requirements ,  For  each type of  
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imaging system, these relations are organized to facilitate the 
design of an imaging system in sufficient detail that the most 
important support requirements can be identified, A logic 
diagram indicates schematically the steps in the design procedure, 
while a scaling law chart summarizes the theoretical and empirical 
relations An illustrative design example is provided for each 
type of imaging system, A detailed description of the scaling 
laws is given in Volume IV (Imaging Sensor System Scaling Laws). 

the imaging experiment support requirements, Each spectral region 
is discussed individually. General c~mments concerning the useful- 
ness of different types of imagers, t he  degree $0 which orbital 
imagery may be successful in obtaining t he  desired measurements, 
and correlation of image specifications with support requirements 
are presented. A detailed list of the support requirements for 
each individual experiment is given in Volume V (Support Require- 
ments for Planetary Orbital Imaging) d 

The entire report consists of five volumes: 

Section 7 (Experiment Support Requirements) - discusses 

I - Technical Summary 
I1 - Definition of Scientific ObjecEives 

IV - Imaging Sensor System Scaling Laws 
V - Support Requirements for Planetary 

IT1 - Orbit Selection and Definition 

Orbital Imaging. 
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2. STUDY PROCEDURE 

This s e c t i o n  desc r ibes  the  techniques t h a t  have 
been used throughout the study. F i r s t  the r e l a t i o n s h i p s  
between t h e  f i v e  major t a sks  are def ined and then the 
methodologies wi th in  each t a s k  area are discussed.  The 
importance of a systematized approach cannot be over emphasized 
i n  a s tudy of t h i s  breadth.  The o v e r a l l  r e l a t i o n s h i p  between 
the  f i v e  major s tudy t a s k s  w a s  shown i n  Figure 1-2.  

s ta tement  of those o b j e c t i v e s  of unmanned p lane ta ry  o r b i t a l  
exp lo ra t ion  which might be accomplished by imaging experiments. 
By cons ider ing  the  goa l s  of space exp lo ra t ion ,  the c u r r e n t  
knowledge of p l a n e t a r y  phenomena, and conceptual  measurement 
techniques,  the a n a l y s i s  i d e n t i f i e s  those measureable p l a n e t a r y  
phenomena which can be i n v e s t i g a t e d  u s e f u l l y  by remote sensing 
and by imaging. 

phenomena f o r  which o r b i t a l  imagery i s  u s e f u l ,  descr ib ing  them 
i n  terms of measurement s p e c i f i c a t i o n s  from the  viewpoint of the 
s c i e n t i s t  who must i n t e r p r e t  the da t a .  A t a b l e  of d e t a i l e d  
measurement s p e c i f i c a t i o n s  provides  nominal va lues  f o r  each 
imaging parameter.  
the o r b i t  s e l e c t i o n  procedure and i n  the f i n a l  e s t ima t ion  of 
experiment support  requirements.  

f o r  each of  the  r equ i r ed  measurements. Where similar measurement 
requirements e x i s t ,  they have been grouped i n t o  families and 
o r b i t s  s e l e c t e d  f o r  these  families.  The r e s u l t a n t  o r b i t a l  
parameters are a l s o  used i n  the  e s t ima t ion  of experiment support  
requirements.  

r e l a t i o n s h i p s  between the  imager support  requirements ( i . e . ,  
weight,  power, e t c . )  and i t s  a b i l i t y  t o  m e e t  given measurement 
s p e c i f i c a t i o n s  from a given o r b i t .  Useful types of imaging 

The exp lo ra t ion  o b j e c t i v e s  t a s k  provides  an e x p l i c i t  

The measurement d e f i n i t i o n  t a sk  dea l s  wi th  those 

The measurement s p e c i f i c a t i o n s  are used i n  

The o r b i t  s e l e c t i o n  t a sk  de f ines  ope ra t iona l  o r b i t s  

The imager s c a l i n g  l a w s  provide the q u a n t i t a t i v e  
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systems are s e l e c t e d  by examining the  measurement s p e c i f i c a t i o n s .  
For each imager type,  a c o l l e c t i o n  of  s c a l i n g  laws which 
r e l a t e  the  experiment support  requirements t o  the measurement 
s p e c i f i c a t i o n s ,  t o  t he  sensor  system c h a r a c t e r i s t i c s  , and t o  
the  o r b i t  v a r i a b l e s ,  are der ived.  

The experiment support  requirements t a s k  combines 
the  r e s u l t s  of each of the  previous t a s k s .  Both measurement 
s p e c i f i c a t i o n s  and o r b i t  parameters a r e  used i n  t h e  s c a l i n g  
l a w s  t o  estimate t y p i c a l  support  requirements demanded by 
each imaging experiment e 

of a n a l y s i s  employed i n  each of the f i v e  t a sks .  
The remainder of t h i s  s e c t i o n  desc r ibes  t h e  method 

2 . 1  Explora t ion  Objec t ives  

I n  i d e n t i f y i n g  u s e f u l  imaging measurements , a 
systematic  o rgan iza t ion  of l o g i c  reduces the  chance o f  
ove r s igh t .  The r a t i o n a l  methodology employed he re  provides  
a framework which i d e n t i f i e s  a l l  t he  s i g n i f i c a n t  o b j e c t i v e s  
of p l a n e t a r y  exp lo ra t ion .  Both s c i e n t i f i c  and engineer ing  
o b j e c t i v e s  are considered.  

2 . 1 . 1  S c i e n t i f i c  Objec t ives  

The a n a l y s i s  s tar ts  a t  the  h i g h e s t  and most gene ra l  
echelon of space exp lo ra t ion ,  and proceeds t o  de f ine  the  
exp lo ra t ion  i n  s t a g e s  of i nc reas ing  d e t a i l ,  u l t i m a t e l y  
t r a n s l a t i n g  the  information requirements i n t o  measurement 
s p e c i f i c a t i o n s .  Th i s  a n a l y s i s  technique i s  summarized i n  
Table 2-1.  A s  the  whole i s  equal  t o  the  sum of i t s  p a r t s ,  
each g o a l  i s  wholly descr ibed  by i t s  subgoals,  each subgoal 
by i t s  a s p e c t s ,  each a spec t  by i t s  o b j e c t i v e s ,  and each 
p b j e c t i v e  by i t s  observables .  However, no eva lua t ion  has  
been attempted of t h e  r e l a t i v e  worth of t h e  components of 
any ca tegory  o r  subcategory. For example, atmospheric 
composition and p l a n e t a r y  s t r u c t u r e  a r e  assumed t o  be of equal  
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Table 2 - 1  

DEVELOPMENT OF SCIENTIFIC OBJECTIVES 

Step Analysis  

1. Goal 

2 .  Subgoal 

3 .  Aspect 

4 .  Ob j e c t ive 

5 .  Obsewable 

Define the  axploFbt.5011 p ~ d & k y  
(e. g o  understand the  o r i g i n  
and evolu t ion  of t he  S o l a r  
System). 

Subdivide the  goa l  i n t o  
narrower areas of p o l i c y  
(e .g .  determine the  p re sen t  
s t a t u s  of  the  p l a n e t s ) .  

Develop phenomenologica 1 a spec t s 
of the  subgoals Qe.g.  t o  
determine p l a n e t a r y  s t r u c t u r e ) .  

I d e n t i f y  the  s c i e n t i f i c  
components (eo  g .  , su r face  
morphology) which toge the r  
provide understanding of each 
a spec t .  

Express the o b j e c t i v e s  as 
p l a n e t a r y  p r o p e r t i e s  t h a t  can 
be measured (e .g .  su r f ace  
topography). 
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s ign i f i cance  i n  determining the  p re sen t  s t a t e  of the  p l a n e t s .  
They may n o t  be of equal  s i g n i f i c a n c e ,  however, i n  t h e i r  
impact on the o r b i t a l  imaging support  requirements 

extremely coarse  log ic  f i l t e r  p revents  the  a n a l y s i s  of areas 
which are man i fe s t ly  i r r e l e v a n t  t o  t h i s  study. For example, 
the subgoal of determining the  p re sen t  s t a t u s  of the Sun i s  
shown i n  Sect ion 3 a s  a v a l i d  and necessary  subgoal of 
"understanding the  o r i g i n  and evolu t ion  of the s o l a r  system", 
bu t  i s  n o t  analyzed i n  f u r t h e r  d e t a i l  because of i t s  
i r r e l evance  t o  p l a n e t a r y  imaging experiments Figure 2 - 1  
shows, f o r  example, the r e s u l t s  of the  a p p l i c a t i o n  of t h i s  
a n a l y s i s  and f i l t e r i n g  t o  the s c i e n t i f i c  goa l .  

which o r b i t a l  imagery i s  u s e f u l ,  each ob jec t ive  must be 
descr ibed  i n  terms of observable p r o p e r t i e s .  These 
"observables" de f ine  the  phys ica l  p r o p e r t i e s  whose measurement 
assists i n  achieving the  o b j e c t i v e .  For example, an under- 
s tanding of a p l a n e t ' s  su r f ace  morphology i s  f u r t h e r e d  by 
measuring (o r  observing) su r face  topography and su r face  
appearance. The p r o p e r t i e s  of the  observable are used t o  
determine the usefu lness  of remote sensing and u l t i m a t e l y  
the  usefu lness  of  imaging. Each observable i s  analyzed as 
shown i n  Table 2-2.  The r e s u l t s  of t h i s  t h i r t e e n - s t e p  a n a l y s i s  
are r epor t ed  i n  t h e i r  e n t i r e t y  i n  Volume P I  (Def in i t i on  of 
S c i e n t i f i c  Ob jec t ives ) .  The a n a l y s i s  s i n g l e s  out those 
exp lo ra t ion  o b j e c t i v e s  f o r  which imagery i s  u s e f u l  and 
d i s c l o s e s  those c h a r a c t e r i s t i c s  of the  observable which 
inf luence  the d e s i r e d  n a t u r e  and q u a l i t y  of  t he  acquired 
images . 

t o ry .  The p o s s i b l e  measurement techniques Considered i n  
Step 3 do n o t  imply the  use of a p a r t i c u l a r  instrument  o r  
sensing device ,  bu t  r a t h e r  r e f e r  t o  b a s i c  phys i ca l  o r  chemical 

I n  passing from one level of d e t a i l  t o  the  n e x t ,  an 

I n  order  t o  recognize those exp lo ra t ion  o b j e c t i v e s  f o r  

The f i r s t  two s t e p s  of t he  a n a l y s i s  a r e  se l f -explana-  
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GOAL - SUBGOAL 

t UNDERSTAND 
ORIGIN AND 
EVOLUTION 
OF SOLAR 
SYSTEM 

IDETECT I 
EVIDENCE 
OF EXTRA- . - . . . 
TERRESTRIAL I LIFE 

ASPECT OBJECT I VE 

ACTIVE INTERNAL PROCESSES I PROCESSES f 

THERMODYNAMIC STATE I 

11-r MAGNETIC I 

FIGURE 2-1 
ANALYSIS OF SCIENTIFIC GOA 
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Table 2-2 

ANALYSIS OF SCIENTIFIC OBSERVABLES 

Ana 1 y s i s 

1. 

2 .  

3 .  

4 .  

5 .  

6 .  

7. 

8.  

9.  

10. 

11. 

12 .  

13. 

De f i n i  t i on 

Phenomena 

Poss ib le  Techniques 

Rem0 te Sen s ing 

Measurement 
Ph i lo  sophy 

Plane tary  Coverage 

Scale  

S p a t i a l  Resolu t ion  

Acquis i t ion  Time 

Repe t i t i on  R a t e  

Spec t r a l  Band and 
Resolu t ion  

Imaging 

Imagers 

The observable  i s  def ined i n  
contex t  of the o b j e c t i v e .  

The phenomena by which the 
observable  mani fes t s  i t s e l f  
a r e  i d e n t i f i e d .  

Conceptual techniques f o r  
measuring the  phenomena a r e  
noted e 

I f  remote sensing i s  inapp l i cab le ,  
the  observable  i s  no t  s c r u t i n i z e d  
f u r t h e r  

The purpose of remote sensing 
i s  def ined.  

The p l ane ta ry  d i s t r i b u t i o n  of 
the  measurements i s  suggested.  

The c h a r a c t e r i s t i c  s i z e  of the  
observable  i s  est imated ., 

The des i r ed  ground r e s o l u t i o n  i s  
e s t i m a  t e  d e 

A maximum time f o r  acqus i t i on  
of t he  image i s  determined. 

A measurement r e p e t i t i o n  r a t e  
i s  suggested.  

S p e c t r a l  regions f o r  remote 
sensing a r e  i d e n t i f i e d .  

I tems 6-11 a r e  weighed i n  
judging the  a p p l i c a b i l i t y  of 
o r b i t a l  imagery. 

D i f f e r e n t  types of imagers a r e  
i d e n t i f i e d  as very  u s e f u l ,  u s e f u l ,  
o r  n o t  very  use fu l .  
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de tec t ion  techniques,  such as neut rsn  a c t i v a t i o n  o r  measurement 
of thermal r a d i a t i o n  emission. The techniques of i n t e r e s t  a r e  
n o t  confined t o  remote sensing nor t o  the  c a p a b i l i t i e s  of 
a v a i l a b l e  instrumentat ion.  Those techniques involving remote 
sensing are e x p l i c i t l y  i d e n t i f i e d  i n  Step 4 .  Remote sensing,  
i n  t h i s  s tudy,  means remote sensing from p lane ta ry  o r b i t ,  and 
i s  def ined as the de t ec t ion  of e lectromagnet ic  r a d i a t i o n  o f  
any wavelength from o r b i t a l  a l t i t u d e s .  In. s i t u  measurements 
and Earth-based remote sensing are s p e c i f i c a l l y  excluded. 
Thus the  measurement of the  magnetic f i e l d  vec to r  a t  the  
p o s i t i o n  of the spacec ra f t  i s  p_ no t  considered remote sensing.  
I f  any p o t e n t i a l l y  u s e f u l  remote sensing techniques a r e  
i d e n t i f i e d ,  the a n a l y s i s  proceeds f u r t h e r .  Otherwise no 
f u r t h e r  cons ide ra t ion  i s  given t o  the observable i n  connection 
with the  exp lo ra t ion  ob jec t ive  a t  hand. However, the same 
observable may be eonsidered f u r t h e r  wi th  r e l a t i o n  t o  a 
d i f f e r e n t  exp lo ra t ion  ob jec t ive .  

observable i s  summarized i n  Step 5. The purpose of the  
The information des i r ed  by remote sensing of t he  

measurements may d i f f e r  from one p l a n e t  t o  ano the ro  The 
purpose of observing sur face  topography on Mars, Venus, 
Mercury, and the Moon i s  t o  def ine  the d e t a i l e d  shape of the 
su r face ;  t he  purpose of observing sur face  topography on 
J u p i t e r  i s  t o  determine i f  a su r face  e x i s t s .  The d i f f e r e n c e s  
between one p l a n e t  and another  are i n s i g n i f i c a n t  a t  e a r l i e r ,  
l e s s - d e t a i l e d ,  s t ages  of a n a l y s i s .  However, a n a l y s i s  of the  
observable from t h i s  p o i n t  on proceeds on an ind iv idua l  p l a n e t  
b a s i s  and r e f l e c t s  the  c u r r e n t  s c i e n t i f i c  knowledge of each 
t a r g e t  p l a n e t  . 

f r a c t i o n a l  a r e a  of t he  p l a n e t  which should be observed and 
how the  observat ion should be d i s t r i b u t e d  over the  p l a n e t .  
The a n a l y s i s  i s  n o t  confined t o  a s i n g l e  mission,  b u t  may 
r e f l e c t  a h i e ra rchy  of missions.  Thus d i f f e r i n g  p l a n e t a r y  
coverages a r e  r equ i r ed  f o r  r e g i o n a l ,  l o c a l ,  and d e t a i l e d  s c a l e  

The a n a l y s i s  represented  by Step 6 i d e n t i f i e s  the 
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su r face  topography. Steps 9-10 f u r t h e r  descr ibe  the observable , 
while Step 11 suggests  which p a r t s  of the electromagnet ic  
spectrum are s u i t a b l e  f o r  remote sensing.  

a p p l i c a b i l i t y  of o r b i t a l  imagery. Imagery i s  def ined  as 
the  c o l l e c t i o n  of two-dimensional d a t a ,  by remote sensing,  
i n  an e s s e n t i a l l y  simultaneous manner. I f  images can be 
expected t o  c o n t r i b u t e  m a t e r i a l l y  t o  the achievement of t he  
exp lo ra t ion  o b j e c t i v e  imaging experiments are u s e f u l .  Thus 
i f  the  observable can be expected t o  e x h i b i t  s i g n i f i c a n t  
geometric o r  temporal v a r i a t i o n s  ( e .g . ,  c loud formation) ,  
imagery i s  e s s e n t i a l ,  o r  a t  least  exceedingly u s e f u l .  For 
some o b s e w a b l e s  ( e . g . ,  su r f ace  topography) , t he  c o l l e c t i o n  
of d a t a  from a l a r g e  number of p o i n t s  over a s h o r t  pe r iod  of 
t i m e  i s  rendered p a r t i c u l a r l y  expedient  by use of o r b i t a l  
imagery. The use fu lness  of o r b i t a l  imagery, a s  determined i n  
t h i s  scudy, depends upon the  c h a r a c t e r i s t i c s  of the observable 
r a t h e r  than upon the  c a p a b i l i t i e s  of a v a i l a b l e  imaging devices .  
The use fu lness  of imagery is, however, h i g h l y  dependent upon 
the i n t e r p r e t a b i l i t y  of t he  image. Imagery i s  u s e l e s s  un le s s  
appropr ia t e  i n t e r p r e  &a t i o n  techniques are a v a i l a b  l e  f o r  
ob ta in ing  the  d e s i r e d  information.  F i n a l l y ,  i n  those cases 
where imagery i s  u s e f u l ,  a crude estimate of the  re la t ive  
e f f i c a c y  of va r ious  imaging sensor  types (such as IR, o r  r ada r  
s t e r e o )  i s  provided,  The spectrum of  a p p l i c a b i l i t y  i s  confined 
t o  v e r y  u s e f u l ,  u s e f u l ,  and n o t  v e r y  u s e f u l .  

At t h i s  p o i n t ,  a judgment i s  made concerning the  

2.1.2 Eng i n e e r  ing 6b j  ec t ive s 

The purpose of t h i s  t a s k  i s  t o  de f ine  the  p l a n e t a r y  
measurements which should be made, so t h a t  the  most appropr i a t e  
engineer ing performance can be achieved. A s i m i l a r  procedure 
h a s  been used in def in ing  the  engineer ing bb jec t ives  as f o r  
the  s c i e n t i f i c  o b j e c t i v e s .  The major s t e p s  are shown i n  Table 
2 - 3 ,  The h ighes t  echelon i s  the  s ta tement  of engineer ing  
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Table 2-3 

DEVELOPMENT OF ENGINEERING OBJECTIVES 

Step Analysis  

1. Goal 

2.  Subgoal 

3. Aspect 

5.  Ob j e c t ive 

5. Observable 

Define engineer ing p o l i c y  f o r  
exp lo ra t ion  (e.g.  maximum 
e f f e c t i v e n e s s  i n  f u l f i l l i n g  
exp lo ra t ion  p l a n s ) .  

Subdivide g o a l  i n t o  narrower 
engineer ing areas. 

Define concepts f o r  meeting 
the subgsals  ( e o g o  Mars Lander 
d e f i n i t i o n ) .  

Specify engineer ing c r i t e r i a  
which c o n t r i b u t e  t o  an a spec t  
(e .g .  a e r o s h e l l  design c r i t e r i a ) .  

Express ob jec t ives  i n  t e r m s  of 
p l ane ta ry  p r o p e r t i e s  which can be 
measured (e g.  atmospheric 
d e n s i t y  p r o f i l e ) .  

I I T  R E S E A R C H  I N S T I T U T E  
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p o l i c y  which h a s  been assumed t o  be the  achievement of 
maximum e f f e c t i v e n e s s  i n  f u l f i l l i n g  the  exp lo ra t ion  p lans .  
This  i s  considered in succeeding l e v e l s  o f  d e t a i l  u n t i l  
s b s e m a b l e s  can be def ined .  The engineer ing observables  a r e  
p l a n e t a r y  p r o p e r t i e s  which must be measured i n  order  t h a t  such 
systems can be designed i n  accordance w i  h the  engineer ing 
goa l .  However’, a t  all levels im the  procedure t h e r e  are c l o s e  
r e l a t i o n s h i p s  between the s e t e n t i f i e  and the  engineer ing 
o b j e c t i v e s  The requirements imposed on the  engineer ing 
systems and subsystems a r e  determined i n  l a rge  measure by 
the  s c i e n t i f i c  o b j e c t i v e s .  The l i n k  i s  p a r t i c u l a r l y  c l o s e  
a t  an o b s e m a b l e s  level where in f a c t ,  s c i e n t i f i c  measurements 
are r equ i r ed  f o r  engineer ing purposes.  

A f u l l  d e f i n i t i o n  of engineer ing observables  
r e q u i r e s ,  as a f i r s t  s t e p ,  the  s p e c i f i c a t i o n  of an exp lo ra t ion  
plan.  Such a p l an  w a s  n o t  a v a i l a b l e ,  so i t  w a s  decided t o  
s t a r t  t he  procedure a t  t h e  a s p e c t s  level.  Pour mission 
concepts  are eonsidered ( o r b i t e r s  atmospheric probes 
atmospheric f l o a t e r s  and Panders) and t he  ob jec t ives  and 
observables  are then developed. A s  an example, Figure 2 - 2  
shows the  development of t he  engineer ing  observables  f o r  
p l ane ta ry  l ande r s  ., 

i t  impossible t o  d e f i n e  the  observables  in d e t a i l .  Thus 
no d e t a i l e d  measuremen$ s p e c i f i c a t i o n s  are der ived  f o r  t he  
engineer ing observables .  Ins tead ,  they  a r e  compared wi th  the  
s c i e n t i f i c  requirements  and those s c i e n t i f i c  observables  
which can c o n t r i b u t e  t o  the  engfneering o b j e c t i v e s  a r e  noted. 

The l i m i t e d  d e f i n i t i o n  of t he  mission concepts  makes 

2 . 2  Measurement Def in i t i on  

The s tudy procedure descr ibed  above i d e n t i f i e s  t he  
need f o r  imaging experiments meeting the  exp lo ra t ion  goa l s  
of the f i v e  p l a n e t s  being considered.  The next  s t e p  r e q u i r 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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the  p r e c i s e  d e f i n i t i o n  of measurement s p e c i f i c a t i o n s  f o r  
each of t he  p o s s i b l e  imaging experiments. 

s c i e n t i f i c  understanding of t he  r e s p e c t i v e  p l a n e t s  as ind ica t ed  
i n  Volume I% 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 ) ,  and (2) 
the  n a t u r e  of t he  des i r ed  image and the  way i n  which i t  i s  t o  
be i n t e r p r e t e d .  

following s p e c i f i c a t i o n s  have been der ived from c u r r e n t  
p l a n e t a r y  knowledge and theory as expressed by t h e  observable 
d e s c r i p t i o n  given i n  Volume 11: 

The s p e c i f i c a t i o n s  are based on (1) t he  p re sen t  

I n  spec i fy ing  the  measurement requirements,  t he  

S p e c t r a l  Region 
S p e c t r a l  Bandwidth 
Ground Resolut ion 
P lane ta ry  Coverage 
P lane ta ry  D i s t r i b u t i o n  of the rcleasurements 
Acqu i s i t i on  T i m e  
Repe t i t i on  Rate 

The r e s o l u t i o n ,  p l a n e t a r y  coverage and p l a n e t a r y  
d i s t r i b u t i o n  of t he  measurements are s e l f  explanatory.  
Acquis i t ion  t i m e  i s  r e l a t e d  t o  the  rate of change of a 
f e a t u r e  s o  t h a t  t h e  image i s  n o t  smeared by changes i n  the  
s p e c t r a l  appearance o r  shape of the o b j e c t  during the  exposure. 
The r e p e t i t i o n  ra te  i s  a l s o  r e l a t e d  t o  the  ra te  of change, 
bu t  i t  i s  governed by the  need t o  measure the  r a t e  of change 
of t he  observable by comparison of successive images. It i s  
analogous t o  t i m e  l apse  photography. The s p e c t r a l  region and 
bandwidth are s p e c i f i e d  only  i n  r e l a t i o n  t o  the  phenomena 
being observed and t h e  p a t t e r n  of i t s  r a d i a t i o n  spec t r a .  They 
express  the  s c i e n t i s t ' s  requirement f o r  d a t a  over a given 
s p e c t r a l  range and n o t  t h e  c a p a b i l i t y  of  t he  s t a t e - o f - t h e - a r t .  
I n  these  s p e c i f i c a t i o n s  no account i s  taken, a t  t h i s  p o i n t ,  
of whether o r  n o t  o r b i t s  can be found t o  m e e t  the  coverage 
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o r  the t i m e  requirements nor  whether instruments  can be 
designed t o  m e e t  the  ground r e s o l u t i o n  o r  s p e c t r a l  requirements.  
Such c o n s i d e r a t i o n s  are l e f t  f o r  a la ter  phase of the  s tudy.  

cons ide ra t ion  of the  i n t e r p r e t a t i o n  of images; 
The fol lowing s p e c i f i c a t i o n s  have been der ived  from 

Ground Image S i z e  
Overlap 
P o s i t i o n a l  Accuracy 
Sun Eleva t ion  

The image s i z e ,  on the  p l a n e t a r y  su r face ,  i s  r e l a t e d  
t o  the  a n t i c i p a t e d  p h y s i c a l  scale of the  observable  and , to  
some e x t e n t  t o  p a s t  experience i n  i n t e r p r e t i n g  the  r e l a t i o n -  
sh ips  between similar type o b j e c t s  o r  events .  This  s p e c i f i -  
c a t i o n  simply s ta tes  the  image size which the  s c i e n t i s t  wants 
placed i n  f r o n t  of  him f o r  i n t e r p r e t a t i o n .  It does n o t  
n e c e s s a r i l y  imply the  s i z e  of t he  r a w  d a t a  frame. The over lap  
requirements ensure adequate c o n t i n u i t y  between ad jacen t  frames. 
P o s i t i o n a l  accuracy and sun e l e v a t i o n  are self  explanatory.  
An example s f  a set  of measurement s p e c i f i c a t i o n s  f o r  observing 
luna r  su r face  e l e v a t i o n s i s  given i n  Table 2-4. 

o f  s c i e n t i f i c  measurement s p e c i f i c a t i o n s .  This  i s  the  
development of "worth curves" f o r  each of t h e  s p e c i f i e d  
parameters.  A s i n g l e  nominal va lue  does n o t  adequately 
r ep resen t  the  s c i e n t i f i c  requirements e For i n s t a n c e ,  t he  
nominal ground r e s o l u t i o n  s p e c i f i e d  f o r  measurements of 
su r f ace  e l e v a t i o n s  on the  moon has  been determined as 5 
k i lometers .  However, the  s c i e n t i f i c  requirements could 
probably be m e t  wi th  a r e s o l u t i o n  of anywhere between 1 and 
20 k i lome te r s ,  and even beyond 20 k i lometers  the  f a l l o f f  i n  
worth i s  n o t  v e r y  steep.. This  s i t u a t i o n  r e q u i r e s  the 
development of measurement s p e c i f i c a t i o n  "worth curves". 
They are intended t o  lend f l e x i b i l i t y  t o  t he  measurement 

There i s  one more important skep i n  the development 
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s p e c i f i c a t i o n s ,  and t o  ensure t h a t  t h i s  f l e x i b i l i t y  i s  con- 
s t r a i n e d  only by the  s c i e n t i f i c  requirements.  Figure ' 2 - 3  
shows, f o r  example, a "worth curveqs r e l a t e d  t o  the  ground 
based r e s o l u t i o n  requirements f o r  lunar  sur face  e l e v a t i o n s .  
The a b s c i s s a  i s  the  r e s o l u t i o n  requirement and the  o r d i n a t e  
i s  the  re la t ive  s c i e n t i f i c  worth of the  measurement. The 
p l a t e a u  g i v e s  the  range over which the  esl'-irnake.r'l Scr' ,EI%tbfi@ 

b ~ o r t h  of t h e  i;;,e~5~rte~nent i-2 the same b r  ends 

of the p l a t e a u  the  worth f a l l s  o f f ,  and the  s lope of the  l i n e  
i s  used t o  i n d i c a t e  the  rate a t  which the  woreh decreases .  
The dashed l i n e  i n d i c a t e s  an e x t r a p o l a t i o n  where no rea l  
experience e x i s t s .  In g e n e r a l  t he  nominal spec i f  i c a t i o n s  
a r e  s e l e c t e d  on the  b a s i s  of c u r r e n t  S c i e n t i f i c  experience.  

"worth curves" be understood. They r e p r e s e n t  the range of 
s c i e n t i f i c  u se fu lness  of each measurement s p e c i f i c a t i o n .  
They do n o t  imply the  va lue  sf obta in ing  the d a t a  as a 
c o n t r i b u t i o n  t o  the o b j e c t i v e s ,  s ince  they are a11 normalized 
t o  a maximum va lue  of  u n i t y .  Nor do they c o n s t r a i n  the  way 
i n  which the  d a t a  i s  obta ined ,  except  by i n d i c a t i n g  the  worth 
of the d a t a  as i t  i s  presented  f o r  i n t e r p r e t a t i o n .  

It i s  v e r y  important t h a t  the t rue meaning of these  

2 . 3  O r b i t  Se l ec t ion  

An understanding of o r b i t a l  c h a r a c t e r i s t i c s  and 
the c o n s t r a i n t s  t hey  impose on o b j e c t i v e s  and subsystems i s  
e s s e n t i a l  t o  an accu ra t e  d e f i n i t i o n  of o r b i t a l  imagery 
po%.ent:%al.  The o r b i t a l  mechanics t a s k  r e q u i r e s  an a n a l y s i s  
of t he  i n t e r a c t i o n  of o r b i t  c h a r a c t e r i s t i c s  a t  s p e c i f i c  
p l a n e t s  w i th  o r b i t  r e l a t e d  measurement s p e c i f i c a t i o n s .  The 
o b j e c t i v e  of t h i s  a n a l y s i s  i s  t o  i d e n t i f y  compatible o r b i t /  
observable groupings so  t h a t  subsequent experiment d e f i n i t i o n s  
inc luding  subsystem requirements and mission ope ra t ions  can 
be made. 

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

21 



w > a 
3 
0 
I 
I- a 
0 
3 

v) z 
I- 
0 
% 
W 
-I 
W 
W 
0 

0: 
3 
v) 

iz 

e 
2 
a 
3 .. 
W 
1 m 
B 
U 
W 
v) 

I 1 

v, 
0 

9 - 

c z 
W 
2! 
W a 
3 
v) a 
W 
2 
(L 
0 
W 
.-I 

!k a 
rri 

X 
W 

I cu 
W a 
3 a 
LL 
- 

22 



Many f a c t o r s  are involved i n  r e l a t i n g  the charac- 
t e r i s t i c s  of o r b i t s  t o  the accomplishment of an ob jec t ive .  
The cond i t ions  of p l a n e t  approach, t he  capture  maneuver, 
subsequent o r b i t  maneuvers, the time/space r e l a t i o n  between 
o r b i t i n g  spacecpaft  and r o t a t i n g  p l a n e t ,  and o r b i t  s t a b i l i t y  

the  p l a n e t a r y  environment a l l  p l ay  a p a r t  i n  determining 
the l o c a t i o n ,  amount, and frequency of coverage, the r e s o l u t i o n  
of t he  image, and the  s o l a r  i l l umina t ion  comditions during 
measurement. 'In o rde r  t o  give each i n t e r a c t i o n  the  proper  
a t t e n t i o n ,  and do s o  e f f i c i e n t l y ,  i t  w a s  necessary  t o  formulate 
procedures and methodologies f o r  the a n a l y s i s .  This i s  done 
by organizing the t a s k  i n t o  a s e r i e s  of s e q u e n t i a l  s t e p s  
proceeding from the most genera l  c h a r a c t e r i s t i c s  of o r b i t s  t o  
s p e c i f i c  o r b i t  s e l e c t i o n s  f o r  obsewab les  grouped according 
t o  s i m i l a r  o r b i t  r e l a t e d  measurement s p e c i f i c a t i o n s .  These 
s t e p s  are descr ibed  i n  Table 2-5. 

2.3.1 'In terp lane t a r y  Trans fer  s 

It i s  necessary t o  i n v e s t i g a t e  and s e l e c t  i n t e r -  
p l ane ta ry  t r a n s f e r s  f rom Ear th  t o  the t a r g e t  p l a n e t  i n  order  
to determine t y p i c a l  arr ival  cond i t ions  from which o r b i t s  
can be e s t a b l i s h e d .  The c h a r a c t e r i s t i c s  of p l ane ta ry  t r a n s f e r s  
a r e  c y c l i c a l ,  approximately repea t ing  themselves a f t e r  a f ixed  
number of launch oppor tun i t i e s .  This  opportuni ty  cyc le  i s  
considered f o r  each t a r g e t  p l a n e t  in " b e  t i m e  per iod  1975- 
,1995. Emphasis i s  placed upon those t r a n s f e r s  which would 
y i e l d  maximum payload i n  o r b i t .  Mars and Venus t r a n s f e r s  are 
s e l e c t e d  on the  b a s i s  of the  minimum sum of hyperbol ic  excess  
speeds a t  Ea r th  and t h e  t a r g e t  p l a n e t .  Mercury t r a n s f e r  
s e l e c t i o n  i s  based on the  minimum sum of escape and cap tu re  
v e l o c i t y  increments,  s ince  t h i s  d a t a  i s  r e a d i l y  a v a i l a b l e  
(Manning 196%) .  Both d i r e c t  and Venus swingby t r a n s f e r s  are 
considered.  For J u p i t e r ,  maximum o r b i t  payload type t r a n s f e r s  
can take as  long as t h r e e  yea r s  t o  reach the  p l a n e t .  Therefore 
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Table 2-5 

Step Ana l y s i 8 

1. 

2. 

3 .  

4 .  

5 .  

6 .  

Transfer  

Orb i t  
Cons t ra in ts  

Measurement 
Famil ies  

Candidate 
Orb i t s  

Orbi t  
Se lec t ion  

Orbi t  
Documen t a t  ion 

Analyze i n t e r p l a n e t a r y  t r a n s f e r s  
t o  determine typical p lane t  
arr ival  condi t ions  f o r  p l ane ta ry  
o r b i t e r  missions 

Analyze o r b i t  behavior in the 
p l ane t  environment and ass ign-  
ment of o r b i t  c o n s t r a i n t s  
necessary  t o  mission success .  

S o r t  all obsemab les  t o  which 
imagery i s  u s e f u l  i n t o  f ami l i e s  
of similar o r b i t  r e l a t e d  
spec i f  i s a t i o n s  e 

Se lec t  a parametr ic  s e t  of 
candidate  orbit s izes  capable 
of s a t i s f y i n g  measurement 
s p e c i f i c a t i o n s  (Step 3 )  and 
o r b i t  c o n s t r a i n t s  (Step 2 ) .  

Determine one or more complete 
o r b i t  d e f i n i t i o n s  ( s i z e  and 
or ientat ion)  f o r  each observable  
grouping using techniques of 
s tereographic  p r o j e c t i o n s  and 
computerized o r b i t a l  ground 
t r a c e s  ., 

Document each o r b i t  s e l e c t i o n  
(orb i , t  d a t a  shee ts )  including 
measuremen ts spec i f  i c a  t i o n  s 
(required and obtained)  imager 
type/observable  combinations, 
o r b i t  parameters ,  s e l e c t i o n  
r a t i o n a l e  amd explanat ions of 
incomplete achievement, 
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s h o r t e r  t r i p  t i m e  t r a n s f e r s ,  as w e l l  as minimum summed excess  
speed t r a n s f e r s ,  are considered i n  the  s e l e c t i o n  process .  

parameters of most i n t e r e s t  are 1) the  magnitude and 
dee 1 ina  t ion  p l a n e t  cen tered)  of the  asymptotic approach 
v e l o c i t y  t o  determine l o c a t i o n s  of per iapse  minimum i n c l i n -  
a t i o n ,  and magnitude of the  capture  maneuver, (2) l o c a t i o n  of  
the subsolar  p o i n t  t o  determine o r b i t  ground t r a c e  i l l umina t ion  
c h a r a c t e r i s t i c s ,  and (3) l o c a t i o n  of  the  p l a n e t  i n  i t s  o r b i t  
t o  determine the  season Mars) o r  l o c a t i o n  of su r face  f e a t u r e s  

i n  mission planning which a r e  recorded are p lane t -Ear th  
communication range,  Earth-Sun sepa ra t ion  angle  and days 
a f t e r  arr ival  t o  p lane t -Ear th  conjunct ion (po in t  of maximum 
communication d i s t a n c e  and s o l a r  i n t e r f e r e n c e ) .  

w i th in  each oppor tuni ty  of a cyc le  i s  prepared. The range of 
v a r i a t i o n  and average va lues  f o r  each p e r t i n e n t  a r r iva l  
parameter i s  computed. Depending upon the v a r i a t i o n  and 
number of parameters considered,  one o r  two t r a n s f e r s  a r e  
s e l e c t e d  t o  provide t y p i c a l  arrival cond i t ions  t o  be used i n  
subsequent o r b i t  determinat ions.  

contours  are presented  i n  the  hyperbol ic  impact plane f o r  the 
fol lowing re ferences :  

For these  classes of maximum payload t r a n s f e r s  t he  

Venus) on the  p l a n e t  a t  a r r i v a l .  Other parameters of i n t e r e s t  

A t a b u l a t i o n  of these d a t a  f o r  the  se l ec t ed  t r a n s f e r  

For each s e l e c t e d  t r a n s f e r  encounter o c c u l t a t i a n  

Object Ob j e c  t /near- l imb angles  
Sun O " ,  5" 
Ea r th  0" 

Canopus O " ,  20"  

Any s p e c i f i c  encounter geometry (assuming f i x e d  approach 
condi t ions)  i s  represented  by an aiming p o i n t  i n  the hyper- 
b o l i c  impact p lane .  A secondary f i g u r e  i s  a l s o  prepared 
r e l a t i n g  the  aiming angle  coord ina te  of the aiming p o i n t  t o  
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the  consequent o r b i t  i n c l i n a t i o n  and ascending node (assuming 
a co-planar  capture  maneuver). Thus i t  i s  poss ib l e  t o  determine 
the  cap tu re  occul ta tPon c h a r a c t e r i s t i c s  of any o r b i t  s e l e c t e d  
from the  same approach condi t ions .  

2,3.2 O r b i t  Cons t r a in t s  

Each p l a n e t  has  d i f f e r e n t  c h a r a c t e r i s t i c s .  Mars, 
Venus, and J u p i t e r  have atmospheres which can shor ten  o r b i t  
l i fe t ime.  Mars and J u p i t e r  r o t a t e  , r ap id ly ;  Venus and Mercury 
r o t a t e  v e r y  slowly. Venus and Mercury are c l o s e  t o  the  Sun 
causing apprec iab le  s o l a r  p e r t u r b a t i o n s  on the  pe r i apse  
a l t i t u d e .  The obla teness  of Mars and J u p i t e r  p e r t u r b s  the  
o r b i t  ascending nodes and arguments of pe r i apse .  The r o t a t i o n  
a x i s  of Mars i s  t i l t e d  25" t o  i t s  o r b i t  plane causing seasonal  
su r f ace  v a r i a t i o n s .  J u p i t e r  has  i n t e n s i v e  r a d i a t i o n  b e l t s ,  
perhaps as far as  3 p l a n e t  r a d i i  from the  su r face .  Capture 
impulse requirements are d i f f e r e n t  a t  every p l a n e t ,  being 
g e n e r a l l y  considered most severe a t  Mercury and J u p i t e r .  

Obviously each p l a n e t  has  i t s  own set  of  t r a i t s  
c r e a t i n g  a unique environment f o r  o r b i t a l  imagery. Therefore ,  
o r b i t a l  behavior r e l a t i n g  t o  o r b i t  s t a b i l i t y ,  maneuver 
requirements ,  su r f ace  coverage, r e s o l u t i o n ,  and i l l u m i n a t i o n  
must be s t u d i e d ,  f o r  each p l a n e t ,  before  i n t e l l i g e n t  o r b i t  
s e l e c t i o n s  can be attempted. These i n t e r a c t i o n s  and r e s u l t i n g  
o r b i t  c o n s t r a i n t s  are d iscussed  as p a r t  s f ' t h e  o r b i t  s e l e c t i o n  
p r e s e n t a t i o n s  i n  Sect ion 5 of t h i s  volume. Several o r b i t  
c o n s t r a i n t s  serve as gene ra l  g u i d e l i n e s  t o  a l l  o r b i t  s e l e c t i o n s .  
These are: 

a. Maximum cap tu re  impulse l i m i t e d  t o  6 .5  km/sec, 
b .  Minimum o r b i t  l i fe t ime due t o  atmospheric drag 

set a t  50 yea r s ,  
c .  Measurement a l t i t u d e  ranges u s u a l l y  l i m i t e d  t o  

a f a c t o r  of l e s s  than 5 and never exceed a 
a f a c t o r  of 10 ,  
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d. D i sc re t e  contiguous imaging i s  the only coverage 
technique considered,  i . e . ,  coverage i s  
accomplished by obta in ing  ad jacen t  images 
n o t  n e c e s s a r i l y  from ad jacen t  o r b i t s )  wi th  

c lose  t o  the  minimum image s i z e  and overlap.  

2 . 3 . 3  Measurement Famil ies  

The f i r s t  s t e p  taken toward de f in ing  o p e r a t i o n a l l y  
compatible f a m i l i e s  of experiments i s  t o  formulate observable 
groupings , wi th  s i m i l a r  o r b i t - r e l a t e d  measurement s p e c i f i c a -  
t i o n s ,  p r i o r  t o  o r b i t  s e l e c t i o n .  Those measurement s p e c i f i -  
c a t i o n  c a t e g o r i e s  considered are: 

a. minimum image s i z e  
b. minimum image overlap 
c.  pe rcen t  p l a n e t  coverage 
d. s o l a r  i l l umina t ion  ( e l eva t ion  angle  ) 
e.  coverage t i m e  
f .  image i n t e r v a l  
g.  coverage i n t e r v a l  

* 

By grouping observables  i t  i s  poss ib l e  t o  avoid a g r e a t  many 
redundant o r b i t  s e l e c t i o n s .  The measurement s p e c i f i c a t i o n s  
r ep resen t ing  each observable grouping a r e  made up-of what 
appears t o  be the  most res t r ic t ive  of each of the s p e c i f i c a t i o n s .  
It  i s  p o s s i b l e  t h a t  some experiments might have "over-designed" 
o r b i t s .  This  i s  n o t  considered a s e r i o u s  problem, however, 
s ince  the  groupings are formulated,  t o  begin wi th ,  on the 
b a s i s  of t h e i r  s imi la r i t i es .  

"Elevation angle  =(go" - z e n i t h  angle) 
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2 - 3 . 4  Candidate O r b i t s  

Candidate o r b i t  s i z e s  are c h a r a c t e r i z e d  by pe r i apse  
a l t i t u d e  (hp) and e c c e n t r i c i t y  (e).  A b a s i c  groundrule used 
i n  s e t t i n g  up these  candida te  s i z e s  i s  t o  keep hp a s  low as 
p o s s i b l e ,  For Mars and Venus, the lower l i m i t  i s  set  by t h e  
50-year o r b i t  l i f e t i m e  c o n s t r a i n t .  For J u p i t e r ,  hp i s  con- 
s t r a i n e d  by the  r a d i a t i o n  b e l t s .  A t  Mercury, hp i s  f i x e d  a t  
500 km. 

It i s  then p o s s i b l e  t o  va ry  the o r b i t  pe r iod  by 
changing e.  To a s su re  contiguous coverage a t  the  r a p i d l y  
r o t a t i n g  p l a n e t s  Mars and J u p i t e r  i t  i s  necessary  t o  select  
e such t h a t  the  candida te  o r b i t  pe r iods  are approximately 
sub in tege r  (Mars) o r  i n t e g e r  ( J u p i t e r )  va lues  of  t he  r o t a t i o n  
per iod .  I n  f a c t ,  a t  Mars the  observable  minimum image s i z e  
and over lap  are used t o  s e l e c t  e x a c t  va lues  of e which w i l l  
m e e t  t he  measurement s p e c i f i c a t i o n s .  For Venus and Mercury, 
which r o t a t e  q u i t e  slowly, i t  i s  more s e n s i b l e  t o  ignore t h e  
o r b i t  period/image s i z e  r e l a t i o n s h i p  and simply genera te  a 
set  of o r b i t s  by changing e i n  equal  increments.  

Once t h e  combination of h and e a r e  s e l e c t e d  t o  
determine the  o r b i t  s i z e ,  a number of a d d i t i o n a l  o r b i t  parameters 
u s e f u l  t o  the  subsequent s e l e c t i o n  process  are computed. 
Included among these  are t h e  apoapse a l t i t u d e ,  t he  v a r i a t i o n  
of a l t i t u d e  wi th  c e n t r a l  angle  from p e r i a p s e ,  o r b i t  p e r i o d ,  
l o n g i t u d i n a l  l apse  r a t e l cove rage ,  and the  number of days t o  
complete 100% l o n g i t u d i n a l  coverage. 

P 

2 .3 .5  O r b i t  Se l ec t ion  

The r e s u l t s  of the  previous s t e p s  are combined i n t o  
o r b i t  s e l e c t i o n s  which s a t i s f y  the  remaining measurement 
s p e c i f i c a t i o n s  of each measurement fami ly ,  inc luding  the  
percent  coverage, t he  s o l a r  i l l umina t ion  cond i t ions  , t he  
d i s t r i b u t i o n  of coverage, time f o r  coverage, and image and 
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coverage r e p e t i t i o n  r a t e s .  I n  a d d i t i o n  t o  these requirements,  
i t  i s  important t o  de f ine  what kind and how many maneuvers 
were necessary t o  e s t a b l i s h  the des i r ed  o r b i t ,  what* the  range 
of measurement a l t i t u d e  i s ,  how the  condi t ions  and l o c a t i o n  
of coverage change wi th  t i m e  i n  o r b i t ,  and a r a t i o n a l e  
descr ib ing  the s e l e c t i o n  process .  

The s i n g l e  most u s e f u l  t o o l  i n  accomplishing t h i s  
t a sk  w a s  found t o  be the g raph ica l  technique of s te reographic  
p ro jec t ion .  These p r o j e c t i o n s  permit  the  o r b i t  a n a l y s t  t o  
c l e a r l y  understand the  s p a t i a l / t i m e  r e l a t i o n s h i p s  involved 
i n  obta in ing  imagery d a t a  wi th in  such s p e c i f i c  c o n s t r a i n t s  
as s o l a r  i l l umina t ion ,  o r b i t  a l t i t u d e ,  and l o c a t i o n  of 
coverage. A schematic diagram of a s te reographic  p r o j e c t i o n  
i s  i l l u s t r a t e d  i n  Figure 2-4. Plane t  coord ina te s ,  o r b i t  
t r a c e s ,  l o c a t i o n s  of sub-body p o i n t s ,  and v e l o c i t y  and p o s i t i o n  
d i r e c t i o n s  which can be loca ted  on the  p l a n e t  su r f ace  are 
p ro jec t ed  onto a p lane  tangent  t o  t h i s  su r f ace .  The ease  of 
subsequent a n a l y s i s  depends upon the  s e l e c t i o n  of the  p o i n t  of 
tangency. A s  shown i n  the  f i g u r e ,  a l l  l i n e s  and p o i n t s  on 
the su r face  a r e  p ro jec t ed  as shadows produced by a p o i n t  of 
l i g h t  source on the sur face  opposi te  the  p o i n t  of tangency. 
I n  order  t o  keep the  p r o j e c t i o n  f i n i t e ,  only the lower 
hemisphere i s  p ro jec t ed  f o r  the o r b i t  s e l e c t i o n  a n a l y s i s .  
Accurate l o c a t i o n s  (per iapse  , s p e c i f i c  a l t i t u d e  e tc .  ) and 
angles  ( i n c l i n a t i o n ,  argument of pe r i apse ,  ascending node, 
e t c . )  can be measured d i r e c t l y  from the p r o j e c t i o n  by v i r t u e  
of the two theorems given i n  Figure 2-4. An example of the 
o r b i t  s e l e c t i o n  procedure employing the s te reographic  
p ro jec t ion  technique i s  given i n  Appendix A .  
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\I 
I C O N T A C T (  SUBSOLAR POINT) 

THEOREM I: CIRCLES OF THE SPHERE GO INTO CIRCLES 

THEOREM 2: ANGLES ARE PRESERVED, ie. STEREOGRAPHIC 

AND STRAIGHT LINES OF THE PROJECTION PLANE. 

PROJECTIONS ARE ISOGONAL TRANSFORMATIONS. 

FIGURE 2-4. STEREOGRAPHIC PROJECTION DEFINITION 
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2 . 3 . 6  O r b i t  Documentation 

Cer t a in  information,  which i s  u s e f u l  t o  o t h e r  s tudy 
t a s k s ,  i s  developed during the o r b i t  s e l e c t i o n  process  and i s  
recorded on a d a t a  shee t .  The completed d a t a  shee t  f o r  t he  
example d iscussed  i n  Appendix A i s  presented  a s  Table 2 - 6 .  
I n  a d d i t i o n  t o  the r equ i r ed  measurement family s p e c i f i c a t i o n s ,  
and the  o r b i t  elements,  t he  da t a  shee t  con ta ins  i n f o m a t i o n  
on the obta ined  measurement s p e c i f i c a t i o n s ,  the s e l e c t i o n  
r a t i o n a l e  behind the p a r t i c u l a r  o r b i t  s e l e c t i o n ,  o r b i t /  
measurement c h a r a c t e r i s t i c s  inc luding  a b r i e f  se t  of measure- 
ment p r o f i l e  d a t a  and o r b i t  impulse d a t a ) ,  and explana t ions  
f o r  d i f f e r e n c e s  between r equ i r ed  and obtained measurement 
s p e c i f i c a t i o n s .  A d e t a i l e d  d e s c r i p t i o n  of the o r b i t  s e l e c t i o n  
d a t a  s h e e t ,  and i t s  r e l a t i o n  t o  o t h e r  areas of the  s tudy ,  i s  
included i n  Volume IV (Orbi t  s e l e c t i o n  and D e f i n i t i o n )  which 
i s  a compilat ion of o r b i t  s e l e c t i o n  d a t a  shee t s  f o r  a l l  o r b i t  
s e l e c t i o n s  which w e r e  made. 

2.4 Imager Scal ing Laws 

The purpose of t h i s  t a s k  i s  t o  provide s c a l i n g  
l a w s  which can t r a n s l a t e  t he  measurement s p e c i f i c a t i o n s  
i n t o  experiment support  requirements provided t h a t  an o r b i t  
has  been s e l e c t e d .  This  s e c t i o n  desc r ibes  the  method of 
a n a l y s i s  used i n  ob ta in ing  imageng system s c a l i n g  l a w s .  

The s c a l i n g  l a w s  are used t o  i n t e r p o l a t e  between, 
and to’exkrapolate beyond, the point designs of e x i s t i n g  o r  
p r o j e c t e d  imaging-ystems. Thei r  func t ion  i s  dep ic t ed  i n  
Figure 2 - 5 .  Only those image s p e c i f i c a t i o n s  and support  
requirements which are d i r e c t l y  r e l a t e d  t o  the sensor  system 
design v a r i a b l e s  are l i s t e d  i n  t h e  f i g u r e .  Other support  
requirements ,  such as the  necessary  opera t ing  environment, 
depend only  upon the  type of imaging system. Scal ing laws 
have been developed only f o r  those types  of imaging systems 
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TAbLE 2-6 

ORBIT SELECTPOL? DAYIA SMEET NO, 200 

Z-krs (19%) FAMILY NO. 7 ORBIT MO. 6 

GROUP MI~ASUltEML'N'r SPEC1 3i'J CAT I O N  S : Required 
Mininium Image S ize  (h i )  ............ 600 
Minimum Image Overlap (%). ......... 20 
T o t a l  P l a n e t  Coverege (%) .......... > 70 
S o l a r  E l e v a t i o n  Range (deg) ........ 30-60 
Image I n t e r v a l . .  ................... < 2 h r  
Time for  % Coverage (days) .  ......... - 
Coverage I n t e r v a l . .  ................. > 4 /y r  
D i s t r i b u l ~ i o n  - ....................... 

Obtained 
600 

27.763 
76 .7  

10 days 
60 days 

once/lO days 
-63" t o  4.0" l a t .  

30-60 

OREIT ELEMENTS: F i n a l  I n t e r m e d i a t e  
E c c e n t r i c i t y  ....................... - 4 6 3 3  ' . 9  
P e r i a p s e  A1.t. (km) ................. 425 425 
Apoapse k P t .  (km) .................. 6995 68,915 

Arg, of P e r i a p s c  (deg) .  ............ 34-9.5 200 

I n c l i n a t L o n  (deg) .................. 110 38 
Ascending Node (deg) ................ 253.7 61.7 

SELECTLOIJ RATIONALE : 
The l o c a t i o n  of  t h e  asymptot ic  approach d i r e c t i o n  w i t h  

r e s p e c t  t o  t h e  s o l a r  i l l u m i n a t i o n  area o f  i n t e r e s t  makes 
it necessary t o  use  an o f f -pe r i apse  i n s e r t i o n  maneuver i n t o  
an in t e rmed ia t e  o r b i t .  A p lane  change o f  141" and e c c e n t r i c i t y  
adjustment e s t a b l i s h  t h e  f i n a l  o r b i t  f o r  measurements. The 
f i n a l  o r b i t  i s  sun-synchronous w i t h  pe r i apse  near  t h e  c e n t e r  
o f  t h e  a r e a  of  d e s i r e d  i l l umina t ion .  

ORBIT/ MEA SUREM~SNT CHAPSICTERI ST I c s : 
O r b i t s  t o  Contiguous Images ........ 5 

O r b i t  Pe r iod  (hrs )  ................. 5,03 . 

Max, Sensor on Time (min orb)  ...... 
Plane  Change AV (Icm/scc). .......... 

Measuremnt  O r b i t  Frequency ........ every o r b i t  

Measureniznt A l t .  Range (km) ........ 425 t o  1014 
Max. Measurement Arc (de  ) ,  . , . . ,. e o  -54.5 t o  54 .5  

3 .27  
3 ,  

Capture  AV (km/sec). ............... 1 .36  ( 5 . 5 ' )  
- 4 6  

Size Adjustment AV (km/sec) ........ .57 (141") 
2.38 T o t a l  OV (kndsec) . , . e . , e a e .  e a e 

7 
NO. o f  IE~C?S*ES (AI/> a 6 e 0 a 0 e 

'The t i m e  between s ide-by-side images i-s equal t o  5 o r b i t  
periods o r  25.15 hours. The t i m e  betweal  image r e p e t i t i o n s  
equals 10 days which i s  t h e  time f o r  one complete c y c l e  
of longitudinal coverage. 
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f o r  which (1) a need e x i s t s  (as expressed by the  measurement 
d e f i n i t i o n s )  and (2) adequate design experience i s  a v a i l a b l e .  
Unless a sensor  system i s  u s e f u l ,  t he re  i s  no p o i n t  i n  
developing s c a l i n g  l a w s ,  and un le s s  c h a r a c t e r i s t i c s  of a 
sensor  system can be p red ic t ed  over f a i r l y  wide ranges,  
s ca l ing  l a w s  cannot be developed. 

type of imaging sensor  i s  the  c o l l e c t i o n  and c o r r e l a t i o n  of 
empir ica l  d a t a ,  i n  an a t tempt  t o  re la te  the  support  requirements 
t o  v a r i o u s  c h a r a c t e r i s t i c s  of t he  sensor  system. I n  many 
cases, i t  i s  convenient t o  regard  the  imaging system as 
composed of d i f f e r e n t  subsystems such as sensing elements,  
o p t i c s  , image motion compensation equipment, e t c  ., Empir ical  
r e l a t i o n s  between the  subsystems requirements arid the  sensor  
system c h a r a c t e r i s t i c s ,  f o r  example the  weight of a TV camera 
system as a func t ion  of TV tube diameter ,  r e f l e c t  c u r r e n t  o r  
p a s t  t echnologica l  c a p a b i l i t y .  Future  c a p a b i l i t i e s  must 
n e c e s s a r i l y  be specu la t ive .  I n  those f e w  cases  where sources  
of increased  c a p a b i l i t y  can be c l e a r l y  foreseen ,  t he  presumed 
e f f e c t  of s t a t e - o f - t h e - a r t  advances on t h e  sca l ing  l a w s  are 
noted.  

The f i r s t  s t e p  i n  obta in ing  s c a l i n g  l a w s  f o r  a gTven 

I f  i n s u f f i c i e n t  empir ica l  da t a  i s  a v a i l a b l e ,  or i f  
no s a t i s f a c t o r y  empi r i ca l  c o r r e l a t i o n  between support  r equ i r e -  
ments and the  sensor  system c h a r a c t e r i s t i c s  can 'be discovered,  
t h e o r e t i c a l  r e l a t i o n s  are developed. I n  most cases, the  weight,  
volume, power, and poss ib ly  shape requirements are based on 
empi r i ca l  s c a l i n g  l a w s ,  whi le  the  f i e l d  of v i e w ,  p o i n t i n g ,  
s t a b i l i t y ,  and d a t a  a c q u i s i t i o n  ra te  requirements are based 
on phys ica l  p r i n c i p l e s .  

The support  requirements are most d i r e c t l y  r e l a t e d  
t o  the  c h a r a c t e r i s t i c s  of the  imaging system. The weight of 
a TV imaging system i s  d i r e c t l y  r e l a t e d  to the  diameter of t he  
image tube,  t he  power requirement of a r a d a r  imaging system 
i s  r e l a t e d  t o  the  peak t r ansmi t t ed  power, pu lse  width,  and 
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pu l se  r e p e t i t i o n  frequency. The opera t ion  of the  sensor  
system i s  then analyzed t o  determine the dependence of the 
c h a r a c t e r i s t i c s  upon the image s p e c i f i c a t i o n s .  The image 
s p e c i f i c a t i o n s  are coupled t o  the support  requirements by 
the  sensor  system v a r i a b l e s .  

problem, however. 
system t o  make no a r t i f i c i a l  s e l e c t i o n  of the  sensor  system 
v a r i a b l e s .  For example, t h e  image a c q u i s i t i o n  t i m e  (exposure 
time) i n  an o r b i t a l  TV system must be long enough t o  r e s u l t  i n  
a s a t i s f a c t o r y  s igna l - to -no i se  r a t i o  and must be s h o r t  enough 
t h a t  motion of t he  system o r  the  imaged o b j e c t  does n o t  degrade 
the  s p a t i a l  r e s o l u t i o n .  These c o n s t r a i n t s  are i d e n t i f i e d  by 
the  s c a l i n g  l a w s  and t h e i r  employment, bu t  no s p e c i f i c  a c q u i s i t i o n  
t i m e  i s  implied by the  s c a l i n g  l a w s .  Such freedom of choice 
can be used by the  experiment designer '  t o  e f f e c t  t r a d e o f f s  
between the support  requirements .  

The s c a l i n g  l a w s  f o r  each type of imaging system 
are organized i n  a manner which f a c i l i t a t e s  t he  e s t ima t ion  
of experiment support  requirements ,  i d e n t i f i e s  those image 
s p e c i f i c a t i o n s  and o r b i t a l  parameters which a f f e c t  t h e  support  
requirements ,  and d e l i n e a t e s  the  sensor  system v a r i a b l e s  which 
may be manipulated by the  experiment des igne r .  This  sys temat ic  
organiza t ion  i s  expressed i n  a " l o g i c  diagram" f o r  each imager 
type. For example, Figure 2-6 shows a l o g i c  diagram f o r  
o r b i t a l  TV systems. Each box i n  the diagram r e p r e s e n t s  a com- 
p u t a t i o n a l  s t e p  i n  the  system des ign ,  the r e fe rence  number i n  
the  co rne r  r e f e r r i n g  t o  a s p e c i f i c  s c a l i n g  l a w .  S imi l a r ly ,  
each ba l loon  r e p r e s e n t s  e s t ima t ion  of an experiment support  
requirement.  The l o g i c  diagram a l s o  i n d i c a t e s  those t r a d e o f f s  
which may be made i n t e r n a l  t o  t h e  sensor  system. 

There i s  no unique s o l u t i o n  t o  the  sensor  design 
It i s  important i n  the a n a l y s i s  of the  
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2 . 5  Experiment Support Requirements 

Once the  measurement s p e c i f i c a t i o n s  have been 
def ined ,  and an o r b i t  s e l e c t e d  f o r  achievement of the measure- 
ments, t he  sensor  system sca l ing  l a w s  are used t o  estimate 
the  support  requirements imposed upon the  spacec ra f t  by t h e  
experiment. Each experiment c o n s i s t s  of a s p e c i f i c  imaging 
system ope ra t ing  i n  a s p e c i f i c  mode providing imaging d a t a  
t o  achieve a s p e c i f i c  ob jec t ive .  Thus t h e  support  r equ i r e -  
ments r ep resen t  a s y n t h e s i s  of exp lo ra t ion  o b j e c t i v e s ,  o r b i t a l  
mechanics, and sensor  system design.  

.As prev ious ly  descr ibed ,  t he  a n a l y s i s  of space 
exp lo ra t ion  goa l s  r e s u l t s  i n  i d e n t i f i c a t i o n  of p l a n e t a r y  
exp lo ra t ion  o b j e c t i v e s  and p l ane ta ry  phenomena whose ob- ’ 

s e r v a t i o n  by o r b i t a l  imagery i s  expected t o  c o n t r i b u t e  t o  
achievement of t h e  exp lo ra t ion  o b j e c t i v e s .  The measurement 
d e f i n i t i o n  a n a l y s i s  produces image s p e c i f i c a t i o n s  f o r  each 
r e l e v a n t  combination of an observable and an imaging system. 
Some of these  image s p e c i f i c a t i o n s  (notably the minimum 
acceptab le  image ground s i z e ,  minimum over lap ,  s o l a r  e l e v a t i o n  
angle ,  p l a n e t a r y  coverage and d i s t r i b u t i o n ,  and coverage 
a c q u i s i t i o n  t i m e )  p l a y  a determining r o l e  i n  o r b i t  s e l e c t i o n .  
The s p e c t r a l  reg ion  and bandwidth s p e c i f i c a t i o n s  determine 
the  type of imaging system t o  be used. The sensor system 
s c a l i n g  l a w s  are then used wi th  the image s p e c i f i c a t i o n s  
( r e s o l u t i o n ,  image s i z e ,  image a c q u i s i t i o n  t i m e ,  over lap ,  
p o s i t i o n a l  accuracy, s o l a r  e l e v a t i o n  ang le ,  g rey  s c a l e ,  and 
p l ane ta ry  coverage) and the s e l e c t e d  o r b i t  (imaging a l t i t u d e s  
and v e l o c i t i e s )  t o  estimate the  experiment support  r equ i r e -  
ments. 

D i f f e r e n t  support  requirements may be obta ined  by 
s e l e c t i n g  a d i f f e r e n t  o r b i t  o r  by changing the  design of the  
sensor  system. I f  such changes a r e  s k i l l f u l l y  made, the  
measurement achievement need n o t  s u f f e r .  No a t tempt  i s  made 
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i n  t h i s  a n a l y s i s  t o  def ine  the l i m i t s  of experiment 
f l e x i b i l i t y .  Thus, the  support  requirements obtained must 
be regarded as r ep resen ta t ive  of requirements demanded in 
an a c t u a l  mission.  I n  some ind iv idua l  c a s e s ,  however, 
similar experiments a r e  compared wi th  one another  as a guide 
t o  how r e p r e s e n t a t i v e  the requirements a r e  e 

many ways which do not a f f e c t  mission achievement. 
example, the d a t a  a c q u i s i t i o n  r a t e  may be decreased a t  the  
r i s k  of i nc reas ing  the t i m e  requi red  t o  achieve f u l l  coverage 
of the p l a n e t .  Optimization of any experiment i s  beyond 
the scope- of t h i s  a n a l y s i s .  Although a l l  the t o o l s  requi red  
f o r  op t imiza t ion  are provided by the s tudy procedures ,  a 
d e f i n i t i o n  of  what one means by an optimum experiment i s  
lacking.  An optimum experiment might be def ined  as one which 
obta ins  the r equ i r ed  imaging d a t a  wi th  the l e a s t  expendi ture  
of i n s  t r u m n t  weight ,  o r  instrument  power o r  spacec ra f t  
weight ,  o r  even advanced technological  development c o s t s  a 

The a n a l y s i s  used here  ensures  only t h a t  the  experiment i s  
designed t o  c o l l e c t  the  des i r ed  imagery. 

A s  implied above, the experiment can be per turbed  i n  
For 

This  s e c t i o n  has  descr ibed  the major t a sks  of 
the  s tudy,  and the a n a l y t i c a l  procedures used t o  complete 
these t a s k s .  A s t r u c t u r e d  technique f o r  c r i t i c a l  examination 
of the  goa l s  of space exp lo ra t ion  has  been presented ,  and 
methods f o r  ana lyz ing  exp lo ra t ion  o b j e c t i v e s  i n  terms of 
observable  p l a n e t a r y  p r o p e r t i e s  has  been formulated.  It 
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h a s  been shown t h a t  t he  observable p r o p e r t i e s  must be 
descr ibed from two p o i n t s  of  v i e w :  t h a t  of the  s c i e n t i s t  
who knows what kind of d a t a  c o n t r i b u t e s  t o  h i s  understanding 
of the o r i g i n  and evo lu t ion  of the  p l a n e t s ,  and t h a t  of t he  
image i n t e r p r e t e r  who knows how the  mode of measurement affects  
h i s  c a p a b i l i t y  t o  p rope r ly  i n t e r p r e t  the acqui red  imagery. 
A method f o r  analyzing the c r i t i c a l  func t ions  of imaging 
sensor  systems h a s  been d iscussed ,  and procedures f o r  o r b i t  
s e l e c t i o n  have been d e t a i l e d .  F i n a l l y ,  a means f o r  combining 
the measurement requirements ,  sensor  system c h a r a c t e r i s t i c s ,  
and o r b i t a l  c o n s t r a i n t s  i n t o  experiments and e s t ima t ing  the  
r e s u l t a n t  support  requirements has  been evolved. The remainder 
of t h i s  volume p r e s e n t s  the  r e s u l t s  obtained 'by these  a n a l y t i c a l  
procedures.  
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3. EXPLORATION OBJECTIVES 
The support requirements demanded by planetary 

orbital imaging experiments depend directly upon the objectives 
of planetary exploration. This section provides an explicit 
statement of those objectives which might be accomplished by 
imaging experiments, The relation of this task to the other 
study taskswas shown in Figure 1-2. The method of analysis 
has been discussed in Section 2.1. The analysis results in 
a selection of planetary phenomena which can be usefully investi- 
gated by imaging sensor systems in orbit about the planet. 

3.1 Goals of Space Exploration 
The goals of space exploration represent the formula- 

tion of policy, and constitute the highest and most general 
echelon of an exploration plan. The goals of the United States 
space exploration effort have been taken to be: 

1, To understand the origin and evolution of the 
solar system. 
To understand the origin and evolution of the 
universe outside our solar system, 

preeminence of the United States, 

exploration goals in an efficient manner, 

2. 

3, To sustain the technological and economic 

4 ,  To achieve the scientific and national space 

The first two goals are scientific goals, the third is a 
national goal, while the fourth is an engineering goal. These 
goals are useful primarily as a basis for further analysis. 
The next level of increasing detail is division of the goals 
into subgoals. Only the first (scient5fic) and last (engineer- 
ing) goals are analyzed in this study, 
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3-2 Scientific Objectives 

directly observable. Only the present state is observable, and 
The origin and evolution of the solar system are not 

must be used as the key to the past, Scientific theory is 
used to infer the origin and evolution of the solar system from its 
observed-condition, 
and evolution of the solar system may be expressed in terms of 
the following subgoals : 

1. Determine the present status of the planets, 
2. Detect evidence of extraterrestrial life. 
3. Determine the present status of the Sun. 

Thus the goal of understanding the origin 

4 ,  Determine the present, status of the inter- 
planetary medium. 

Only the first two subgoals are pertinent to this study. 
Figure 3-2 shows the analysis of these scientific 

subgoals, 
planetary versus atmospheric; composition and structure versus 
active processes; active versus extinct biota. The aspect of 

constitution of the surface and interior of the planet, while 

properties of the surface and interior, Active planetary 
processes deal with all dynamic processes (exogenetic and 
endogenetic) which tend to change the planetary composition or 
structure, Similarly, the aspect of atmospheric cornposition 
refers to the chemical and isotopic composition of the atmo- 
sphere, treats the physical and thermo- 
dynamic properties of the atmosphere, and active atmospheric 
processes relates to dynamic processes which tend to change 
the atmospheric composition or structure, The aspect of fields 
includes all those potential fields or particle distributions 

The major distinctions at an aspect level are 

deals with the chemical and isotopic 

relates to the physical and structural 

associated with the planet. The aspect of active biota refers 
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to detection of viable organisms ranging from self-replicating 
polymers to elephants, while extinct biota refers to any evidence 
of past biology, 

The following subsections describe the analysis of 
each scientific aspect identified above into objectives, and 
the dissection of each objective into observable properties, 
or "observables," for which orbital imagery may or may not be 
a useful investigative technique. Briefly, an objective treats 
the understanding of a scientific area of limited scope. Those 
planetary phenomena whose observation contributes to the under- 
standing are described as observables, Consideration of the 
geometric and temporal characteristics of those observables 
for which remote sensing is useful leads to a judgment on the 
applicability of orbital imagery. This section summarizes 
the results of the analysis, aspect by aspect. A detailed 
description of each observable is given in Volume PI 
(Definition of Scientific Objectives), 

3.2.1 Planetary Composition 

the planet and the elemental, isotopic, and mineralogic 
composition of the crustal materials, The gross elemental 
composition of the planet may be interpreted in the context 
of various cosmogonal theories, For example, a significant 
difference in the planetary iron abundance as a function of 
distance from the Sun may indicate that some type of differen- 
tiation process occurred in the solar nebula either before or 
while the planets were being formed. Various isotopic ratios 
may lead to inferences concerning the age of the planet, while 
mineralogic data may shed light on the planet's development. 
The aspect of planetary composition is analyzed in terms of 
the objectives shown in Table 3-1. Each of these objectives 
will now be treated in further detail. 

This aspect deals with the gross composition of 
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Object ive 

Table 3-1 

PLANETARY COMPOSITION OBJECTIVES 

Observable s 
Remote 
Sensing 

O r b i t a l  
Imagery 

1. Mass 
2 .  Radius 
3 .  Oblateness 

E lemen t a  1 1. Elemental / - 
Abundance s Composition 

of Crust  

Surf ace 
I s o t o p i c  
Rat ios  

1. I s o t o p i c  
Abundances 

Composition of 1. Petrology 
Surface Mate r i a l s  2. Mineralogy 

3 .  Liquids  I 
- 
J 
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3 . 2 , 1 , P  
The mean dens i ty  of a p l ane t  may be i n f e r r e d  from 

the  obsemables o f  (1) ..-%---’ mass (2) rad ius ,  and (3) ob la teness ,  
and i s  a key parameter used i n  the  ~lassifiea$ion and f n t e r -  
comparison of t he  p l a n e t s ,  For example, t he  Pow average dens i ty  
of J u p i t e r  i s  gene ra l ly  regarded as i n d i c a t i n g  a predominant 
hydrogen composition, The obla teness  i s  detemined by measur- 
5ng both t h e  e q u a t o r i a l  and po la r  radii .  and may be used t o  
sompazte t h e  p l ane ta ry  moment of i n e r t i a  (deffreys 1962), The 
knom moment of iner%Pa may then e compared to moments based 
on d i f f e r e n t  models of p lane tary  eomposit%on, and the  most 
l i k e l y  composition may be i n f e r r e d ,  OrbBtal. fmagery 5s not  
p a r t i c u l a r l y  u s e f u l  i n  i n v e s t i g a t i o n  o f  t hese  observables,  
because t h e  p r o p e r t i e s  are v i r t u a l l y  time-independent and 
few measurements a re  requi red ,  The d e t a i l e d  desc r ip t ions  of 
these  observables,  and t h e  ana lys i s  lead ing  t o  t h i s  judgement, 
is gi.ven in Volume 1%: (Def in i t ion  o f  S c i e n t i f c  Object ives) .  

3 . 2 , 1 , 2  
Elemental abundances on the surface are t he  observ- - 

ab le  p r o p e r t i e s  o f  t h i s  sbjeetive, The elemental  compositfon 
of t he  c r u s t ,  and the  large-seabe s p a t i a l  variation of t h e  
cot-nposition, i n d i c a t e  the  degree o f  d i f f e r e n t i a t i o n  whfeh has 
oecurred a t  the su r face  and perhaps in t he  i n t e r l o r .  Elemental 
composition i s  independent of time and only a small  number of 
geometr ical ly  d i s t r i b u t e d  d a t a  po in t s  are r qubred. Also 
t he re  i s  no known i n t e r p r e t a t i o n  technique for obta in ing  
elemental  eomposition from imagery. Thus or’laltal imagery i s  
n e i t h e r  requi red  nor especfallgr u s e f u l ,  
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3,2.1.3 
The relevant observables are 

These abundances may be used to compute 
for radioactive and stable isotopes, Some of the ratios in- 
volving radioactive species may be used to infer the length 
of time since formation of the planet, or since the isotopes 
were buried, Other ratios may be used to infer the past 
activity of physiochemical processes which selectively con- 
centrate isotopes (Adams et ale 1967). Variation of specific 
isotopic ratios from one planet to another, and with respect 
to solar or cosmic isotopic ratios, may indicate whether 
fractionation occurred in the solar nebula when the planet was 
formed. However, remote sensing from orbital altitudes does 
not appear to be a feasible investigative technique, where even 
very thin atmospheres exist, 
3.2.104 

minerals, o r  fluids, present on the surface in large or 
moderate quantities, The observables are (1) petrologic, 
(2) mineralogic, and (3) liquid composition. The petrologic 
composition is defined by the abundance and distribution of 
various rock units, while the mineralogic composition is de- 
fined by the abundance and distribution of various minerals. 

This objective is to determine the kinds of rocks, 

Rock and mineral forming processes which may have been active 
are deduced from the surface petrology and mineralogy,, 
example, granitic rocks might indicate a high degree of crustal 
differentiation, while basaltic rocks might indicate a low 
degree of differentiation. Similarly, the presence of sedimen- 
tary rocks would imply past action of erosional, solutional, 
and depositional processes. 
liquids present may also lead to inferences of past histroy, 
Again, since planetary composition is expected to be independent 
of time, orbital imagery is unessential. Furthermore, although 
remote sensing may be of some value in pursuit of this objective 

For 

The composition of any surface 
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no known image interpretation techniques can provide the 
desired compositional information. 

orbital imagery is summarized in Table 3-1  for all objectives 
dealing with planetary composition. For details, the reader 
is referred to Volume PI. It is concluded that orbital 
imagery is useless for determining planetary composition. 

The applicability of both remote sensing and 

3 . 2 . 2  Planetary Structure 

forces and movements which have taken place within and on the 
planet. Knowledge of these forces is vital to an understand- 
ing of the nature and history of the planet, and provides a 
framework for the generation and testing of planetary develop- 
ment theories. Table 3-2 shows the objectives dealing with 
planetary structure, 

Examination of planetary structure determines those 

3.2.2.1 Geometric Shape 
The observables of interest are (1) surface 

elevations and (2) center of mass. Although the geometric 
shape is not determined by "observing" the center of mass, a 
comparison of the location of the geometric center with the 
location of the center of mass will lead to conclusions 
concerning planet rigidity, hydrostatic equilibrium, and 
rotation rate history (Goudes et al. l966>, Observations of 
surface elevations will define regional deviations from the 
basic ellipsoidal shape of the planet (Kaula 1966). Although 
a global network of elevation measurements are required, the 
data are independent of time, and thus orbital imagery is 
unessential. However, orbital imagery would be useful if 
available: otherwise simple altimetry would suffice. Imagery 
is useless in determining the center of mass. 
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PLANETARY 

- 1. Densi ty  / 
I n t e r n a l  S t r u c t u r e  D i s t r i b u t i o n  

2 .  D i s c o n t i n u i t i e s  - - 

Object ive 

Table 3-2 

STRUCTURE OBJECTIVES 

Observable 
Remote 
Sen s ing 

O r b i t a l  
Imagery 

Geometric Shape 
I. Surface 

2.  Center o f  
E leva t ions  

Mass 

I J 

1. Layering 
2 .  Contacts 

C r u s t a l  S t ruc tu re  3 .  A t t i t u d e  of 
Rock Units  

4 .  St ruc tu re  of 
Fea tures  

1. Surface Topography 
2 .  Surface Appearance 

Surface Morphology 
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3 , 2 , 2 . 2  Internal Structure 
A determination of planetary internal structure wfll 

indicate the nature and degree of differentiation, is valuable 
in the construction of planetary models, and may suggest 
similarities or dissimilarities in the development and evolu- 
tion of the planets, The internal structure has observable 
properties of (1) and (2) discontinuities 
No orbital imaging techniques are useful. The detailed density 
distribution ean best be determined by measuring %he paths and 
speed of seismic waves, although limited data can be obtained 
by gravimetry and satellite tracking (Anderson and Kovach 41966, 
Kovach 19661, Discontinuities and phase changes can be detec- 
ted by seismometry. 

3 , 2 , 2 . 3  Crustal Structure 
A major portion of the history of a planet may be 

recorded in the outer few kilometers of its crust, parf3~ularly 
if large structures of rock exist. The general structure of 

the surface and near-surface is important in understanding the 
formation of any lithologic units within the cruse, and the 
processes which formed or modified the crustal materials and 
structural features. The relevant observables in determining 
the crustal structure are (1) ( 2 )  contacts, 
(3)  attitude of rock units, and (4 )  structure of features. 

and strike), and contacts, interpretations can be made regard- 
ing the subsurface structure and khe processes responsible for 
the formation and modification of rock units, 
surface structural features facilitates understanding of the 
structure and history of the planetPs crust. 
predominantly a subsurface phenomena, and is best investi- 
gated by seismometry and in situ mapping utilizing coring and 
on-site study of outcroppings, If available, visual and radar 
imagery from orbit might be useful. En the past, terrestrial 

By mapping rock outcroppings rock attitudes (dip 

A study of 

Layering is 
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contacts have been studied by in situ mapping. Thorough study 
of planetary contacts will probably require data collection at 
many psints over extensive areas, hence orbital imagery (most 
notably visual and multispectral) is particularly expedient. 
The attitude of rock units is best investigated by in situ 
mapping and seismometry. Remote sensing techniques do not 
provide true attitudes. Finally, the structure of surface 
(and near-surface) features is best obtained by seismometry, 
gravimetry, magnetometry, and in situ mapping, However, 
orbital imagery (visual and radar) would be useful, particular- 
ly when supplemented by ground truth. 

3 ,2 .2 .4  Surface Mo 

near-surface structure and the active processes which build 
up or tear down the surface, The observable properties are 

The morphology of land forms is a function of the 

0 1  and (2) Accurate 
information requires a dense network of data over extensive 
portions of the planetary surface. Orbital imagery is parti- 
cularly expedient in the collection of such data. Surface 
topography requires three-dimensional data which may be ob- 
tained by shadowing or stereo coverage. 

3 . 2 . 3  
All processes which change the physical or 

chemical properties of the planet are regarded here as active 
processes, Included are such phenomena as magnetic activity, 
tidal activity, chemical reactions, seismic activity, tectonic 
activity, erosion, and deposition. Table 3-3 lists the rele- 
vant objectives, 
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Table 3-3 

PLANETARY PROCESSES OBJECTIaS 

Object ive Observable 
Rem0 te  O r b i t a l  
Sen s ing  Imagery 

1. Rota t ion  - 
Plane tocen t r i c  Per iod 

Mot ion  2 .  T i d a l  E f f e c t s  - 
3 .  Pola r  Wandering - 

1. Surface Winds 4 
2 .  Surface Liquid / 

I 
t 3 .  Topographic a/ 

I /  

Motion 
C r u s t a l  

Processes  Changes 
4 .  Thermal Anomalies 
5 .  Seismic Waves - 

I n t e r n a l  
Processes  

1. Magnetic F i e l d  - 
2 .  H e a t  Flow - 
3 .  Seismic Waves - 
4 .  Mass Motion - 
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3,2,3,l Planetocentric Motion 
This objective includes those dynamic motions which 

affect the planet as a whole, and is analyzed here in terms 
of (1) rotation period, (2) tidal effects, and (3)  polar 
wandering, Other observable properties , such as geometric 
shape of the planet, which may be related to planet dynamics, 
have been discussed elsewhere. 
tion allows inferences to be made concerning rotational history. In 
the case of the Earth, the variations in the length of the day 
are caused by interaction with the 
by change in the moment of inertia due to growth of the Earth's 
core. 
techniques or by stellar tracking from the surface o f  the 
planet, However, since the rotational period of the planets 
are already well known, remote sensing is not very useful. It 
may be noted that the accuracy of rotational period measurements 
is more sensitive to the duration of the observations rather 
than to the distance from which observations are made, 

The observed period o f  rota- 

Sun and the Moon and possibly 

The period of rotation may be determined by Doppler shift 

Measurements of tidal variations are significant 
since they affect the rotational period, and tidal friction 
provides a mechanism for energy transfer from the planet to its 
satellites or the Sun, The effectiveness of tidal forces in 
removing energy from the planet depends upon the phase lag o f  

the tidal bulge and upon the energy dissipation coefficient of 
the planet. Remote sensing from orbit is not useful in 
measuring the tidal activity, since no conceivable remote 
sensing technique affords the required accuracy. 

Terrestrial polar wandering has occurred, and is 
thoughttobe due to the Earth's response to unequal distribu- 
tion of land surfaces, Such changes in the position of the 
poles, together with changes in the rotational velocity, result 
in large scale fracture features in the surface, Polar wander- 
ing is best deduced from paleomagnetic measurements; remote 
sensing is not useful, 
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3 , 2 , 3 , 2  Active Crus t a l  Proeesses 

folding,  and volcanism produce c h a r a c t e r i s t i c  sur face  f ea tu res .  
i f f e a t i o n  of such processes  may l ead  t o  inferences  

regarding p l ane t  evolut ion.  For example, ff t he  subdued 
s t r u c t u r e  of Martian c r a t e r s  i s  t h e  r e s u l t  of water  erosion,  
the p a s t  presence of a hydrosphere i s  ind ica ted ,  Although a 
c l e a r  d i v i s i o n  be een sur face  modi f ica t ion  and i n t e r n a l  
proeesses  i s  not always poss ib le ,  t h e  observable p rope r t i e s  
r e l a t i n g  t o  a c t i v e  c r u s t a l  processes  are csnsfdered $0 be 

changes, (4 )  thermal anomalies, and (5) seismic waves. 
Visual  imagery from o r b i t  i s  p a r t i c u l a r l y  u s e f u l  a t  Mars 
(and perhaps Mercury) f o r  observing sand and dus t  storms, 
The v e l o c i t y  and ex ten t  of sur face  l i q u i d  motions could be 
ascer ta ined  by t r ack ing  buoysg bu t  only J u p i t e r  i s  expected t o  
show s i g n i f i c a n t  l a r g e  s c a l e  sur face  f l u i d  motion, O r b i t a l  
imagery i s  not  e s p e c i a l l y  u s e f u l  i n  t h i s  regard,  Topographic 
changes a r e  t h e  r e s u l t  of bo th  c r u s t a l  and i n t e r n a l  processes .  
Rapid and unpredictable  topographic changes are due t o  
meteor i te  impacts, land s l i d e s ,  volcanic  e rupt ions ,  e t c .  
The d e l i b e r a t e l y  planned d e t e c t i o n  of such a c t i v i t y  would 
r equ i r e  continuous planet-wide observat ion,  Slow and s e m i -  
p redfc tab le  topographic changes due t o  s o i l  creep and some 
volcanic  e rupt ions  could be de tec ted  by pe r iod ic  observat ion 
from o r b i t ,  Very slow and l a r g e  s c a l e  topographic changes 
could be de tec ted  only by observat ions extending over many 
years  durat ion.  The hea t  produced by volcanism, f a u l t i n g ,  
and i n t r u s i o n  of magma could w e l l  be de tec ted  a s  a thermal 
anomaly long a f t e r  the process  has ceased. Extensive a reas  
of t he  p l ane t  could be  thermally mapped from o r b i t ,  
processes  a l s o  produce l a r g e  amounts of seismic energy, bu t  
seismic a c t i v i t y  cannot be de tec ted  from o r b i t .  

Many dynamic processes  such as  erosion,  f a u l t i n g ,  

(1) su r f ace  wfnds, (2) 9 (3)  

These 
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3 , 2 , 3 , 3  Active Internal Processes 
Dynamic activity in a planet*s interior may be 

deduced from the observed surface structure, For example, 
thermal convection in the Earth's mantle is thought to hawe 
influenced the development of the continents and ocean basins, 
The observed distribution of lunar surface features (many 
maria on the near side, but few maria on the far side) may 
also be the result of internal dynamic processes, However, 
the recent discovery (Muller and Sjogren 3.968) of mass concen- 
trations associated with some of the larger mare suggests the 
predominence of external effects. 
convenient for studying internal processes are (9) magnetic 
fields, (2) heat flow, (3)  seismic waves, and (4 )  mass motion, 
Thermal convection in a fluid metallic core is thought to 
generate a magnetic field, Therefore, mapping of a planetary 
magnetic field may lead to inferences concerning thermal 
convection patterns in the interior, Mars, Venus, and the 
Moon do not appear to have any appreciable magnetic field. 
Jupiter does possess a strong magnetic field, but orbital 
imagery is not a useful investigatiwe technique. Surface 
heat flow may indicate the general thermal state of the 
interior, convection in the outer regions, subsurface molten 
magma, buried extrusive materials, and internal heat genera- 
tion from meteoritic impacts However, remote sensing of heat 
flow depends upon thermal conductivity measurements which must 
be made by surface sampling. Orbital imagery is only useful 
in detecting thermal anomalies. Seismic waves cannot be de- 
tected remotely, while mass motion of subcrustal materials is 
inferred from secular variation of the magnetic field and the 
distribution of surface structures. 

The observable properties 
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3.2A Atmospheric Composition 
Planetary atmospheric composition yields valuable 

information as to the origin and past history of the solar 
system, A massive planet (e,g. Jupiter) will retain most of 
fts gaseous constituents through gravitational attraction, and 
hence its atmospheric composition may be representative of 
conditions at an early stage of evolution. Any atmosphere 
associated with a small planet (e.g. Mars) may be expected 
to have a composition largely dependent upon surface and 
internal activity during past geological eras, The aspect of 
atmospheric composition is analyzed here in terns of the 
objectives shown in Table 3-4. 

3.2,4,l Gross Atmospheric Abundances 

composition on an atomic or molecular scale. The observables 
are (1) mean molecular weight, (2) elemental and molecular 
abundances, and (3) isotopic abundances e The mean molecular 
weight may be used to infer the general nature of the atmo- 
spheric cornposition. The terrestrial planets appear to have 
oxidized, secondary atmospheres derived from crustal outgassing 
(Kuiper l952) e The Jovian planets have reducing atmospheres 
containing large amounts of hydrogen, thus suggesting an 
origin closely associated with that of the solar system 
(Owen 19651, 
of Mars and Venus is about forty, while at Jupiter a value of 
about four is generally accepted, Since the mean molecular 
weight is not exhibited directly by electromagnetic radiation 
phenomena, remote sensing is not useful, The elemental and 
molecular constituents of most interest are H, H2, He, 0 ,  02, 
03, N, NZ, H20, CO, C02, CH4, NH3, Xe, Ar, and organic 
molecules (Brandt and Hodge 1964) ., Since atmospheric com- 
posi%ion is not expected to vary appreciably over the planet 

This objective deals with planet-wide atmospheric 

The mean molecular weight of the atmosphere 
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Object ive 

Table 3-4  

ATMOSPHERIC COMPOSITION OBJECTIVES 

Observable 
Rem0 te  
Sensing 

O r b i t a l  
Imagery 

Atmospheric 
Abundances 

1. Mean molecular 
weight 

2 .  Elemental and 
molecular 
abundance s 

abundance s 
3 .  I s o t o p i c  

- 

4 

J 

A tmo sphe r i c  
P a r t i c u l a t e s  

F 

1. Aerosol and - 
c r y s t a l  composition 

2 .  P a r t i c u l a t e  
s i z e s  and 

d i s t r i b u t i o n  
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(except f o r  h ighly  l o c a l i z e d  anomalies considered i n  the 
context  of" a c t i v e  processes) ,  instantaneous two-dimensional da t a  

which i s  p a r t i c u l a r l y  des i red ,  cannot be obtained by o r b i t a l  
imagery. I so top ic  abundance r a t i o s  can be used t o  i n f e r  t h e  
ex ten t  of f r a c t i o n a t i o n  t h a t  occurred i n  t h e  e a r l y  h i s t o r y  of 
t he  s o l a r  system, I s o t o p i c  r a t i o s  of p a r t i c u l a r  interest a r e  

molecular abundances, few da ta  po in t s  are required,  v e r t i c a l  
p r o f i l e  d a t a  i s  des i red ,  and o r b i t a l  imagery i s  not  u s e f u l ,  
Atmospheric sampling i s  the most effective technfque f o r  study- 
ing  atmospheric compositfon. 

i s  no t  e s p e c i a l l y  u s e f u l ,  Composition a s  a func t ion  of a l t i t u d e  

H 1 2  /H He3/He4, C12/C13san,d Ar40/Ar38e A s  w i th  e lemental  and 

3,2,4,2 Atmospheric P a r t i c u l a t e s  

v a r i a t i o n s  of ae roso l s  and p a r t i c u l a t e s  suspended i n  t h e  atmo- 
sphere are of utmost importance i n  r e so lv ing  disagreements 
between var ious  atmospheric models, This i s  e s p e c i a l l y  t r u e  
f o r  Venus, s i n c e  a v a r i e t y  of c o n f l i c t i n g  t h e o r i e s  have been 
presented  (Kellogg and Sagan 1962, Opik 1961, N e w e l l  1967) 
and have y e t  t o  be resolved.  
of ammonia d r o p l e t s  and ice c r y s t a l s  r e q u i r e  confirmation 
(Opik 1962, Michaux 1967) The re l evan t  observable  p r o p e r t i e s  

Determinations of t h e  s i z e ,  composition, and s p a t i a l  

The suggested Jovian  cloud l a y e r s  

a r e  (1) and (2)  
s i z e s  and d i s t r i b u t i o n .  Aerosols r e f e r  t o  nsn-so l id  pa r t i cu -  
lates such as l i q u i d  drop%ets ,  w h i l e  c r y s t a l s  refer to t h e  
s o l i d  p a r t i c u l a t e s  such as  suspended i c e  o r  dus t ,  Atmospheric 
p a r t i c u l a t e s  do not  e x h i b i t  unique absorpt ion lines from 
which their composition can be r e a d i l y  determined by remote 
sensing. Atmospheric sampling is  required.  Remote sensing 
techniques ( e s p e c i a l l y  polar imetry)  a r e  u s e f u l  i n  determining 
p a r t i c u l a t e  s i z e s  andp lane ta ry  d i s t r i b u t i o n .  However, s i n c e  
few d a t a  po in t s  a r e  requi red ,  and v e r t i c a l  p r o f i l e s  a r e  des i red ,  
o r b i t a l  imagery i s  n o t  usefu l .  
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3.2.5 Atmospheric Structure 
Since the atmosphere is the only barrier between 

solar radiation and the solid surface of the planet, a know- 
ledge of atmospheric structure permits an evaluation of the 
role played by solar radiation in the evolution o f  a planet. 

thermodynamic and physical properties of the atmosphere, and 
is analyzed in terms o f  the objectives shown in Table 3-5. 

The aspect of atmospheric structure deals with the 

3,2,5.l Atmospheric Thermodynamic State 

(2) density, and (3) pressure profiles, ( 4 )  vapor content, 
(5) global thermal balance, and (6) thermal anomalies, The 
temperature, pressure, and density profiles, along with atmo- 
spheric composition data, may indicate the existence of internal 
heat sources and the achievement of convective or radiative 
atmospheric equilibrium. However, pressure and density cannot 
be measured accurately by remote techniques. 
is not useful since vertical profiles are required. The 
global variations o f  vapor content (notably H20 and NH3) are 
vital to an understanding of planetary weather and the associa- 
ted condensatian and evaporation cycles. Vapor content also 
influences the transport properties of the atmosphere and 
assists in determining the proper equation of state (Fleagle 
and Businger l963), Vapor content is best determined by 
atmospheric sampling and chemical analysis or by remote 
detection of vapor absorption lines (Goody 1964) ,, Since 
vertical proffles are required, orbital imagery is no% useful. 
A determination of the global heat balance between absorbed 
solar energy and emitted thermal energy may indicate the 
presence of heat sources or sinks in the atmosphere or interior, 
and is related to atmospheric circulation patterns (Mintz 1961). 
However, heat flux cannot be determined remotely and orbital 

The relevant observables are (1) temperature, 

Orbital imagery 
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Table 3-5 

ATMOSPHERIC STRUC'FUIBE OBJECTIVES 

Object ive Observable 
Remote O r b i t a l  
Sensing Imagery 

1. Temperature 
p r o f i l e  

2 .  Densi ty  p r o f i l e  - 
The modynamic 3 .  Pressure  I S t a t e  p r o f i l e  

4 .  Vapor con ten t  ?/ - 

6. Thermal anomalies J u/ 

5. Global thermal - - 
balance 

2 .  Cloud l a y e r s  

Transpor t  
P r o p e r t i e s  

1. C o e f f i c i e n t  of - 
v i s c o s i t y  

2 .  Thermal 

3 .  Dif fus ion  
conduc t iv i ty  

c o e f f i c i e n t s  
4 .  Radia t ion  t r a n s f e r  - 

c o e f f i c i e n t s  
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imagery is valueless, Detection of thermal anomalies will 
assist in the location of regions of large viscous and ohmic 
energy dfssfpation, volcanic outgassing, and abnormal precipi- 
tation, Orbital PR and microwave imaging would be particularly 
useful in this regard. 

3,2,5,2 Cloud Structure 
Clouds have been observed on Mars, Venus, and 

Jupiter, A knowledge of the cloud structure reveals informa- 
tion on the aerosol and dust content of the plametary environ- 
ment, which in turn largely determines the planetDs radiation 
balance. The observables are (I) 
coverage and ( 2 )  cloud layers, Earth satellite experience 
has shown that orbital imagery is essential in studying 
global cloud coverage. The location and thickness of various 
cloud layers are related to the detailed radiative balance, 
Since vertical profile data is required, orbital =imagery is 
no t  useful. The dynamic aspects of cloud formation and 
circulation are treated under the aspect of Active Atmospheric 
Processes, 

Y 

(4 )  radiation transfer coefficients, The coefficient of vis- 
cosity and the thermal conductivity are required in the evalua- 
tion of theoretical models describing atmospheric structure 
and circulation. 
are functions of the thermodynamic variables and atmospheric 
constituents, any experimental determination of the viscosity 
OF thermal. conductivity offers a useful check on separate data 
obtained for the thermodynamic variables amd atmospheric 
composition. Diffusion coefficients are needed for theoretical 

Since the viscosity and thermal conductivity 
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studies of the various atmospheric layers, particularly %he 
exosphere where diffusion is the dominant process, The radia- 
tion %ransfer coefficients are required if the physical structure 
of' the atmosphere is to be completely understood. In situ 
atmospheric experiments are essential for determining atmo- 
spheric transport properties; orbital imagery is useless, 
This is a major reason why the Earth's atmospheric structure 
is still not completely understood, 

3,2,6 
Atmospheric dynamics is perhaps the most important 

aspect in understanding the planetary evolution of Venus and 
Jupfter-, The evolution of life on Earth is closely coupled to 
terrestrial atmospheric processes, Active atmospheric processes 
are examined here by considering objectives shown in Table 3-6, 

3,2,6,l 
The general circulation trends and mass motions in 

a planet's atmosphere can be characterized by the following 
observables: (1) global wind velocities, (2) convective cells 
and turbulence, and (3) cloud formation and associated motion. 
Theoretical and observational data on general atmospheric 
circulation patterns for the planets are in their initial 
phases, and the first orbital missions should provide a wealth 
of information in this area. 

The global wind velocities are valuable in establish- 
ing the general regime of circulation that exis%s in a planet's 
atmosphere. Global circulation patterns can be classified as 
being in either a "symmetric" or a ''wave'' regime, depending 
on the rotation rate and the extent of differential heating 
between the equator and poles (Mintz l96l>, For a slowly 
rotating planet, the fmportant parameter is the amount of 
differential heating between the subsolar and anei-solar 
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Table 3-6 

ATMOSPHERIC PROCESSES OBJECTIVES 

Ob j ec t i v e  
Remote O r b i t a l  

Observable Sen s ing Imagery 
/ 

J C i r c u l a t i o n  
and Motion 2 .  Convective C e l l s  g/ 

and Turbulence 

3 .  Cloud Formation J and Motion 
J 

Weather 

1. P r e c i p i t a t i o n  Type - 

2 .  P r e c i p i t a t i o n  Rate J 

and Nature 

and Var i a t ions  
3 .  Thunderstorms J 
4 .  Cyclone Formations J 
5. Atmosphere-Surface - 

I n t e r a c t i o n  

- 

J 
J 
J 
- 

1. Solar  Radia t ion  - 
2 .  Airglow ,B 
3 .  alpha p a r t i c l e s ,  - 

e l e c t r o n s ,  and 
pro tons  Atmospheric Energy 

Transfer  Processes  4 .  Cosmic r a y s  I 
5. Meteoroids 4 
6 .  I o n i z a t i o n  and - 

recombination rates 
7.  Surface-atmosphere 4 

t r a n s f e r  

I 
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points (Sagan and Kellogg 1963, Mintz 19621, Shee the global 
circulation pattern is instrumental in establishing the 
momentum and energy balances in a planetss atmosphere, it is 
important to establish the flow regime along with the assoei-  

ated rate of mass and heat flow, Orbital imagery, however., 
ot measure wind velocities directly, Wind velocities may 

be inferred from cloud formation and motion, 
To thoroughly understand the dynamics and ph 

of a planet's atmosphere, a knowledge of convective activity 
other than global circulation and wind patterns is necessary, 
Turbulence consists of a cascade of energy to smaller and 
smaller eddies, transforming mechanical energy i n t o  internal 
energy through dissipation, and occurs when the fluid motion 
exceeds a certain critical value, The most common mode arises 
in the case of large wind shears in horizontal motion (Eamley 
and Panofsky l964>, Another type o f  convective transfer is due 
to the thermal instability of a stratified fluid heated frsm 
below, This can result in adjacent vertical columns of warm 
and cool fluid alternately ascending and descending, called 
"Benard cells" when the process is orderly (Chandrasekhar 1961) 
Umder more extreme conditions, this eype of natural convection 
becomes chaotic and is completely turbulent, The existence of 
ver t ica l  convective columns o r  cells in an atmosphere would 
indicate that either a significant amount of the solar radia- 
tion was being absorbed at low atmospheric levels or else a 
significant amount of internal heat generation was present, 
Orbital imagery is useful for studying convective cells and 
turbulence, 

A knowledge of the cloud motions ag: var ious  atmo- 
spheric levels is a direct indication of the wind veloeities 
existing at that altitude, Cloud formation also yields in- 
direct information as o the pressure variations necessary to 
induce such motions, The time h i s t o r y  of cloud formation 

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

62 



enables estimates to be made of the atmospheric temperature 
and compositional dynamics from theoretical models of aerosol 
and ice formation (Dufour and Defay 1963, Rosinski 1967), 
Similarly, for atmospheres in which clouds may be composed 
principally of dust, a knowledge of cloud variations with time 
would give an indication of possible interactions between the 
atmosphere and the surface. Imagery is essential for examining 
cloud formation and motions, 

3,2,6,2 Weather 
Weather activity is associated with both local and 

global phenomena indicating that both condensation and evapor- 
ization cycles might be occurring, and that both gases and 
particulate matter may be involved in mass movement. Other 
active weather processes might include chemical and other 
ac tivity occurring through interactions within the near- 
surface atmospheric regions. The relevant observables are 
discussed below and can be stated as: (1) precipitation 
type and nature, (2) precipitation rate and variations, 
(3) thunderstorms, ( 4 )  cyclone formations, and (5) atmo- 
sphere-surface interactions 

particulates is essential to understanding of the precipitation 
processes, The mass rate of material exchange can vary 
appreciably depending on whether the particulates are in a 
droplet, ice, or snow-flake form. Also, it is important to 
determine whether or not the particulates are in the form of 
dust or sand, since this might imply the possible existence of 
either extensive winds or volcanic activity (Davidson and 
Anderson, 1967) However, the composition of precipitation 
cannot be readily determined by remote sensing, 

seasonal variations indicates the degree and extent of 
activity which occurs between various atmospheric levels and 

The type and chemical phase of the precipitation 

A knowledge of precipitation cycles and their 
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the planet's surface, For example, a high frequency of precipi- 
tation indicates that significant variations in the vapor and 
temperature profiles occur over a relatively short t h e  span 
in order to accomplish the condensation-evaporation cyele. 
Radar imagery from orbit may be useful Tn determining precip- 
tation rate and its spatial and temporal variation, 

The intensity of atmospheric processes can be 

Monitoring the 
gauged by determining the extent of thunderstom actgvfty 
and the associated lightning discharges, 
lightning activity by sferic imagery f r o m  orbit might deter- 
mine the variability and intensity of atmospheric thunder- 
storms, The presence of intense cyclonic activity indicates 
that relatively large pressure differentials and velocity 
gradients exist within a limited reg%on, A knowledge of these 
processes is essential for evaluating the activities which are 
influencing the planet's present and past evolutionary trends, 
Terrestrial experience has proven that cyclone formations are 
best studied by orbital imagery. 

the amount and extent of chemical and physical interaction 
associated with crustal outgassing, volcanic activity, and 
the enhancement of chemical reactions through mixing in the 
boundary region (Mueller 1964). These processes essentially 
indicate thepresent state of stability of the 'bower atmospheric 
regions with the surface. Remote sensing cannot provide de- 
tailed data on atmospheric-surface interactions. 

Atmospheric-surface interactions include deterrninfng 

3,2,6,3 
The active mechanisms through which energy is added 

to or extracted from the atmosphere are vital to a complete 
Understanding of atmospheric processes, The observable pro- 
perties of this objective can be stated as: (I) solar radfa- 

----.-9 tion (2) airglow, (3) 9 
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(4 1 , (5) meteoroids, ( 6 )  ionization and recombina- 
tion rates, and (7) surface to atmosphere transfer. 

of the incident solar radiation, The resultant thermal state 
of the atmosphere will depend upon how this energy is absorbed, 
transmitted, and reflected. While the incoming energy of solar 
radiation peaks at visible wavelengths, it is also important 
to know the extent of y-ray, W, IR, and RF radiation because 
absorption at various altitudes can affect the stability of 
atmospheric layers (Fleagle and Businger 1963) e 

with airglow, i,e. luminescence of the atmosphere. Some atomic 
species will absorb incident radiation and de-excite by 
emission of visible light, Accurate measurements of the 
emission spectrum may identify atmospheric constituents. 
Although remote spectroscopy might be useful, imaging is not. 

In addition to electromagnetic radiation, incident 
eharged particles such as protons, electrons, and a-particles 
can play an important part in the dynamics and understanding 
of atmospheric physics and in the formation of radiation belts., 
The interaction of these particles, or the solar wind, with a 
planet * s atmosphere depends greatly on the magnetic field 
strength and configuration. A knowledge of the charged 
particle flux yields useful information relative to the 
electric and magnetic fields which exist in the atmosphere, 
Also, for a planet with little or no magnetic field, the solar 
wind would interact directly with the atmospheric constituents, 
or with the surface, if the atmosphere is transparent to these 
particles, A knowledge of these activities fs necessary to 
fully assess the dynamical processes occurring in the atmo- 
sphere ., 

The solar and galactic cosmic ray flux yields 
information vital to the interpretation of some solar system 
origin and evolution theories (Dungey 1958). It is also 

The global heat balance of a planet is a function 

Solar radiation may be instrumental in connection 
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important in the study of planetary atmospheres because of 
their high energies and their high penetration capabilities. 
Of equal importance is the distribution and flux density of 
meteors and meteorpites entering the atmosphere. A knowledge 
of this flux is necessary in estimating the mass accretion dur- 
ing the past epochs. For a dense atmosphere, much of the 
meteorite material will be added to the atmospheric constituents 
at the time of entry due to burnup from viscous heating. 

for understanding ionospheric phenomena, aurora, airglow, and 
other radiative processes. 
phenomena requires the determination of collfsiogl cross- 
sections, reaction rates, and the energy budget available in 
radiation belts and other active regions of  the atmosphere, 

dissipation, other than those mentioned above, must be 
recognized and explained in order to eompletely understand 
the physical processes acting in a planetary atmosphere. 
The most important of these would be energy addition through 
large scale volcanic activity, such as might exist OB Venus 
(Davidson and Anderson l967), Mot so evident is the possi- 
bility of large scale magnetic dynamo activity in the lower 
atmospheric regions and the resultant ohmic dissipation 
(Hide 1965) as may exist on Jupiter, Imaging of volcanic 
dust and vapors and the associated thermal anomalies might be 
useful, if such activity exists. Ground truth would be partic- 
ularly useful in connection with atmosphere-surface inter- 
actions, ' None of the other observables in connection with 
atmospheric energy transfer processes can be usefully investi- 
gated by orbital imagery, 

Ionization and recombination processes are important 

A full understanding of these 

Active processes involving energy release and 
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3.2.7 Fields 
The study of potential fields associated with a 

planet contributes to an understanding of active processes 
in the planet interior and atmosphere. Together with seismology 
and the observation of planetary motion and heat flow, determina- 
tion of the gravitational, magnetic, and electric fields of a 
planet provides the only means of evaluating conditions in the 
planet interior. The gravitational field influences atmospheric 
composition, structure, and dynamics. The magnetic field 
influences the interaction between the planet, the inter- 
planetary medium, and the Sun. The objectives related to plane- 
tary fields are shown in Table 3-7, 

3,2,7,1 Gravitational Field 
The gravitational field of a planet is used to 

determine the figure of the planet in terms of harmonics, The 
0th order harmonic is associated with a spherical shape, the 
1st order with an oblate ellipsoid, the 2nd order with a pear 
shape, and so  on, The departure of a planet from a sphere is 
a function of its internal structure (mass distribution), its 
rotational velocity, and the rigidity of the crust and 
mantle. The observables are (1) field vector, (2) temporal and 
secular variatLons, and (3) gravitational waves. In situ 
detection is required for all three observab1es;satellite tracking 
is considered an in situ measurement. 
3,2,7.2 Magnetic Field 

Understanding of a planetary magnetic field is 
furthered by observing (1) field vector, (2) temporal and 
secular variations, (3) radiation belts, ( 4 )  auroras, 
(5) paleomagnetism, and (6) radio burst, The dynamo theory 
of planetary magnetic fields suggests that the origin and 
maintenance of the field is related to fluid convective 
currents in the planetary interior. Therefore the presence of 
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Obj ec t ive 

Table 3-7 

FIELD OBJECTIVES 

Observable 
Remote 
Sen sing 

O r b i t a l  
Imagery 

1. F i e l d  v e c t o r  - 
2. Temporal and - 

s e c u l a r  v a r i a t i o n s  
3 .  G r a v i t a t i o n a l  waves - 

Magne t i c  F i e  Id  

1. F i e l d  v e c t o r  - 
2 .  Temporal and - 

secu la r  v a r i a t i o n s  
3 .  Radia t ion  b e l t s  - 
4 .  Auroras s/" 
5. Paleomagnetism - 
6. Radio b u r s t s  / 

1. F i e l d  v e c t o r  - I 

E l e c t r i c  F i e l d  

2 .  Temporal and - 
secu la r  v a r i a t i o n s  

c u r r e n t s  
3 .  Ionospheric  r i n g  ?/ 

4 .  T e l l u r i c  c u r r e n t s  - - t 
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a magnetic f i e l d  i s  assumed i n d i c a t i v e  of such c u r r e n t s ,  
Temporal var ia tTons i n  t h e  f i e l d  may be c o r r e l a t e d  wi th  the  
r o t a t i o n a l  per iod of t h e  Sun o r  of p lane tary  s a t e l l i t e s ,  while  
secular  (long-term) v a r i a t i o n s  may r e s u l t  from i n t e r n a l  o r  
c r u s t a l  motion, I n  s i t u  measurement i s  requi red  f o r  d i r e c t l y  
observing the  f i e l d  and i t s  v a r i a t i o n s ,  Radiat ion b e l t s  a r e  
t h e  r e s u l t  of charged p a r t i c l e s  being t rapped by the  p lane tary  
magnetic f i e l d ,  Only J u p i t e r  i s  expected t o  possess  s t rong  
r a d i a t i o n  b e l t s ,  I n  s ivu  techniques a r e  required f o r  de t ec t ion ,  
T e r r e s t r i a l  auroras  a r e  produced by charged p a r t i c l e s  leak ing  
from the  r a d i a t i o n  b e l t s ,  t r a v e l i n g  along magnetic f i e l d  l i n e s ,  
and e x c i t i n g  atoms i n  the  upper atmosphere. Auroras on o the r  
p l ane t s  may have a d i f f e r e n t  o r i g i n ,  The l i g h t  o f  t h e  aurora  

Remote sensing,  and e s p e c i a l l y  v i s u a l  imagery, would be use fu l  
i n  au ro ra l  observat ion,  The p a s t  h i s t o r y  of magnetic f i e l d s  
may be deduced from paleomagnetic da t a ,  Such da ta  may a l s o  
bear  on p a s t  c r u s t a l  h i s t o r y  (Runcorn 1962), However, rock 
paleomagnetism can be measured only by d i r e c t  sur face  sampling 
and t e s t i n g .  The o r i g i n  of t he  decametric r ad io  b u r s t s  from 
J u p i t e r  i s  one of  t h e  m o s t  s i g n i f i c a n t  contemporary problems 
tof p l ane ta ry  phenomena, It has been proposed t h a t  t h e  b u r s t s  
a r e  due t o  explosions i n  the Jovian  atmosphere (Sagan and 
Miller 1960) Cerenkov r a d i a t i o n  (Wamick 19631, o r  cyclotron 
r a d i a t i o n  a t  magnetic f i e l d  anomalies ( E l l i s  and McCullough 
19631, among other reasons,  Because of t h e  l o c a l i z a t i o n  of 
t he  a c t i v i t y ,  and i t s  r ap id  v a r i a t i o n s ,  r a d i o  frequency 
imaging experiments from o r b i t  would be invaluable ,  

i c  of t h e  spec t r a  of t h e  exc i t ed  spec ies ,  

3 ,2 ,7 ,3  E l e c t r i c  F i e l d  
H e r e  t h e  observables  a r e  (1) f i e l d  vec tor ,  (2) 

9 (3) Y 

and ( 4 )  t e l l u r i c  c u r r e n t s ,  The e l e c t r i c  f f e l d  of t he  Earth,  
and i t s  v a r i a t i o n s ,  do not  appear t o  play a s i g n i f i c a n t  r o l e  
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in planetary phenomena on the Earth. 
the other planets, In any event, electric field measurements 
require in sf$u observation, Ionospheric ring currents might 
be measured by radio frequency remote sensimg, and the resultant 
data might provide data on electron concentrations in the iono- 
sphere, Imagery, however, is not useful. Telluric currents 
flow through the crust and mantle of' the Earth; similar 
electric currents may flow in the crust and mantle of the 
other planets. 
electrical and thermal conduc fvity. Telluric currents are 
best measured by surface voltage gradient measurements, 
imagery is not useful,, 

This is probably true on 

Such cuzrents might provide information on the 

3.2.8 Active Biota 
The detection of a thriving extraterrestrial 

ioPogy would be the most important scientific discovery in 
the age of civilization. One cam scarcely comprehend the hpact 
of such a discovery upon the direction and magnitude of the 
space exploration program, 
the design of an experiment which can umambfguously determine 
that life does or does not exist on a planet. It is possible 
that extraterrestrial life exists in a fom which is both 
functionally aad chemically different from that to which we are 
accustomed. The most popular exotic suggestions are that 
extraterrestrial life may be based upon silicon bonds rather 
than carbon bonds, or on a solvent system other than water, 
say ammonia. Nonetheless, the objectives and observables 
formulated here consider detection of an Earth-type biology 
since no other system has been adequately described to allow 
experiments $0 be defined, The objectives are listxxj in 
Table 3-8, 

The mag or measurement problem is 
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Object ive 

Table 3-8 

ACTIVE BIOTA 

Observable 
Rem0 t e 
Sensing 

O r b i t a l  
Imagery 

L i f e  Forms 
2 .  P l a n t  l i f e  
3 .  Microscopic l i f e  

4 .  Living c e l l s  
forms 

1. Macromolecules - - 
2 .  Complex molecular - - 

Biochemistry s t r u c t u r e s  
3 .  Biochemical systems J 

Metabolism 

1. Environmental - 

2 .  Growth - 
3 .  Heat genera t ion  - 

exchange 

Reproduction 2 .  Number d e n s i t y  
3 .  C e l l u l a r  d i v i s i o n  
4 .  Genetic codes 
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3,2.8,1 - Life Forms 
The relevant observables are (1) animal life, 

(2) 9 (3) P and ( 4 )  
cells, Even the most casual observer on Earth is able to 
perceive the difference between life and death, the alive and 
the inert. If terrestrial-like animal or plant life exists on 
the other planets, the property of life may be recognized with 
equal ease. For extraterrestrial animal life, the identifying 
characteristic may be that of mobility, and therefore imagfng 

terrestrial plant life might: exhibit characteristic absorption 
spectra similar to that of Earth forms, Orbital imagery would 
be useful, but not essential, Remote sensing of microscopic 
life forms (spores, viruses, etc,) and living cells appears to 
be useless because of the microscopic scale, 

s of high resolution would be essential, Extra- 

3,2,8.2 

sbservables are (1) macromolecules, (2) 
structure, and (3) The detection of 
macromolecules, such as DNA, ~r complex molecular structures, 
such as a helix, is not proof of life, but  the more complex 
the molecules, the more indicative of life. It would be 
highly desirable if experiments could be designed which would 
detect biologically created molecules, or systems of molecules, 
without having to identify the molecules. 
possibility in this regard appears to be the detection of 
internal molecular structure, However, because of the molecular 
scale of the observables, remote sensing is inapplicable, It 
is possible that biochemical systems may exist on planets or 
in their atmospheres, especially where complex molecules are 
densely packed and continuous chemical activity is present, 

In order of increasing characteristie size, the 

The greatest 
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Such systems may be analogous to the primordial soup which 
has been suggested as preceeding life on Earth, 
imagery experiments might be useful for detecting biochemical 
systems 

Orbiting 

3,2,8.3 Metabolism 
A living organism is continually involved in an 

interchange with its environment. It is dependent upon its 
surroundings for energy and nutrients, and it deposits the 
by-products of its metabolism into its environment, It may 
be irritated, made dormant, and killed, or it may be induced 
to grow and reproduce prolifically. 
here are (1) environmental exchanges, (2) growth, and 
(3)  heat generation, It has been suggested (Hitchcok and 
Lovelock 1967) that the entropy of living systems is low 
relative to their dead environments, Life drives its environ- 
ment into disequilibrium, and an entropy gradient exists 
between living and non-living matter, The environmental 
exchanges between life and non-living matter require 
hand investigation and remote sensing is not useful, 
active life grows within its life cycle as a direct result of 
its metabolism, This growth may be small, as in the case of 
cells and microorganisms, or large, as in the case of animals., 
The detection of growth requires continuous, or periodic, 
observation of specific, individual life forms and remote 
sensing is not helpful without tracing of individuals. 
Metabolic activity always produces heat, even though often in 
minute quantities, However, the remote detection of metabolic 
heat production does not appear to be a promising remote life 
detection technique. 

The observables considered 

close- 
All 
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3 , 2 , 8 , 4  Reproduction 
The demonstration of reproduction must be one of 

the most convincing proofs of life, The relevant observable 
properties are (1) birth, (2) (3)  cellular 
division, and ( 4 )  genetic codes, The probability of observing 
the birth of higher forms of life must be extremely small, 
However, it might be possible to monitor population growth 
as a function of time, Carefully controlled samples are 
essential to proper data. interpretation, 
method of detecting reproduction is on a cellular level, since 
cells are common to all forms of life and subdivide with a 
rapid periodicity. Perhaps at the fringe of detection is the 
identification of reproduction codes on a macromolecular level, 
Remote sensing is not useful in detecting any of these observ- 
able propertfes, 

The most probable 

3 , 2 . 9  Extinct Biota 
The clear identification of biological remains is 

extremely difficult. Controversy still rages over the inter- 
pretation in meteorites. This is further complicated if the 
environmental history of the material is not adequately 
understood, The task on the planets is initially one of 
sifting surface materials to detect pieces with shapes and 
constructions reminiscent of biological species on a micro- 
scopic and macroscopic scale. In addition, it may be possible 
to identify chemicals and substances created by the decay of 
biological materials. The objectives relevant to extinct 
biota are shown in Table 3-9, 
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Table 3-9  

EXTINCT BIOTA OBJECTIVES 

Ob j ec  t ive Observable 

P l a n t  f o s s i l s  
1. Animal and - - I 

F o s s i l s  

Rem0 t e O r b i t a l  
Sen s ing Imagery 

I 2 .  Molecular f o s s i l s  - - I 

Bio log ica l  1. Hydrocarbons / t 0  
Decay 

Products 
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3 .2 .9 .1  F o s s i l s  

The r e l e v a n t  observables  are (1) anima1 and p l a n t  
f o s s i l s  and 2) molecular f o s s i l s .  F o s s i l s  found on the  
Ea r th  of animals,  i n s e c t s ,  and p l a n t s  are r e a d i l y  i d e n t i f i a b l e  
as e x t i n c t  l i f e  forms even when only p a r t i a l l y  complete. Such 
f o s s i l s  on any p l a n e t ,  even though of unknown s p e c i e s ,  would 
be equa l ly  e a s i l y  recognized. One of t he  problems, however, 
i s  knowing where t o  look f o r  them. This  w i l l  be dependent on 
the  e r o s i o n a l  and depos i t i ona l  h i s t o r y  of t he  su r face  materials 
and should be determined as p a r t  of the  exp lo ra t ion  of the  
p l ane t .  The remote p o s s i b i l i t y  e x i s t s  t h a t  a r t i f a c t s  of an 
i n t e l l i g e n t  b i o t a  could be f o s s i l i z e d ,  bu t  a s p e c i f i c  search  
f o r  these  i s  n o t  proposed. Molecules, as w e l l  as organisms 
can be f o s s i l i z e d .  The types  of molecule t h a t  a r e  genera ted  
depend on the  p a r t i c u l a r  ambient condi t ions  a t  the  t i m e  of 
t h e i r  formation. A s  cond i t ions  change i t  i s  p o s s i b l e  for 
these molecules t o  become trapped and i n a c t i v e .  The d e t e c t i o n  
of complex b i o l o g i c a l  molecules w i t h i n  rocks w i l l  be i n d i c a t i v e  
o f ,  r a t h e r  than proof o f ,  an e x t i n c t  b i o t a .  Surface sampling 
i s  r equ i r ed  f o r  f o s s i l  d e t e c t i o n .  

3.2.9.2 B io log ica l  Decay Products 

Hydrocarbons and petrochemica-s i n  the  E a r t h ' s  c r u s t  
have been a t t r i b u t e d  t o  the  decay of b i o l o g i c a l  material. 
However, t h i s  o r i g i n  i s  probably n o t  unique and the  d e t e c t i o n  
of o i l ,  c o a l ,  and n a t u r a l  gas  (methane, butane,  e t c . )  i n  a 
p l a n e t a r y  c r u s t  would lend credence t o  a b i o l o g i c a l  h i s t o r y  
r a t h e r  than prove i t .  There i s  a p o s s i b i l i t y  t h a t  pools  of 
hydrocarbons e x i s t  on Venus, i n  p a r t i c u l a r .  O r b i t a l  imagery 
might be u s e f u l  i n  d e t e c t i n g  accumulations of hydrocarbons. 
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3 , 3  
The engineering goal requires that the exploration 

plans be performed with maximum effectiveness. 
ing this requires that the right experiments be performed, at 
the right times, in the right places and presumably for the 
minimum cost, 

Engineering objectives and observables have been 

Broadly speak- 

developed for four mission concepts. Figure 3-3 shows the 
development of engineertng objectives for planetary orbiters, 
In considering each of the orbiter subsystems, it was found that 
%he design of the four subsystems shown (guidance and control, 
structure and shielding, altitude control and thermal control) 
all were dependent on the environment in which they were to 
function. The particular environmental properties of interest 
are shown as observables e The environmental interfaces with 
other subsystems either did no% involve planetary observables 
OF, if they did, they were adequately known already, Within the 
constraints of the study, it was not possible to consider 
the engineering observables in any further detail, either as 
a function of specific spacecraft designs or in terms of each 
of the planets. Figures 3-4, 3-5 and 3-6 provide the develop- 
ment of' engineering observables for atmospheric probes, 
atmospheric floaters and landers respectively. 

The engineering observables were not considered 
%=n sufficient detail to define measurement specifications, 
but they were correlated with the scientific observables. 
Those measurement specifications which could conceivably 
contribute to the engineering objectives were noted, 
Even the limited results presented here have demonstrated the 
feasibility of defining engineering measurement requirements, 
It is strongly recommended that the method and results be 
carefully reviewed, changed where necessary and then applied 
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ENG. CONCEPT 

(MISSION CONCEPT) 
ENG. OBJECTIVES 
(SUB SYSTEM DESIGN) 

GUIDANCE AND 
CONTROL 

STRUCTURE AND 
SHIELDING 

ENG. OBSERVABLES 
(PLANETARY ENVIRONMENT) 

4 MICROMETEORITE FLUX I 

-f MAGNETIC FIELD I 

4 RADIATION BELTS I 

4 ASTEROIDAL DISTRIBUTION I 

ATTITUDE CONTROL GRAVITATIONAL ANOMOLIES 1 

FIGURE 3-3. DEVELOPMENT OF ENGl NEERING OBSERVABLES 

PLANETARY ORBIT 
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ENG. ASPECT ENG. OBJECTIVES 
(MISSION CONCEPT) (SUB SYSTEM DESIGN) 

I AEROSHELL AND I 

ENG. OBSERVABLES 
(PLANETARY ENVIRONMENT) 

HEAT SHIELD 
4 PRESSURE PROFILE 1 

STRUCTURE AND t SHIELDING 

I I 

TEMPERATURE PROFILE I 

A ATMOSPHERIC AEROSOLS 1 

-1 CLOUD LEVELS I 

MAGNETIC FIELD I 
WINDS I 
CHEMICAL COMPOSITION I 
ATMOSPHERIC TRANSMISSIVITY I 

I LLU MI N AT ION PROF1 L E 1 
EMPERATURE PROFILE I 

FIGURE 3-4. DEVELOPMENT OF ENGINEERING OBSERVABLES 

ATMOSPHERIC PROBES 
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ENG. ASPECT 
(MISS ION CONCEPT ) 

AEROSHELL AND 
HEAT SHIELD 

COM M UN I CAT I ON S 

FlGURE3-5. B 
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ENG. ASPECT 
(MISSION CONCEPT ) 

ENG. OBJECTIVES 
(Sue SYSTEM DESIGN) 

BLES 
NVIRON ME NT) 

TEMPERATURE PROF1 LE 

SURFACE TOPOGRAPHY 1 

LANDING 
MECHANISM 

FIGURE 3- 6. DEVELOPMENT OF ENGl 

PLANETARY LAN 
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from the top down. It is felt that many measurement require- 
ments will arise which are not identified by scientific con- 
siderations. 
ments and on the need for advanced technology developments,, An 
example may be measurements of surface bearing strength o r  angles 
of repose which relate to the design of a lander but have little 
intrins ic scient if ic value ,, 

These may have an impact on the subsystem require- 
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4 .  MEASUREMENT DEFINITION 

The detailed description of the observables, as 
given in Section 3 and in the data sheets of Volume 11, pro- 
vide a firm basis for the identification of the need for 
imaging experiments, The measurement definition task is to take 
each observable and to generate a quantitative set of measurement 
specifications for each imaging experiment and for each of the 
planets. The parts can be summarized as follows: 

(a) Specify the nominal measurement requirements as 
defined by the need to extend 'current scientific 
knowledge by approximately one order of magnitude. 

(b) Specify the nominal measurement requirements 
as defined by the need to interpret the images 
scientifically. 

Identify the relative worth of the measurement 
as the above measurement specifications deviate 
on either side of nominal. 

(c) 

It must be emphasized that the specifications are 
based solely on the scientific requirements. No account is 
taken here of the difficulty of meeting these requirements. 

for all the observables for which imaging was found to be useful. 
They embrace the geometrical, temporal, and spectral characteristics 
of the measurement. To the limited extent that the spectral 
specifications define a type of sensing system, this is also 
included under 

which imaging applies and the second column, the planet to 
which the ensuing specifications refer. 
columns are used to specify the scientific measurement 

Table 4-1 summarizes the measurement specifications 

the column "sensor type. 11 

The first column identifies the observable to 

The next sixteen 
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requirements. Each entry consists of a number and a reference. 
The number is the nominal specification and the reference 
relates to a "worth curve" from which the scientific degradation 
in the measurement can be assessed for other than nominal 
specifications, Each column will be discussed in turn, but 
first it is important to discuss the concept and application 
of the worth curves, 

In specifying a scientific measurement requirement 
it was apparent that although a nominal value could be found 
in all cases, a single value did not adequately represent the 
flexibility of the scientific requirements e Furthermore, 
since the measurement specifications were being determined 
while carefully avoiding any consideration of the ease or 
difficulty of implementation, it was felt necessary to provide 
limits that a scientific investigator would consider acceptable, 
This is the context in which the worth curves were developed. 

Pt will be readily appreciated that each specification, 
for each observable, for each planet must be considered 
independently. Simply because nominal specifications are the 
same for two observables, does not imply that the worth of both 
experiments varies in the same fashion for variation in the 
specifications on either side of nominal. Families of worth curves 
are presented in Figures 4-2 to 4-11 at the end of this section 
for each of the measurement requirements. In each case the plateau 
represents the range of the parameter over which the measurement 
has maximum value (normalized to unity). The slopes at the ends 
indicate how rapidly the measurement degrades, again from a purely 
scientific standpoint, Finally, the dashed lines are extrapolations 
into regions where no real experience is available. 

The worth curves refer to each specified parameter 
considered one at a time. It is not apparent how a measure- 
ment would degrade if two or more specified parameters were 
moved off the plateau simultaneously. No effort was expended 
in this area, since the context of the study was such that the 
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i n t e n t i o n  w a s  always t o  s t a y  on the  opera t ing  p l a t eaus .  The 
worth curves simply de f ine  the end l i m i t s  of the  p l a t e a u s  and 
how sha rp ly  degradat ion sets i n  beyond these  l i m i t s .  

Each of t he  measurement s p e c i f i c a t i o n s  i s  d iscussed  
i n  the  fol lowing subsec t ions .  

4.1 Ground Re  s o l u t i o n  

Ground r e s o l u t i o n  i s  used t o  descr ibe  the  l eng th ,  
on t h e  su r face ,  of an assumed square element t h a t  can be 
reso lved  i n  the  f i n a l  image. It i s  determined on the b a s i s  
of the  geometr ica l  s c a l e  of the  f e a t u r e  o r  event  being observed. 
This  s p e c i f i c a t i o n  i s  t h a t  r equ i r ed  by the  s c i e n t i s t  f o r  the  
image he w i l l  have t o  i n t e r p r e t .  

meters  r equ i r ed  f o r  imaging of l una r  su r face  e l e v a t i o n s  i s  
based on the  need f o r  contour maps of the  whole moon, on a 
r e g i o n a l  (approximately 100 km) scale ., I n  f ac t ,  r e f e r r i n g  
t o  the worth curve i n  Figure 4-2 i t  i s  found t h a t  ground 
r e s o l u t i o n s  up t o  20 km are acceptab le  i n  a worst  ca se .  I n  
p r a c t i c e  the r e s o l u t i o n  may n o t  be cons t an t  over a whole image, 
i n  which case  t h e  s c i e n t i s t  w i l l  need t o  be aware of i t s  
v a r i a t i o n  from one p a r t  of the  image t o  an o t h e r .  

Grovnd r e s o l u t i o n  requirements f o r  Mercury, Mars, 
and Venus are s i m i l a r  f o r  almost a l l  o b s e w a b l e s ,  s i n c e  i n  
each case r e g i o n a l  d a t a  i s  needed i n i t i a l l y .  For the  Moon, 
the r e g i o n a l  d a t a  i s  c u r r e n t l y  a v a i l a b l e  and the need i s  
f o r  h ighe r  r e s o l u t i o n  l o c a l  information.  A t  the  o t h e r  
extreme, J u p i t e r  i s  h a r d l y  known a t  a l l ;  although r e g i o n a l  
d a t a  are r equ i r ed ,  t he  r equ i r ed  r e s o l u t i o n  i s  an order  of 
magnitude l a r g e r  than t h a t  r equ i r ed  on t h e  inne r  p l a n e t s  
because of J u p i t e r ' s  s i z e .  I n  a d d i t i o n ,  the  ques t ion  of 
sur face  measurements f o r  J u p i t e r  i s  somewhat moot. A t  
p r e s e n t  i t  i s  n o t  a t  a l l  c lear  t h a t  t h e r e  i s  a de f inab le  
su r face  beneath the  v i s i b l e  ammonia c louds ,  r a t h e r  than j u s t  

For i n s t a n c e ,  the  ground r e s o l u t i o n  of f ive k i l o -  
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an atmosphere whieh g radua l ly  becomes t h i c k e r  and t h i c k e r  
with depth.  I n  some cases  the requi red  ground r e s o l u t i o n  
would appear t o  be completely out  of keeping wi th  the  r e a l i t y  
of o r b i t a l  measurements (e .g .  20 cm o r  less f o r  imaging of  
animal l i f e ) .  It should be made q u i t e  c l e a r  t h a t  t h i s  i s  
the s c i e n t i f i c  requirement i f  animal l i f e  i s  t o  be de t ec t ed  
by imaging. Whether o r  n o t  i t  i s  reasonable  ever  t o  set  up 
an experiment t o  meet t h i s  imaging requirement i s  l e f t  t o  a 
l a te r  phase of t he  s tudy where both o r b i t a l  c o n s t r a i n t s  and 
support  requirements a r e  considered.  The s p e c i f i c a t i o n  and 
i t s  a s soc ia t ed  worth curve simply impl ies  that  i t  i s  n o t  worth 
a t tempt ing  t o  f u l f i l l  t h i s  observable un le s s  a r e s o l u t i o n  of 
20 cm o r  less can be achieved. 

The ground r e s o l u t i o n  used h e r e  r e f e r s  t o  t h e  
h o r i z o n t a l  su r f ace .  I n  those cases  where a v e r t i c a l  r e s o l u t i o n  
requirement e x i s t s ,  such as f o r  Surface E leva t ions ,  t he  v e r t i c a l  
r e s o l u t i o n  i s  s p e c i f i e d  i n  the comments column of Table 4-1.  
The a s s o c i a t e d  worth curves a r e  given i n  Figure 4-11. 

4.2  Image Size 

This  s p e c i f i c a t i o n  i d e n t i f i e s  the l eng th ,  on the  
p l a n e t a r y  su r face ,  of an assumed square image which w i l l  be 
requi red  f o r  s c i e n t i f i c  i n t e r p r e t a t i o n .  There i s  no implica- 
t i o n  as t o  the  image format of t h e  image i t s e l f .  The requi red  
s i z e  of  t he  f i n a l  image i s  based only on the  s c a l e  of  the  
f e a t u r e  o r  event  being observed and the  need t o  c o r r e l a t e  
f e a t u r e s  o r  events  over reg ions  of t he  p l a n e t .  C l e a r l y  the re  
i s  some r e l a t i o n s h i p  between the r equ i r ed  r e s o l u t i o n  and the  
requi red  image s i z e .  I n  gene ra l ,  f o r  ease  i n  i n t e r p r e t a t i o n ,  
an image should con ta in  a t  l e a s t  40,000 r e s o l u t i o n  elements 
(200 x 200).  

The image s i z e  requirements are ve ry  s i m i l a r  f o r  
Mars, Venus, and Mercury, because of the  s i m i l a r  s c a l e  of the 
information requi red .  I n  gene ra l  terms, tthe luna r  requirements 
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a r e  an o r d e r  of magnitude smal le r  and the  J u p i t e r  requirements 
a r e  an o rde r  of magnitude l a r g e r .  The worth curves i n d i c a t e  
t h a t  t he  major s c i e n t i f i c  c o n s t r a i n t  i s  on the  smallness  of 
t he  image. I n  no case  has  an upper l i m i t  been i d e n t i f i e d  f o r  
an accep tab le  image. Larger images simply would r e q u i r e  
l a r g e r  d i s p l a y s  t o  main ta in  t h e i r  r e s o l u t i o n  requirements ,  
b u t  t h i s  i s  a phys ica l  r a t h e r  than a s c i e n t i f i c  problem. 

4 . 3  Po s i  t i o n a l  Accuracy 

Th i s  s p e c i f i e s  the  accuracy wi th  which i t  i s  
necessa ry  t o  know the  l o c a t i o n  on the  p l a n e t  of the  f e a t u r e  
o r  even t  be ing  i n v e s t i g a t e d .  It  i s  based,  i n  some c a s e s ,  on 
t h e  need t o  know which p a r t  of the  p l a n e t  i s  being imaged, 
b u t  i n  o t h e r  c a s e s ,  i t  r e f l e c t s  a need t o  image a p re - se l ec t ed  
f e a t u r e  because of  i t s  p a r t i c u l a r  p r o p e r t i e s .  The accuracy 
requirements  are def ined  s o  t h a t  t he  impact of t he  measurement 
on t h e  support  subsystems ( a t t i t u d e  c o n t r o l ,  po in t ing )  can be 
determined l a t e r  i n  the s tudy.  

s t r i n g e n t  f o r  t he  d e t a i l e d  i n v e s t i g a t i o n s  of t he  Moon and 
most r e l axed  f o r  t h e  g l o b a l  measurements of J u p i t e r .  The worth 
cu rves  a r e  shown i n  Figure 4-4 .  The h igh  accuracy end of t he  
p l a t e a u  cont inue  r i g h t  up t o  t he  a x i s .  Although such h igh  
accuracy may be unnecessary,  i t  c e r t a i n l y  i s  n o t  de t rementa l  
t o  the  s c i e n t i f i c  worth of the  image. On the o t h e r  hand, i t  
would s e e m  p o i n t l e s s  t o  demand, on s c i e n t i f i c  grounds,  a 
p o i n t i n g  accuracy which exceeds t h e  ground r e s o l u t i o n  of t he  
image. A s  an approximate g u i d e l i n e ,  an accuracy o f  10 t i m e s  
the  r e s o l u t i o n  i s  found t o  be adequate .  The worth curves  
r e f l e c t  t h i s  c r i t e r i a  a t  the  low accuracy end of t he  p l a t e a u .  

The p o s i t i o n a l  accuracy requirements  a r e  most 

4.4  P l a n e t a r y  Coverage 

P l a n e t a r y  coverage i s  used t o  desc r ibe  the  t o t a l  
percentage  a r e a  of  the  p l a n e t  which should be observed during 



&he course of the  measurement, It i s  based on the  need e i t h e r  
t o  map the p l a n e t  o r  t o  obtzain average da ta  on i t s  p r o p e r t i e s ,  
as d iscussed  i n  the  observable d e f i n i t i o n  of Volume HI. 
However, iw some eases  where s p e c i f i c  f e a t u r e s  o r  even t s  are 
being observed, the  coverage i s  r e l a t e d  d i r e c t l y  t o  t h e i r  
probable d i  s t r i b u t i  over the p l a n e t  Mapping requirements 
are def ined  in terns of r eg iona l ,  l o c a l ,  and d e t a i l e d  s c a l e s .  
The coverage requirements are r e l a t e d  t o  these  s c a l e s ,  f e e . ,  
t o t a l  coverage r e g i o n a l l y ,  10% coverage l o c a l l y ,  and less than 
1% coverage a t  a d e t a i l e d  s c a l e .  The worth curves express ,  a t  
t he  l o w  end of  the  p l a t e a u  any de f inab le  l i m i t s  t o  acceptab le  
coverage. A t  the  upper end however, 100% i s  the  only l i m i t  t o  
worthwhile coverage. From a s c i e n t i f i c  vimqmint a measure- 
ment cannot be degraded because i t  g ives  information over a 
l a r g e r  area than i s  a b s o l u t e l y  necessary.  

4 ,5  Plane t a r y  Di s t r i b u t i o n  

The d i s t r i b u t i o n  of  a p l a n e t a r y  coverage s p e c i f i c a t i o n  
i s  c l o s e l y  coupled t o  the percentage of p l a n e t a r y  coverage, 
The d i s t r i b u t i o n  i s  based on the a n t i c i p a t e d  d i s t r i b u t i o n  of  
observables  and a l s o  the  geometr ical  e f f e c t s  which may occur 
as a r e s u l t  of seasonal  processes ,  I n  many ins t ances  however’, 
the d i s t r i b u t i o n  cannot be def ined  a t  t he  p r e s e n t  t i m e .  The 
d i s t r i b u t i o n  requirements f o r  l o c a l  and d e t a i l e d  measureinents 
can only be i d e n t i f i e d  a f t e r  r eg iona l  maps have been sc ien-  
t i f i c a l l y  steadied and i n t e r p r e t e d .  
may be adequate t o  e s t ima te  the percentage sf hLgh r e s o l u t i o n  
coverage, i t  i s  u n l i k e l y  t o  i d e n t i f y  i t s  d i s t r i b u t i o n ,  Thus, 
f a i r l y  gene ra l  d e s c r i p t i v e s  a r e  used t o  de f ine  the  d i s t r i b u t i o n  
e . g . ,  p o l a r  r eg ions ,  c loud b e l t s ,  e tc .  and no worth curves 
a r e  presented .  I n  the  case  of r eg iona l  s c a l e  obsemab les  a% 
Mars some i n d i c a t i o n  of p l a n e t a r y  d i s t r i b u t i o n s  can be obtained 
from Earth-based s b s e m a t i o n .  Thus Figure 4-12 shows on a 

While Ea r th  experience 
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map of Mars, the d i s t r i b u t i o n  of primary and secondary a r e a s  
o f  i n t e r e s t  i n  connection wi th  the  wave of darkening. 

4 .6  Acqu i s i t i on  Times and Repe t i t i on  Rates  

Time c o n s t r a i n t s  may be requi red  f o r  o b s e w a b l e s  
which change wi th  time. Four types of t i m e  c o n s t r a i n t s  a r e  
con s i d e  r ed  . 

The image a c q u i s i t i o n  t i m e  i s  s i m i l a r  -En concept 
t o  exposure t i m e ,  b u t  i s  based on the ra te  of change of t he  
Observable i t s e l f .  It i s  a t i m e  s h o r t  enough t o  prevent  changes 
i n  the  f e a t u r e  from causing a b l u r  i n  the  image. No allowance 
i s  made he re  f o r  such th ings  as image motion due t o  r e l a t i v e  
spacec ra f t  v e l o c i t y .  

Coverage a c q u i s i t i o n  time means the  time which can 
be allowed f o r  f u l f i l l i n g  the  complete coverage requirement.  
I t  i s  a time cons iderably  s h o r t e r  than t h a t  i n  which major 
changes can take p l ace  over a l l  t he  a r e a s  of i n t e r e s t  on the  
p l a n e t .  It ensures  a s e t  of images providing f u l l  coverage of 
the p l a n e t  i n  the  same s ta te .  The coverage a c q u i s i t i o n  time i s  
o f t e n  r e l a t e d  $0 seasonal  e f f e c t s ,  bu t  i t  may a l s o  be r e l a t e d  
t o  d i u r n a l  e f f e c t s ,  as i s  the  case  wi th  g loba l  cloud coverage. 

The r e p e t i t i o n  rate i s  requi red  t o  provide an analog 
t o  time l apse  photography, and al lows changes on %he p l a n e t  t o  
be measured. Again a d i s t i n c t i o n  i s  made between image 
r e p e t i t i o n  r a t e  and the  r e p e t i t i o n  r a t e  f o r  t o t a l  coverage. 
Image r e p e t i t i o n  r a t e  i s  speciEied t o  a l low changes i n  an 
observable t o  be i d e n t i f i e d  and i s  based d i r e c t l y  on the r a t e  
of change of a s i n g l e  f e a t u r e  o r  event  being i n v e s t i g a t e d .  
The coverage r e p e t i t i o n  ra te  i s  included t o  a l low l a r g e  scale 
f e a t u r e s  o r  events  t o  be monitored wi th  r e s p e c t  t o  t i m e .  These 
are u s u a l l y  seasonal  e f f e c t s  and occur over p l a n e t a r y  a r e a s  
which are l a r g e  compared t o  an image. 

t h e r e  a r e  no t i m e  c o n s t r a i n t s  s p e c i f i e d ;  s i g n i f i c a n t  observable 
For many of the measurements of su r f ace  p r o p e r t i e s ,  
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changes a r e  n o t  a n t i c i p a t e d  i n  per iods  of 10 o r  20 years .  Some 
a c t i v e  su r face  processes  a r e  however included,  i n  the  sense t h a t  
the  wave of darkening should be observed on Mars, and possfb ly  
a c t i v e  volcanism on Venus e Otherwise the t i m e  c o n s t r a i n t s  apply 
mostly t o  atmospheric even t s ,  ranging from the  g l o b a l  c loud 
p a t t e r n  t o  t h e  emission of decameter r a d i o  b u r s t s  from J u p i t e r .  

r a t e  a r e  shown i n  Figure 4-6.  I n  gene ra l ,  t he re  i s  no l i m i t  
on how qu ick ly  the  image o r  the coverage requirements can be 
m e t .  However, upper l i m i t s  on both t i m e s  a r e  s p e c i f i e d .  

The worth curves f o r  a c q u i s i t i o n  t i m e  and r e p e t i t i o n  

4.7 Sensor Types 

The measurement s p e c i f i c a t i o n s  d iscussed  t h i s  fa r  
dea l  with the  geometr ical  and temporal measurement requirements.  
It i s  now necessary  t o  i d e n t i f y  the s p e c t r a l  p r o p e r t i e s  of  the 
r equ i r ed  images. For each observable ( a t  each t a r g e t ) ,  the  
s p e c t r a l  reg ions  i n  which the  observable r a d i a t e s  o r  re f lec ts ,  
are i d e n t i f i e d .  In gene ra l ,  t h e r e  are mul t ip l e  r eg ions  which 
a r e  of s c i e n t i f i c  i n t e r e s t ,  and a c r o s s  re ference  system has  
been introduced i n  Table 4-1.  Following each of the r e p e t i t i o n  
r a t e  s p e c i f i c a t i o n s  i s  a series of sensor  r e fe rences .  These 
r e f e r  t o  a l l  the remaining s p e c i f i c a t i o n s  as i n d i c a t e d  i n  the  
ad jacen t  "sensor type" column. The i d e n t i f i c a t i o n  of sensor  
types a t  t h i s  p o i n t  i n  the  s p e c i f i c a t i o n s  would appear t o  be 
premature, b u t  i n  f a c t  i t  has been done q u i t e  purposefu l ly .  
Once the  s p e c t r a l  reg ions  have been i d e n t i f i e d  i t  i s  convenient 
t o  c l a s s i f y  them by the  s tandard  nomenclature used t o  i d e n t i f y  
the  gamma r a y ,  X-ray, UV, v i s i b l e ,  IR, microwave (pass ive ) ,  
r a d a r  ( a c t i v e  microwave), and r a d i o  reg ions  of the  spectrum. 
This  n o t  only makes the  s p e c t r a l  reg ions  more r e a d i l y  
recognizable ,  b u t  provides  an advantage f o r  a la ter  phase 
of the  s tudy.  Each of the  above reg ions  are ,  f o r  fundamental 
physics  reasons ,  normally de t ec t ed  by q u i t e  d i f f e r e n t  sensing 
elements which a r e  p a r t  of q u i t e  d i f f e r e n t  sensing systems. 
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Thus, i n d i r e c t l y ,  and pu re ly  on the b a s i s  of s c i e n t i f i c  r equ i r e -  
ments, the  sensor  types f o r  which s c a l i n g  l a w s  w i l l  have t o  be 
generated l a t e r ,  have been i d e n t i f i e d .  Included i n  the  desig-  
n a t i o n s  a r e  an i n d i c a t i o n  of whether s te reoscopic  o r  monoscopic 
images could be u s e f u l .  Multipband as a sensor  type &is 
used when the  s p e c t r a l  reg ion  of s c i e n t i f i c  i n t e r e s t  f a l l s  
i n t o  more than one of the  above des igna t ions .  

A s  mentioned above, more than one sensor  type i s  
app l i cab le  t o  each of the observables .  For in s t ance ,  su r f ace  
e l e v a t i o n s  can be measured by us ing:  

a .  Shadows i n  v i s i b l e  images, 
b.  S t e r e o - v i s i b l e  images, 
c .  Radar-al t imetry o r ,  
d .  S te reo- radar  images. 

I n  p r a c t i c e  n o t  a l l  of these  would be used. However, 
the s e l e c t i o n  i s  one t h a t  can be made only a f t e r  the  o r b i t  
and subsystem requirements have been c l e a r l y  i d e n t i f i e d .  
Thus s p e c i f i c a t i o n s  f o r  a l l  p o s s i b i l i t i e s  a r e  c a r r i e d  through, 
and no s e l e c t i o n s  have been made a t  t h i s  p o i n t  i n  the a n a l y s i s .  

4.8 S p e c t r a l  Regions 

The approximate c e n t e r  wavelength of t he  s p e c t r a l  
region of i n t e r e s t  i s  s p e c i f i e d .  I t  i s  determined by con- 
s i d e r i n g  both the  phenomenological r a d i a t i o n  p a t t e r n  of the  
observable ,  and the  absorp t ion  pa th  between the  f e a t u r e  and 
the  sensor .  Examples of the  l a t te r  c o n s t r a i n t s  a r e  the  5000 
c u t o f f  by the b lue  haze on Mars, and the  requirements f o r  ve ry  
long wavelengths a t  J u p i t e r  ( t o  p e n e t r a t e  the  ve ry  dense 
atmosphere). The worth curves are shown i n  Figure 4-7, They 
r e f l e c t  an u n c e r t a i n t y  about t he  s p e c t r a l  reg ions  from which 
u s e f u l  i n t e r p r e t a t i o n  can be made. This  i s  because Ea r th  
experience of p l a n e t a r y  phenomenon i s  s t rong ly  condi t ioned by 
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the  windows i n  the  E a r t h ' s  atmosphere t o  v i s i b l e ,  I R ,  and 
microwave r a d i a t i o n .  Thus, i n  many cases, the  p l a t e a u  shows 
where s c i e n t i s t s  are accustomed t o  opera t ing  and cont inues  
i n t o  somewhat indeterminate  reg ions  by ex t r apo la t ion .  

4.9 S p e c t r a l  Bandwidth 

This  i s  used t o  de f ine  the  width of the band, i n  
which a l l  the  s p e c t r a l  information should be contained.  It 
i s  der ived  i n  conjunctcon with the  s p e c t r a l  region as discussed 

the  observables  d a t a  s h e e t s .  However, f o r  the  multi-band 
requirements ,  i t  i d e n t i f i e s  how many equal  bands i n t o  which 
the quoted s p e c t r a l  reg ion  should be divided.  The multi-band 
worth curves then show the  s c i e n t i f i c  worth of t he  measurements 
as a func t ion  of the  number of bands. 

I n  g e n e r a l ,  the  worth curves show t h a t  broad-band 
low s p e c t r a l  r e s o l u t i o n  i s  a l l  t h a t  i s  requi red  i n  a l l  cases .  
I'm f a c t ,  t h i s  i s  t y p i c a l  of convent ional  imaging experiments 
as opposed t o  say,  spectrophotometr ic  measurements. 

4.10 Over l ap  

This  i d e n t i f i e s  the  amount of geometr ical  redundancy 
which i s  r equ i r ed  between ad jacen t  images. It  i s  based on the  
gene ra l  need t o  l o c a t e  f e a t u r e s  o f  s c i e n t i f i c  i n t e r e s t  on a 
s c a l e  l a r g e r  than t h a t  of a s i n g l e  image. An image over lap  
of about 20% i s  g e n e r a l l y  adequate f o r  t h i s  purpose. I n  
a d d i t i o n ,  t h e r e  i s  a need f o r  over lap  between the  images of 
a s t e reoscop ic  p a i r ,  so t h a t  adequate i n t e r p r e t a t i o n  can be 
achieved. This  should be a minimum of 60%. The 20% over lap  
w i l l  then apply between ad jacen t  s te reoscopic  p a i r s .  

The worth curves a r e  shown i n  Figure 4 - 9  and g ive  
l y  a lower l i m i t  t o  the  acceptab le  over lap .  From a pure ly  

s c i e n t i f i c  s t andpo in t ,  t h e r e  i s  no degradat ion as the  over lap  
inc reased ,  even up t o  n e a r l y  100% provided the o t h e r  s p e c i f i -  
c a t f o n s  of coverage, e t c . ,  are m e t .  It may indeed be was te fu l  
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t o  provide unnecessar i ly  high overlap,  bu t  such judgments can 
only be made wi th  a knowledge o f  the  subsystem support  
requirements ,  which are def ined i n  a l a t e r  phase of the  s tudy.  

4 .11 Sun E leva t ion  

The s p e c i f i c a t i o n  i d e n t i f i e s  the  nominal h e i g h t  of  
the  Sun above the  horizon when measurements a r e  being made. 
It i s  based on one of  t h r e e  cons idera t ions :  shadowbg, 
e x c i t a t i o n ,  o r  i l luminaz ion .  Where shadows are t o  be used 
as p a r t  of the s c i e n t i f i c  i n t e r p r e t a t i o n  process ,  i t  i s  necessary  
no t  only t o  know the  Sun e l e v a t i o n  ang le ,  b u t  f o r  i t  t o  be q u i t e  
low (approximately 20" ) .  For  e x c i t a t i o n  su r face  or  a tmospheric) ,  
i t  i s  important t o  have a l a r g e  propor t ion  of t he  imaged area 
exposed t o  s o l a r  r a d i a t i o n ,  so t h a t  the  maximum e f f e c t  can be 
observed, and the maximum secondary r a d i a t i o n  obtained.  The 
angle which reduces shadows t o  an acceptab ly  low propor t ion  w i l l  
depend on the  roughness and the  morphology of t he  su r face .  
F i n a l l y  f o r  i l l u m i n a t i o n ,  the major c o n s t r a i n t  i s  f o r  s t e reoscop ic  
p a i r s  of images where minimum shadows a r e  r equ i r ed .  There a r e  
a l s o  cond i t ions  where the maximum i l l u m i n a t i o n  is r equ i r ed  
simply t o  d e t e c t  a weak e f f e c t .  Conversely sometimes the  
absence of  s o l a r  i l l umina t ion  i s  r equ i r ed ,  s ince  i t  would 
obscure an emission of i n t e r e s t .  

The worth curves a r e  shown i n  Figure 4-10. They 
include def ined  p l a t e a u s  f o r  shadowing, lower l i m i t s  only f o r  
s o l a r  e x c i t a t i o n  and i l l u m i n a t i o n ,  and, i n  some c a s e s ,  the  
i d e n t i f i c a t i o n  only  between n i g h t  and day. 

4.12 Supporting Measurements 

Many of t he  images which m e e t  the  s p e c i f i c a t i o n s  
w i l l  r e q u i r e  a d d i t i o n a l  information,  i f  adequate i n t e r p r e t a -  
t i o n  i s  t o  be p o s s i b l e .  I n  p a r t i c u l a r ,  f o r  many experiments 
i t  w i l l  be necessary  t o  know the  s p a c e c r a f t  a l t i t u d e  a t  which 
each w a s  obtained as w e l l  as the  l o c a l  t i m e .  
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4.13 D i s t r i b u t i o n  of Measurements 

Table 4-1 has  suggested a grand t o t a l  of 401 
imaging experiments. These are d i s t r i b u t e d  as follows: 

p l a n e t  no. of imaging experiments 
Moon 59 
Mercury 
Mars 
Venus 
J u p i t e r  

7 9  
129  

77 
57 

Mars o f f e r s  the  g r e a t e s t  oppor tuni ty  f o r  o r b i t a l  imaging 
experiments because Earth-based observa t ions  are inadequate ,  
no s i g n i f i c a n t  amount of  imagery has  been obtained p rev ious ly ,  
and the  t r anspa ren t  atmosphere f a c i l i t a t e s  v i s u a l  imaging of 
the  su r face .  Furthermore, Mars appears  t o  have the least  un- 
comfortable environment and more e x t r a t e r r e s t r i a l  l i f e  d e t e c t i o n  
imaging experiments are suggested f o r  Mars than f o r  the  o t h e r  
p l a n e t s .  Although the  atmosphere i s  t h i n ,  atmospheric 
phenomena have been observed on Mars and n e a r l y  as many 
atmospheric experiments have been suggested f o r  Mars as f o r  
Venus and J u p i t e r .  

Figure 4-13 shows t h a t  v i s u a l  imagery i s  more 
u s e f u l  a t  Mars than imagery i n  any o the r  s p e c t r a l  region.  
The his togram g i v e s  the  number of experiments l i s t e d  f n  
Table 4-1 f o r  each s p e c t r a l  reg ion .  No d i s t i n c t i o n  i s  made 
between r e g i o n a l ,  l o c a l ,  and d e t a i l e d  scale experiments. The 
legend along the  a b s c i s s a  i s  se l f - exp lana to ry ,  except  t h a t  
MB s i g n i f i e s  multiband imaging experiments.  More multiband 
experiments are suggested a t  Mars than a t  any o t h e r  p l a n e t  
f o r  the  d e t e c t i o n  of  e x t r a t e r r e s t r i a l  l i f e ,  mapping of thermal 
anomalies,  and s tudy of atmospheric phenomena. 

O r b i t a l  imagery a t  Mercury and Venus i s  l e s s  u s e f u l  
than a t  Mars, i n  the sense t h a t  t h e r e  a r e  less  phenomena t o  
observe o r  f e w e r  ways t o  observe them. Mercury has  no 
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s i g n i f i c a n t  atmosphere, hence no experiments con t r ibu t ing  t o  
understanding of Mercury' s atmosphere have been suggested. 
Venus has  a rthick cloud cover which s h i e l d s  the su r face  from 
v i s u a l  observat ion.  Although i t  has  been suggested (Keene 
1968) t h a t  Venusian sur face  f e a t u r e s  might be observed 
visua11y from o r b i t a l  a l t i t u d e s  through breaks i n  the  cloud 
cover9  no measurement d e f i n i t i o n s  have been based upon t h i s  
specula t ion .  The l ack  of atmosphere r e s u l t s  i n  only 33 v i s u a l  
imaging experiments a t  Mercury, as shorn i n  Figure 4 - 1 3 ,  
while the  absence of v i s u a l  sur face  imaging r e s u l t s  in only  
8 v l s u a l  experiments a t  Venus. Radar imaging o f  the  su r face  
l eads  t o  about 25 experiments a t  Venus, a t  Mars, and a t  
Mercury. 

s tudy o f  the Moon. This  i s  because the  Moon has  no atmosphere 
E0 observe and s u f f i c i e n t  r eg iona l  s c a l e  imagery of t he  su r face  
has  a l r eady  been obtained.  Only 57 imaging experiments have 
been suggested f o r  J u p i t e r .  A s  wi th  Venus, the  heavy cloud 
cover i s  presumed t o  p r o h i b i t  v i s u a l  imaging of the su r face  
from o r b i t a l  a l t i t u d e s .  I n  a d d i t i o n ,  no l o c a l  and d e t a i l e d  
r ada r  imagery of the  sur face  has  been proposed, s ince  a su r face  
may n o t  even e x i s t .  

Only 59 imaging experiments have been def ined f o r  

The measurement s p e c i f i c a t i o n s  presented he re  
r ep resen t  a major c o n t r i b u t i o n  t o  advanced mission planning. 
They br idge the l a r g e  gap between the  s c i e n t i f i c  s ta tements  
of the  goa l s  and o b j e c t i v e s  of space exp lo ra t ion  and the  
d e t a i l e d  type of information t h a t  a mission a n a l y s t  needs,  i f  
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he is going to be able to fulfill the goals and objectives as 
part of an exploration plan., It is absolutely imperative that 
it is the scientist who defines the measurement specifications, 
and that they provide a description of those measurements the 
scientist needs to make, rather than what he thinks he could 
make, It is equally imperative that they be expressed in terms 
that the mission analyst can understand, At the same time, 
they must not be influenced by the practical constraints of 
the mission analysis, In the process of defining the scientific 
measurement requirements, it became clear that, in most cases, 
there was no unambiguous definition of the scientific requirements. 
Rather a range is acceptable and there is no clear way of 
narrowing down the range, on purely scientific grounds. The 
worth curves represent a valuable step insolving this problem. 
They provide an effective way of expressing tolerances on the 
nominal specifications, again from a purely scientific standpoint. 
In all the specifications, there is only one which has been left 
in an indeterminate state. It is impossible to foresee clearly 
the planetary distribution required for imagery of observables 
on a local and detailed scale. Only when regional scale infor- 
mation is available, can the preferred distribution of imagery 
for local and detailed scale studies be determined. 
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5,  ORBIT SELECTION RESULTS 
The relationship of the orbit selection task to the 

study taskswasshown in Figure 1-2. The procedure and methods 
used to select orbits for imaging experiments have been described 
above (Section 2.3). The results achieved by applying those 
techniques to grouped measurement families are presented here. 
The discussion is divided into three subtopics for each planet: 
(1) interplanetary transfer selections, (2) orbit character- 
istics and constraints, and (3)  orbit selections, The orbit 
selection data sheets detailing each individual orbit selection 
are presented in Volume 111. 

5 . 1  Mars - 
5,1,1 Interplanetary Transfer Selections 

selection of typical Wars transfers. Where no specification 
o f  orbit sizee or propulsion systems are available, a suitable 
approximation to minimum energy transfers is one which minimizes 
the sum of the hyperbolic excess speeds at Earth (VHL) and 
Mars (VHP), Previous analyses have shown that these transfers 
can be found within 30 launch days of minimum Earth escape 
transfers to Mars. 

Eight launch opportunities over the period 1975-1990 
were considered as a selection base, Mars transfers have 
approximately cyclical characteristics over this period. Both 
Type I and Type IP transfers were investigated. Type I transfers 
(heliocentric angles less than 180") are characterized by 
shorter trip times and smaller communication distances at 
arrival than for Type II transfers (heliocentric angles greater 
than 180") 

Maximum payload in orbit was a guideline to the 
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Within each opportuni ty ,  one type t r a n s f e r  i s  usua l ly  
p re fe r r ed  due t o  i t s  smal le r  va lue  of t o t a l  hyperbol ic  excess 
speed (VHT). However, it i s  necessary t o  a l s o  consider  the 
equa to r i a l  dec l ina t ion  of t h e  geocent r ic  depar ture  asymptote, 

v i o l a t i o n s  of range s a f e t y  l i m i t s  dur ing launch (AMR) which 
may only be remedied by payload consuming dog-leg maneuvers, 
Minimum VHT t r a n s f e r s  w e r e  found by genera t ing  d a i l y  minimum 
VHL t r a j e c t o r i e s  over a range of da tes  about the absolu te  
minimum VHL launch da te ,  A s ea rch  was then made f o r  the 
t r a j e c t o r y  wi th  t h e  sma l l e s t  VHT, While i t  may be poss ib l e  t o  
f i n d  even smal le r  WTYs by searching  non-minimum VHL t r a n s f e r s ,  
s eve ra l  i nves t iga t ions  show t h a t  the VHT's r e s u l t i n g  from the 
f i r s t  search w e r e  w i th in  5 percent  of any f u r t h e r  minimizations,  
Hence, these r e s u l t s  w e r e  r e t a ined  f o r  the f i n a l  s e l e c t i o n  
process .  The a s soc ia t ed  t r a n s f e r  c h a r a c t e r i s t i c s  a r e  t abu la t ed  
i n  Table 5-1. 

and lfjel e45" Type II t r a n s f e r s  a r e  p re fe r r ed ,  Only i n  1986 
is i t  necessary t o  use a Type I1 t r a n s f e r  i n s t ead  of a Type I 
because 6, was g r e a t e r  than 45" ,  
VHT f o r  t h a t  year of less than 8%, 

t r a n s f e r s  from Table 5 - 1  which have t y p i c a l  Mars a r r i v a l  
condi t ions :  

e Absolute va lues  of i n  excess of about 45" imply se r ious  
$3 

It may be noted t h a t  on the bases  of m i n i m u m  VHT 

This causes an inc rease  i n  

The fol lowing parameters were considered i n  s e l e c t i n g  

VHF - hyperbol ic  excess speed a t  Mars a r r i v a l ,  km/sec 
bd - dec l ina t ion  of the approach asymptote t o  t h e  

Mars equa to r i a l  plane,  deg ( t h i s  i s  the  minimum 
o r b i t  i n c l i n a t i o n  which can be e s t ab l i shed  w i t h  
a co-planar cap tu re  maneuver) 
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- planar  angle between the  approach asymptote and 
the  p l ane t  subsolar  po in t ,  deg ( fo r  values  l e s s  
than 90" t he  approach i s  from the  s u n l i t  s i d e  of 
t he  p l ane t  but  per iapse  i s  near o r  beyond the  
s o l a r  terminator ,  i , e .  , i n  darkness),  

- t he  p lanar  angle between t h e  Sun and Ear th  as 
seen from Mars a t  a r r i v a l ,  deg (when t h i s  angle 
becomes l e s s  than 10" i t  may be d i f f i c u l t  f o r  t he  
spacec ra f t  t o  rece ive  transmissions from the  
Ear th) ,  

a t  a r r i v a l ,  AU, 
DTC - days t o  conjunction of Earth and Mars from t h e  

a r r i v a l  da t e  (conjunction i s  the  time of maxi- 
mum communication d i s t ance  as wel l  as communica- 
t i o n  blackout) ,  

sur face  a t  a r r i v a l  (Earth-based observations of 
Mars i n d i c a t e  t h a t  changes i n  sur face  condi t ions 
a re  m o s t  apparent during the  Spring seasons of 
t h e  hemispheres. These changes include r e t r e a t  
of t he  polar  " i c e  cap" and the  ''wave of darken- 
ing" across  mare regions a t  mid- la t i tudes)  * 

The parameters VHP, p, and Season were given the  most 
weight i n  the  s e l e c t i o n  process,  s ince  they m o s t  d i r e c t l y  
a f f e c t  how and what can be measured on t h e  p l ane t ,  Two t r ans -  
f e r s  were s e l e c t e d  t o  represent  t y p i c a l  Mars a r r i v a l  condi t ions 
f o r  t he  subsequent o r b i t  s e l e c t i o n  ana lys i s :  1984 Type I1 
and the  1988 Type I. 

pel 

08 
e 

- communication d i s t ance  between Ear th  and Mars RC 

Season - t he  northern hemisphere season on the  Martian 

6*, 
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The 1984 Type I1 arrival conditions are characterized 

a moderately high approach velocity, 
periapse locations which favor the southern 
hemisphere, 
approach from the dark side, but periapse favoring 
the sunlit side of the planet, and 
arrival at a seasonally inactive period, season is 
late fall in the northern hemisphere. 
The 1988 Type I arrival conditions are characterized 

a low approach velocity, 
periapse locations equally available in both hemi- 
spheres, 
approach from the sunlit side but periapse near the 
terminator or in darkness, and 
arrival at a seasonally active period in the 
northern hemisphere, Season is late winter beginning 
the northern "wave of darkening." 

Once the transfer selections are made the insertion 
occultation characteristics can be presented without any further 
information about the orbit to be selected. Contours of 
occultation are mapped on the hyperbolic impact plane in 
Figure 5-2 for the 1984 Type PI transfer. The planar spherical 
coordinates are the asymptotic miss distance, BI and the aiming 
angle, 8 measured from the reference T axis, which is the 
intersection of  the impact and ecliptic planes. Contours 
for occultation beginning at 5" and 0" from the planet near 
limb are given for the Sun, 0" for Earth, and 20" and 0" for 
the star Canopus. The relation between the aiming angle 8, 
orbit inclination, and ascending node in the Mars equatorial 
system are given in Figure 5 - 3 .  With these curves it is 
possible to relate orbit selections made in the Mars 
equatorial reference system to the occultation contours. 
Similar graphs for the 1988 Type I transfer selection are 
given in Figures 5-4 and 5-5, 

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

4135 



136 



S33t1930- u‘ 3aON 9NlaN33SW ONW !‘NOllWN113NI l V l l 8 t 1 0  

13 7 



138 



i 

0 

rr) 

139 



It should be reiterated that these transfer selections 
were not made with regard to optimum arrival conditions or 
with any preference to year of opportunity, Rather the 
transfers were picked with the objective of representing the 
ranges and combinations of values of arrival parameters at 
Mars 

5.1,2 Orbit Characteristies and Constraints (Mars) 
The Mars environment provides a dynamic background 

for imaging experiments. Its transparent atmosphere permits 
visual imaging of the surface, 
period, 24.6 hrs, makes it possible to image large areas under 
similar conditions of solar illumination, A schematic diagram 
of the planets motion about the Sun is illustrated in Figure 5 - 6 .  
The inclination of Mars' rotation axis of about 25" to its 
orbit plane causes seasonal variation in the hemispheres as 
the planet moves around the Sun. Because the Mars orbit is 
eccentric, the duration of seasons varies as can be seen in 
the figure. As has been noted, the type of seasonal coverage 
which can be achieved is directly dependent upon the location 
of: Mars in its orbit at the time of arrival. Mars has a moder- 
ate oblateness which i s  the dominating perturbation on orbital 
imaging. 

solar illumination constraints, The percent of Mars surface 
exposure to any specific solar elevation angle" is described 
in Figure 5- .7e  
that the planet*s rotation axis is inclined 25" to the orbit 
plane, permits a significant 42% of the planet to be observed 

The planet*s rapid rotation 

Many Mars surface imaging experiments are subject to 

The rapid rotation rate, coupled with the fact 

-.a ,. 
Elevation angle = (90" - zenith angle) 
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N. SUMMER 

i 

0 MARS ROTATION 

INCLINED 25O TO ORBIT PLANE 
ONE MARS DAY = 2 4  HRS. 37 MIN. 22.6 SEC. = 1.029 EARTH DAYS. 

a MARS SEASONS (NORTHERN HEMISPHERE) 

SPRING * * * * 199 EARTH DAYS 
SUMMER * - 0182 
AUTUMN * * 146 
WINTER - -160 
YEAR.  * - 0687 

FIGURE 5-6 .  MARS ORBITAL GEOMETRY 

141 



SOLAR ELEVATION ANGLE OF ILLUMINATION EXPOSURE,DEG. 

FIGURE 5-7. MARS ILLUMINATION EXPOSURE 

14 2 



t 

at a noon sun illumination at some time during the 
Mars year. In terms of orbital imaging, however, this is 
somewhat misleading, sfnce measurements would have to be 
continued for a minimum of 300 days to obtain this amount of 
coverage. The entire surface of Mars Is, at one time or 
other, exposed to a solar elevation angle of up to 2 5 O ,  Also 
shown in Figure 5-7 are the limiting latitudes (north and south), 
at which solar elevation angles with less than 100% exposure 
occur 0 

The selection of a set of candidate orbit sizes was 
constrained to satisfy 50-year lifetimes due to atmospheric 
drag, The 58-year Mars orbit lifetime curve (Lockheed 1968) 
used in the study is shown in Figure 5-8. 
periapse altitude (hp) and eccentricity (e> which lies above the 
curve is assumed to have a lifetime, based only on atmospheric 
drag considerations, of greater than 56 years, 

complete imaging coverage over large areas of a planet, The 
only technique assumed for the orbit selection process was 
that of contiguous coverage. Con iguous coverage, as used in 
this study, is defined as data collection at o r  near the 
specified minimum image size (inferring maximum resolution) and 
minimum overlap,with large area coverage being obtained from 
a composite of many small (by comparison) images. A t  Mars it 
is not possible to perform this type of imaging consecutively 
unless orbit periods of integer Mars days are used, That is, 
for orbits less than a Mars day it is not possible to overlap 
images on consecutive orbits, Orbits with periods greater 
than one Mars day are not attractive because of the long 
coverage acquisition times. Therefore orbits for the candidate 
orbit size selections were chosen with periods approximately 
equal to subintervals of a Mars day, i o e o 9  

Any combination of 

There are a number of measurement techniques which provide 
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= I, 2 , 3 ,  e e ., , l o  orb i t s /day .  Mars day 
Orbi t  per iod  

n =  

I n  t h i s  way up t o  10 separated imaging passes  a r e  made across  
the  p l ane t  sur face  i n  one Mars day. On each successive day, 
overlapping images a r e  obtained wi th  images of t he  respec t ive  
pass  of t h e  previous day, 

A second f a c t o r  of importance i n  the o r b i t  s i z e  
s e l e c t i o n  process  i s  measurement a l t i t u d e ,  For non-circular  
o r b i t s ,  measurement a l t i t u d e  v a r i e s  w i th  l o c a t i o n  on the o r b i t .  
It i s  convenient t o  express  t h i s  v a r i a t i o n  as  t h e  r a t i o :  

l o c a l  a l t i t u d e  
per iapse  a l t i t u d e  

h/hp = 0 

Orbit  measurement a rc s  l imi t ed  by maximum values  of h/hp a r e  
presented  i n  Figure 5-9 .  The o r b i t s  used t o  cons t ruc t  t he  
graph l i e  along t h e  50-year l ifetime curve of Figure 5-8, 
The v a r i a t i o n  of measurement a rc  (ord ina te)  i s  shown as a 
func t ion  of subinteger  o r b i t  per iods of a Mars day f o r  maximum 
h / h p g s  of 2,  5 and 10, 
p l ane t  su r f ace  ( i f  per iapse  i s  a t  t he  equator)  wi th  values  of 
h/hp less than 10. However, only an o r b i t  per iod  equivalent  t o  
18 o r b i t s l d a y  can measure across  t h i s  same a rc  wi th  values  of 
h/hp less than 2. 

A l i s t  of t h e  candidate  o r b i t s  represent ing  o r b i t s  
s i z e s  f o r  imaging o r b i t  s e l e c t i o n  i s  presented  i n  Table 5-2, 
A l l  of t hese  o r b i t s  have l i f e t i m e s  equal  t o  o r  g r e a t e r  than 
50 years .  I n  add i t ion  t o  t h e  parameters a l ready discussed,  
t he  average requi red  capture  impulse i s  given i n  the t a b l e .  
This i s  based on a coplanar  capture  maneuver, assuming a hyper- 
b o l i c  approach speed (VHP) of 2.98 h / s e c  averaged from the  
VHP d a t a  presented  i n  Table 5-1, 

All o r b i t s  cover one-half of t he  
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Orbit  
No e 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Orb i t s  
Per Day 

(4 

10 

9 

8 

7 

6 

5 

4 

2 

1 

TABLE 5-2 

MARS CANDIDATE ORBIT SIZES 

Eccen- 
t r i c i t y  

.OQOO 

1622 

2362 

.3075 

.3800 

4538 

5318 

e 6155 

e 7081 

a 8174 

Periapse 
Al t i tude  

(km) 

1025 

580 

525 

490 

460 

440 

420 

400 

380 

355 

Maximum 
A l t i t u d e  

Rat io ,  h/hp 

1.0 

3 .6  

5 . 6  

8 .0  

11.2 

1 5 . 4  

2 1 . 6  

31.3 

49 .0  

95 .2  

2 .46  

2 - 7 4  

3 ,08  

3.52 

4.10 

4,92 

6 . 1 6  

8 , 2 1  

12 .31  

24 .62  

Average* 
Capture BV 
( km/ s ee 

2,205 

1 .979 

1 .870 

1 ,765  

1 . 6 6 1  

1 .558 

1,450 

1,337 

1 , 2 1 5  

1.075 

* Capture QV Based on a Surveyed Average Hyperbolic Approach 
Speed, W P  = 2.98  km/sec. 
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The dominant perturbation on these orbits is that of 

The magnitude and direction of 
planetary oblateness which causes precession of the orbit 
node and argument of periapse. 
these perturbations varies with orbit inclination as well as 
size, 
precession, and in Figure 5-41 for precession of the argument 
of periapse as functions of orbit inclination, Not all orbit 
sizes in Table 5-2 are shown since the perturbations become 
quite small as the orbit becomes large and highly elliptical, 
foeeg as n approaches 1. Nodal perturbations (Figure 5-10> 
a r e  symmetric about the origin, i.e. (0,90). Perturbations in 
the argument of periapse are symmetric about an inclination of 
90° ,  A nodal precession rate equal to that of the average 
rate of the Sun's motion about Mars (0.5420 deg/day) will 
establish sun-synchronous orbits, Such orbits can be useful 
in expanding coverage within high solar elevation limits 
(e,g, 70"-90") by following the subsolar point as i 
north or south across the Mars surface. 

This variation is presented in Figure 5-10 for nodal 

5.103 Orbit Selection (Mars) 

selection of a candidate orbit size and the determination of 
the remaining orbit parameeers (inclination, ascending node, 
and argument of periapse) designed to meet a set o 
cations pertaining to a measurement family, The objectives of 
selection were 

Orbit selection as used here, is defined as the 

(a) to provide orbit ata necessary in determining 

(b) 

experiment subsys em requirements, 
to determine operational characteristics of the 
selected orbits, eoge , orbit duration, capture 
and maneuver impulses, perturbations, etc., 

(c) to assess the commonality of orbit/observ 
combinatfons 

An important initial step in the orbit selection 
process was grouping observables into measurement families 

I I T  R E S E A R C H  INSTITUTE 
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according t o  s imi l a r  measurement s p e c i f i c a t i o n s ,  
(a)  provides the f i r s t  b a s i s  f o r  commonality between o r b i t s  and 
observables ,  and (b) avoids redundant s e l e c t i o n s  of o r b i t s  
The resul ts  of t h i s  grouping process  a r e  presented  i n  Table 5-3, 
The composite measurement s p e c i f i c a t i o n s  given i n  t h e  t a b l e  use 
t h e  most r e s t r i c t i v e  s p e c i f i c a t i o n s  from wi th in  each group of 
observable/imager combinations. 
wor th .  curves were used i n  cons t ruc t ing  Table 5-3. 
groups a re  organized according t o  image s i z e  and overlap wi th  
t h e  l e a s t  demanding combinations coming f i r s t .  
measurements oE moderate r e so lu t ion  w i l l  be found near  t h e  
top  of t h e  t a b l e ,  and d e t a i l e d  measurements w i th  high r e s o l u t i o n  
w i l l  be found a t  t he  bottom, 
a re  taken i n t o  cons idera t ion  i n  s e l e c t i n g  o r b i t s .  Def in i t ions  
f o r  each s p e c i f i c a t i o n ,  and t h e  r e l a t i o n  of t he  measurement 
f ami l i e s  t o  ind iv idua l  observables and measurement spec i f i ca -  
t ions,  a r e  presented  i n  Volume 191 of t h i s  r e p o r t p  

The length  of t i m e  required t o  ob ta in  100% longi tudina l  
coverage a t  t h e  d i f f e r e n t  image s ize /over lap  combinations i n  
Table 5-3 i s  presented  i n  Table 5-4 f o r  t h e  s e l e c t e d  candidate  
o r b i t  per iods.  These a r e  minimum t i m e s  and do not  r e f l e c t  t he  
f a c t  t h a t  t h e r e  must be an in t ege r  number of o r b i t s  pe r  day 
i n  order  t o  ob ta in  contiguous coverage. I n  f a c t ,  i n  t h e  
a c t u a l  process  of o r b i t  s e l e c t i o n  smal l  v a r i a t i o n s  were made i n  
t h e  candidate  o r b i t  s i z e  parameters, hp and e, i n  order  t o  
ob ta in  a s  nea r ly  a s  poss ib l e  t h e  minimum image s i z e  and overlap 
s p e c i f i c a t i o n s ,  Also,  al though t h e  measurement f a m i l i e s  f o r  
l o c a l  and d e t a i l e d  measurements (famildes 16-34 i n  Table 5-3) 
r equ i r e  only about 10% coverage or  less, i t  i s  necessary 
t o  provide t h e  same coverage c a p a b i l i t y  as  f o r  the reg iona l  
measkehen t s  tn t he  absehce of a p r i o r i  information on t h e  
loca t ions  of coverages,  

This procedure 

Both Table 4-1 and t h e  
The 34 

Hence r eg iona l  

All s p e c i f i c a t i o n s  i n  the  t a b l e  

tir R E S E A R C H  I N S T I T U T E  
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TABLE 5-3 

MEASUREMENT FAMILIES FOR MARS 

I 

R - - - 4 L6,9 600 60 70 

5 3 IR 600 20 70 70-90 - - - - 
6 6,12,15 V 600 20 70 50-80 Mare, Poles < 100 hr < 1 day >4/yr 
7 3,18,40 MB,V 

- - 

- < 2 hr >4/yr 
8 1,3,6,9,12,15 V,IR 600 20 70 15-30 Mare, Poles < 100 hr~ < 1 day >4/yr 
9 27,29,33,41 W,V,ME 600 20 70 Day Equator, Poles - < 15 min >4/yr 
10 37 V 600 20 70 Night Poles - < 2 hr >4/yr 
11 1,3,6,9,12,21 R,MB,IR,w 600 20 70 - Equator, Poles - < 30 hr > 2/yr 
12 27,29,30,31,33 IR,R,RF 600 20 70 - Equator, Poles, - < 2 min > lOlyr 
13 35 V 100 20 70 50-80 Poles, Wave < 1 day ' - >4/yr 
14 35 V 100 20 70 30-60 Poles, Wave < 1 day - >4/yr 
15 35 IR 100 20 70 - - < 1 day - - 

16 7,lO V 100 60 10 70-85 - - - >4/yr 

600 20 70 30-60 - 

Wave 

- - - - - 17 7,lO R 100 60 10 

18 4 IR 100 20 10 70-90 - - - - 
< lOOhr < 1 day >4/yr 19 7,13,16,39 V 100 20 10 50-80 - 

20 4,19,39 V,MB 100 20 10 30-60 - - < 2 min >4/yr 
2 1  4,7,10,13,16 V,IR 100 20 10 15-30 Mare, Poles < 100 hr < 1 day >4/yr 
22 28,34 W,V, IR,MB 100 20 10 Day - - < 2 hr > l/day 
23 4,7,10,13,22,25 R, IR,&, ME 100 20 10 - - - < 30 hr > 2/yr 
24 28,32,34 IR, RF 100 20 10 - - - < 2 min > Uday 
25 8,11,20 V 0.5 60 3 70-85 - - - > 1/300hr 

- 
26 8,11,20 R 0.5 60 3 - - - - > 1/300hr 
27 5 IR 0.5 20 3 70-90 - - - - 
28 8,14,18 V 0.5 20 3 50-80 - < 100 hr < 1 day >4/yr 
29 2,s V,M 0.5 20 3 30-60 
30 5,8,11,14,17,20 V, IR 0.5 20 3 15-30 - < 100 hr < 1 day >4/yr 
31 2,58,11,14 R,IR,w,MB 0.5 20 3 - - - < 30 hr > 11300hr 

- - - - 

20,53 

32 38 V 0.3 60 - 70-85 Mare,Poles,Mo?nL- - < 1 min - 
33 38 V 0.3 - - 50-80 Mare,Poles,M%%- - < 1 min - I 0.3 I - I - 1 30-60 1 Mare,Poles,N$%- I - I <  1minI - I 

ains 
34 I 38 

* Sensor Type Definitions are: UV.... Ultraviolet 
V.. . ..Visible 
IR.. ..Infrared 
&.....Microwave 
R.....Radar 
R F . . . .  Radio Frequency 
M E . . . .  Multi-band 
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The indiv idua l  o r b i t  s e l e c t i o n s  f o r  t he  f ami l i e s  i n  
Table 5-3 a re  presented  i n  moderate d e t a i l  on o r b i t  s e l e c t i o n  
da ta  shee t s  i n  Volume 111 t o  t he  r epor t .  Those r e s u l t s  a r e  
summarized here  a s  fol lows,  f i r s t  f o r  l o w  and medium reso lu t ion  
experiments ( fami l ies  1-24); 

Most measurement fami l ies  could be s a t i s f i e d  
wi th  e i t h e r  e l l i p t i c a l  o r  c i r c u l a r  o r b i t s  wi th  
per iods l e s s  than one Mars day and o r b i t  dura- 
t i o n s  of less than 60 days. 

Some measurements which a r e  r e s t r i c t e d  t o  high 
s o l a r  e l eva t ion  angles r equ i r e  extended o r b i t  
durat ions of 100-250 days i n  order  t o  increase  
t h e  amount of coverage by tak ing  advantage of 
t he  Sun's l a t i t u d e  motion across  the  Mars sur face ,  

C i rcu la r  o r b i t s  tend t o  provide g r e a t e r  amounts 
of coverage a t  lower a l t i t u d e s  i n  less time 
while  e l l i p t i c a l  o r b i t s  r equ i r e  less capture  
impulse, 

Polar  o r  near  po la r  o r b i t s  a r e  used t o  avoid 
redundant imaging and ob ta in  the  maximum avafl-  
ab le  coverage; i n c l i n a t i o n s  less than o r  g rea t e r  
than 90" a r e  used only t o  maintain Sun- 
synchronous o r b i t s ,  o r  t o  reach an a rea  of 
r e s t r i c t e d  s o l a r  e leva t ions  without  a plane 
change 

Approximately ha l f  of the fami l i e s  r equ i r e  only 
a s i n g l e  coplanar  per iapse  capture  maneuver, 

A coplanar  capture  maneuver followed by plane 
change and o r b i t  s i z e  adjustment maneuvers i s  
required by the  major i ty  of t he  s o l a r  e l eva t ion  
r e s t r i c t e d  f ami l i e s  f o r  one o r  more of t he  
fol lowing reasons: (1) high  solar e l eva t ion  
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l i m i t s  (e.g. 70-90") provide only a small  
measurement a rea  which i s  inaccess ib l e  t o  polar  
type o r b i t s  us ing  only a coplanar  per iapse 
capture ,  (2) Sun-synchronous o r b i t s  must be 
e s t ab l i shed  a t  a s p e c i f i c  po in t  i n  the  r e s t r i c t e d  
a rea  t o  provide s u f f i c i e n t  t i m e  t o  ob ta in  l o c a l  
coverage d e t a i l  o r  observe seasonal  changes and 
(3) f o r  t he  1988 Type I t r a n s f e r  the approach 
d i r e c t i o n  i s  along t h e  Mars equator ,  but  about 
110" from the  subsolar  po in t ,  making polar  
type o r b i t s  i naccess ib l e  t o  most r e s t r i c t e d  
a reas  of so la r  e l eva t ion  wi th  only a coplanar  
capture  

Off-per iapse i n s e r t i o n  maneuvers a r e  required 
wi th  1988 Type I t r a n s f e r  a r r i v a l  condi t ions 
and e l l i p t i c a l  o r b i t  s e l e c t i o n s ,  i n  order  t o  
ob ta in  s o l a r  e l e v a t i o n  r e s t r i c t e d  coverage a t  
minimum a l t i t u d e s  s i n c e  approach is  from t h e  
day s i d e  of t h e  p l ane t ,  placing the  per iapse  
of po la r  o r  near-polar  o r b i t s  i n  darkness ,  

( g )  

(h) Maximum t o t a l  impulse requirement i s  less than 
3 km/sec. 

( i )  Most f requent  measurement s p e c i f i c a t i o n s  not  
achieved a r e  image r e p e t i t i o n  r a t e  ( the  r a t e  
a t  which images of the  same ob jec t  a r e  t o  be 
repeated)  and percent  sur f  ace coverage of 
s o l a r  e l eva t ion  r e s t r i c t e d  measurements. 

For h igh  r e s o l u t i o n  experiments ( fami l ies  2 5 - 3 4 ) ,  where no 
a p r i o r i i n f o r m a t i o n  i s  known about the loca t ions  of coverage, 
t he  o r b i t s  s e l e c t e d  a r e  summarized as  fol lows:  

because of l ack  of information,  
(a )  Spec i f i c  o r b i t  s e l e c t i o n s  a r e  not  poss ib l e  

I 
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(b) Orbi t  durat ions w i l l  probably be longer than 
60 days, p a r t i c u l a r i l y  if t h e  areas  of  i n t e r e s t  
a r e  dispersed,  

(c) Mult iple  o r b i t  impulses i n  excess of t h r e e  i n  
number and 3 km/sec i n  magnitude may be required 
t o  move from one loca t ion  t o  the  next  r ap id ly  
and s t i l l  be ab le  t o  c o l l e c t  high r e so lu t ion  
da ta  wi th in  each area.  

5 ,2  Venus 

5 , 2 , 1  
The same guide l ines  and s e l e c t i o n  methodology used 

i n  s e l e c t i n g  Mars t r a n s f e r s  were used f o r  Venus., Earth-Venus 
t r a n s f e r  oppor tuni t ies  have very  near ly  r e p e t i t i v e  charac te r -  
i s t i c s  every s i x t h  opportuni ty ,  o r  e i g h t  years ,  Minimum VHT 
(sum of hyperbol ic  excess speeds a t  Ear th  and Venus) Type 1 and 
Type 11 t r a n s f e r s  w i th in  f i v e  oppor tuni t ies  over t h e  per iod  
1975-1981 w e r e  considered as  a s e l e c t i o n  base.  The values  of 
t he  geocentr ic  depar ture  asymptote, 6,, f o r  these  t r a n s f e r s  
i n  no case  exceeded 45",  t he  maximum value which avoids 
ser ious  launch s a f e t y  problems, 

a r e  l i s t e d  i n  Table 5-5, Both type t r a n s f e r s  a re  presented  
f o r  t he  1975 opportuni ty ,  s ince  they a r e  too  s imi l a r  t o  i n d i c a t e  
a preference.  Note t h a t  these  p re fe r r ed  t r a n s f e r s  a r e  equal ly  
s p l i t  between Type 1 and Type 11 f o r  t he  f i v e  oppor tuni t ies  
considered 

f i n a l  t r a n s f e r  s e l e c t i o n ,  which a r e  presented  i n  Table 5-5, 
were V-HP, 69' P, and DTC, 

The s i x  b e s t  t r a n s f e r s  (minimum VHT) from t h i s  group 

The a r r i v a l  parameters considered i n  making t h e  

-1, n 

The t r a n s f e r  chosen was t h e  1977 

d. ,\ 
These and o ther  a r r i v a l  parameters i n  the  t a b l e  a r e  def ined on 
page 135of  t h e  Mars t r a n s f e r  s e l e c t i o n  discussion,  
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Type I. The arrival conditions are characterized by 
(a) an intermediate asymptotic approach velocity, 
(b) 

(c) 

(d) as for all transfers, the time to superior 

periapse locations which favor the northern 
hemisphere, 
an approach from the dark side with orbit 
periapse locations favoring the sunlit side, and 

conjunction with Earth is about one Venus 
revolution about the sun. 

With the exception of p a 9  the 1977 Type P arrival 
conditions are typical of all values presented in Table 5-5, 
It is difficult to select a single transfer which typifies all 
approach directions ( p g ' s )  encountered, 
greater than go", the approach is just opposite to that 
described above, i,e. , from the sunlit side with orbit periapse 
favoring the dark side. 
transfer to represent this case, This was not done, Rather 
it was confirmed that values of po greater than 90" only affect 
the orbit duration and sequence in which coverage is obtained, 
but otherwise do not influence the experiment definitions or 
subsystems and operational requirements. 

transfer are presented in Figure 5-12 mapped on the hyperbolic 
impact plane, Occultation contours with minimum near limb 
angles of 5" and 0" are shown f o r  Sun, 0" for Earth, and 20" 
and 0" for the star Canopus. The relation betweep the aiming 
angle 8 and orbit inclination and orbit ascending node in the 
Venus equatorial system are given in Figure 5-13. 

For values of p, 

It would be necessary to select another 

Contours of insertion occultation for the 1977 Type I 
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5 . 2 , 2  Orb i t  C h a r a c t e r i s t i c s  and Cons t r a in t s  (Venus) 

O r b i t a l  o r  f lyby  imagery has ,  t o  d a t e ,  been s tud ied  
and used f o r  i n v e s t i g a t i o n  of Ea r th ,  Mars, and the  Moon. A l l  
of these bodies  have t r anspa ren t  o r  nonexis ten t  atmospheres 
and reasonably r ap id  r o t a t i o n  r a t e s ,  f a c t o r s  which obviously 
enhance o r b i t a l  imagery. I n  c o n t r a s t ,  Venus h a s  a slow 
re t rograde  r o t a t i o n  of about 243 d a y s l r o t a t i o n  and an o p t i c a l l y  
opaque atmosphere. Hence, one expects  Venus imagery from 
o r b i t  t o  be cha rac t e r i zed  by longer mission times and d i f f e r e n t  
imaging systems ( p a r t i c u l a r l y  r ada r )  than have been common t o  
previous o r b i t a l  missions.  

The r e l a t i o n s h i p  between Venus inhe ren t  r o t a t i o n  
and i t s  r evo lu t ion  about the  sun i s  g r a p h i c a l l y  i l l u s t r a t e d  
i n  Figure 5 - 1 4 .  The relat ive motion of a f i x e d  poin t  on the 
sur face  wi th  r e spec t  t o  the Sun i s  about 3 deg/day r e s u l t i n g  
i n  a Venus day of approximately 120  Ear th  days. The p o t e n t i a l  
o r b i t a l  coverage c h a r a c t e r i s t i c s  which r e s u l t  from t h i s  motion 
a r e  i temized i n  Table 5-6, consider ing both i n e r t i a l  and 
sun-synchronous o r b i t s .  A geometr ical  d e f i n i t i o n  of minimized 
a l t i t u d e  coverage i s  i l l u s t r a t e d  i n  Figure 5-15. Minimized 
a l t i t u d e  coverage i s  def ined  as coverage from p o l a r  o r b i t s  
wi th  pe r i apse  a t  the p l a n e t  equator  and measurement a r c s  
- 180 degrees  centered  a t  per iapse .  
day l igh t  coverage i n f e r s  no s p e c i f i c  e l e v a t i o n  angle ,  j u s t  
day l igh t .  This  i s  c o n s i s t e n t  wi th  day l igh t  i n v e s t i g a t i o n s  
of Venus which a r e  l i m i t e d  t o  atmospheric phenomena, where 
s p e c i f i c  i l l umina t ion  condi t ions  a r e  u s u a l l y  n o t  requi red .  

coverage from Table 5-6: 

The c o n s t r a i n t s  of 

Several  conclusions can be drawn about o r b i t a l  

a .  C i r c u l a r  o r b i t s  provide coverage i n  the 
s h o r t e s t  t i m e  if measurement a l t i t u d e s  
a r e  r e s t r i c t e d .  
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RATES OF MOTION 

TERMINATOR 1.6 DEWDAY 
SURFACE - I. 48 DEWDAY 
RELATIVE 3.08 DEWDAY 

VENUS DAY 5120 EARTH DAYS 

FIGURE 5-14. VENUS ROTATION/REVOLUTION RELATIONSHIP 
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TABLE 5-6 

POTENTIAL VENUS ORBIT COVERAGE CMAJXACTERISTICS 

INERTIAL ORBITS, NO LIGHTING CONSTRAINTS: 

100% LONGITUDE COVERAGE POSSIBLE 

IN 120 DAYS IF ALL ORBIT 
ALTITUDES ARE USED 

IN 240 DAYS IF MZNIMIZED 
ALTITUDE COVERAGE IS ENPLOYED 

b INERTIAL ORBITS, DAYLIGHT COVERAGE CONSTRAINT: 

APPROXIMATELY 50% COVERAGE POSSIBLE 

IN 112 DAYS IF ALL ORBIT 
ALTITUDES A W  USED 
IN 224 DAYS IF MINIMIZED ALTITUDES 
COVERAGE IS EMPLOYgD (THIS IN- 
CLUDES A 112-DAY 'NO-DATA' WAITING 
PERIOD) 

NO FURTHER DAYLIGHT COVERAGE IS OBTAINED 
UNLESS A PLANE CHANGE, (90" FOR REMAINING 
50% LONGITUDE COVERAGE) I S  MADE IN T 
ORBIT ASCENDING NODE 

Q SUN=-SYNCHRONOUS OWITS: 

100% LONGITUDE COVERAGE IN 116 DAYS AT 
CONSTANT. SOLAR ELEVATION ANGLE AND M ~ N ~ ~  
ALTITUDES 

I I T  R E S E A R C H  I N S T I T U T E  
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b ,  Only about h a l f  of the  p l a n e t  i s  covered i n  
day l igh t  wi th  an i n e r t i a l  o r b i t ,  r ega rd le s s  
of the  s t a y  t i m e .  

c .  Sunsynchronous o r b i t s  would provide 100 pe rcen t  
l o n g i t u d i n a l  day l igh t  coverage, and do so mast 
r a p i d l y  f o r  measurement a l t i t u d e  r e s t r i c t e d  
e l l i p t i c a l  o r b i t s .  

P o t e n t i a l  o r b i t  s i z e s  f o r  Venus imagery were 
cons t r a ined  t o  have a l i f e t i m e  of equal  t o  o r  g r e a t e r  than 
50 years  cons ider ing  only atmospheric drag. The 50-year o r b i t  
l i f e t i m e  curve (Lockheed 1968) f o r  Venus i s  presented  i n  
Figure 5-16. The ve ry  slow r o t a t i o n  of Venus makes i t  e a s i l y  
poss ib l e  t o  ob ta in  contiguous images on consecut ive o r b i t s .  
I n  f a c t ,  f o r  l a rge  images (> 1000 km) apd t i g h t  o r b i t s  
( c i r c u l a r ) ,  measurements can be separa ted  by more than LOO 
o r b i t s  s t i l l  s a t i s f y i n g  a contiguous imaging requirement.  
Therefore,  r a t h e r  than r e l a t i n g  the  candids te  o r b i t  s i z e  
s e l e c t i o n  t o  imaging requirements,  a range of o r b i t  eceen- 
t r i c i t i e s  of 0 t o  0 . 9  w a s  used t o  r ep resen t  as broad a range 
i n  o r b i t s  as poss ib l e .  

presented i n  Table 5-7. The per iapse  a l t i t u d e  f o r  each 
e c c e n t r i c i t y  w a s  determined from the  50-year l i f e t i m e  curve 
i n  Figure 5-16. 
i nc reases  r a p i d l y  wi th  l a r g e r  va lues  of e c c e n t r i c i t y .  Figure 
5-17 i l l u s t r a t e s  the  r e l a t i o n  o f  measurement a r c  (twice the 
angle  from pe r i apse )  t o  e c c e n t r i c i t y  f o r  maximum measurement 
a l t i t u d e  r a t i o s  of h/hp = 2 ,  5 ,  and 10. Considering minimized 
a l t i t u d e  coverage as descr ibed i n  Figure 5-15 (angle from 
per iapse  = go"), i t  i s  seen from Figure 5-17 t h a t  the l i m i t i n g  
e c c e n t r i c i t i e s  f o r  maximum measurement a l t i t u d e  r a t i o s  of 2 ,  
5, and 10 are 0.055, 0.193, and 0.405, r e spec t ive ly .  

Ten candidate  o r b i t  s i z e s  and r e l a t e d  da t a  are 

The maximum o r b i t  a l t i t u d e  r a t i o ,  h/hp,  

I I T  R E S E A R C H  I N S T I T I I T E  
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FIGURE 5-16. VENUS 5 0 - Y E A R  LIFETIME ORBITS 
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Orbi t  
No 

?. 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Eecen- 
f r i c i t j  

0.0 

0 . 1  

0,2 

0 .3  

0.4 

0.5 

0.6 

0,7 

098 

0.9 

TABLE 5-7 

VENUS CANDIDATE ORBIT §XZE§ 

Per iapse  
A l t i t u d e  

Ckd 

454 

327 

305 

294 

285 

277 

269 

2 6 1  

255 

248 

Maximum 
A l t i t u d e  

Ratio,  h/hF 

1.0 

5.3 

11.4 

19.5 

30.7 

4 6 , 7  

71,5 

113.9 

199 c 0 

458.5 

1.608 

1.829 

2.171 

2 645 

3.326 

4 , 3 6 4  

6.087 

9.354 

17.160 

rC8.456 

Lapse Rzjte 
P e r  O r b i t  

(km) 

lo .$  

11,9 

14.2 

17.2 

21.7 

28.5 

39.7 

61.0 

111.9 

316.0 

9; Capture AV Based on a Surve ed Average Hyperbolic 
Approach Speed, VHP = 4 . 5 5  kmlsec. 
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Average* 
Capture AV 
(km/ s ec)  

3.902 

3.574 

3.244 

2.925 

2 618 

2 , 3 2 1  

2 033 

1,754 

1.483 

1.219 
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The l a s t  column i n  Table 5-7 l i s t s  the average 
capture  impulses r equ i r ed  t o  e s t a b l i s h  the candida te  o r b i t  
s i z e s ,  us ing  a coplanar  per iapse  cap tu re  maneuver and assuming 
a hyperbol ic  approach speed (VHP) of  4.52 km/sec averaged from 
the  VHP d a t a  p re sen ted  i n  Table 5-5. The d i f f e r e n c e  i n  cap tu re  
impulse between t h e  c i r c u l a r  o r b i t  and the  e = 0 . 9  e l l i p t i c a l  
o r b i t  i s  2 .683  km/sec, which g ives  the h i g h l y  e l l i p t i c a l  o r b i t  
a cons iderable  weight savings advantage e 

Table 5-6 i s  t h a t  on ly  about 50 perce.nt of Venus can be covered 
i n  d a y l i g h t  from an i n e r t i a l  o r b i t .  To o b t a i n  complete day l igh t  
coverage r e q u i r e s  a p lane  change of approximately 90 degrees  
i n  the  o r b i t  ascending node. The t o t a l  impulse r equ i r ed  t o  do 
t h i s  i s  p re sen ted  i n  Figure 5-18 f o r  the  candida te  o r b i t  s i z e s .  
Two plane change techniques were considered,  assuming t h a t  t he  
i n i t i a l  o r b i t  had an i n c l i n a t i o n  of 90 degrees  and pe r i apse  
was a t  the  equator  (as shown i n  Figure 5-15).  The maneuvers 
f o r  t he  s o l i d  curve i n  the f i g u r e  are: 

One of the  coverage c h a r a c t e r i s t i c s  presented  i n  

a .  adjustment t o  a l a r g e  e l l i p t i c a l  o r b i t  of the  

b .  a 90" plane change a t  apoapse t o  a c i r c u l a r  

C .  a 90" plane change back t o  the  l a r g e  

d .  adjustment  back t o  the  o r i g i n a l  o r b i t  s i z e .  

* 
same pe r i apse  but  apoapse equal  t o  119,757 km , 

e q u a t o r i a l  o r b i t  of r a d i u s  119,757 krn, 

e l l i p t i c a l  o r b i t  90" la te r  

The maneuvers f o r  the  d o t t e d  curve a r e :  

a .  t r a n s f e r  t o  a l a r g e  e c c e n t r i c i t y  o r b i t  a t  
the  pole wi th  a pe r i apse  equa l  t o  the  r a d i u s  
a t  t he  pole  and an apoapse of 119,757 km, 

* 
This  i s  t h e  apoapse r a d i u s  of t he  4 = 0 .9  candida te  o r b i t  
which e l i m i n a t e s  t h i s  and the  l a s t  maneuver of t h i s  sequence 
f o r  t h a t  o r b i t  s i z e .  
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b .  a 90" plane change a t  apoapse of the new o r b i t ,  
C .  a t r a n s f e r  back t o  the i n i t i a l  o r b i t  s i z e  

s imilar  t o  the  f i rs t  impulse. 

From Figure 5-18, even a t  an i n i t i a l  o r b i t  eccen- 
t r i c i t y  of 0 .9 ,  the  added impulse requirement of 3.5 km/sec 
appears t o  be a c o s t l y  pena l ty  f o r  ob ta in ing  more than 50 
percent  coverage of Venus' cloud tops  i n  day l igh t .  It should 
be poin ted  out  t h a t  no e f f o r t  was made t o  determine how e f f i c i e n t  
the  maneuver p o l i c i e s  used i n  Figure 5-18 are. Hence, t h i s  
conclusion could change i f  s i g n i f i c a n t l y  b e t t e r  techniques of 

I changing the  o r b i t  plane a r e  found. 

The coverage c h a r a c t e r i s t i c s  c i t e d  i n  Table 5-6, 
f o r  i n e r t i a l  o r b i t s ,  do n o t  cons ider  o r b i t  p e r t u r b a t i o n s .  For 
Venus two sources  of p e r t u r b a t i o n s  a r e  considered: a )  the  
Sun's mass, and b)  p l a n e t a r y  ab la t eness ,  Taking the Sun's 
mass f i r s t ,  and cons ider ing  j u s t  p o l a r  o r b i t s  ( b e s t  l a t i t u d e  
coverage),  r e s u l t s  f o r  the s e c u l a r  ra te  of change i n  pe r i apse  
a l t i t u d e ,  d (hp) ,  and argument of pe r i apse ,  d(w) a r e  presented  
i n  F igures  5-19 and 5-20. d(hp) i s  shown i n  Figure 5-19 a s  
a func t ion  of o r b i t  e c c e n t r i c i t y  f o r  t h ree  va lues  of w .  

i s  symmetric about w = zy and symmetric i n  magnitude about 

repeated every  n ,  where n = 1 , 2 , 3 ,  . - .  Maximum va lues  of  
d(hp) a r e  found a t  y, where n = 1 , 3 , 5 , .  . . 

per i apse ,  d(w) , shown i n  Figure 5-20 as a func t ion  of w f o r  
va lues  of e c c e n t r i c i t y  between 0.5 and 0.9,  i s  symmetric 
about w = rr. Although the  magnitudes of d(w) a r e  very  small, 
they are important i n  two r e s p e c t s .  F i r s t ,  d ( w )  reaches a 
maximum value  a t  u) = 0 ,  where d(hp) changes s ign .  This  i s  
a l s o  a d e s i r a b l e  va lue  of w f o r  e l l i p t i c a l  o r b i t  imaging ( i . e * ,  

* 
d(hp) 

rr 
7T b u t  w i th  a change i n  s ign .  Hence values of d(hp) a r e  = 2, 

The secu la r  r a t e  of change i n  the  argument of 

* 
See Figure 5-15 f o r  geometric d e f i n i t i o n s  of d(hp) and 
dCuJ) 
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minimized a l t i t u d e  coverage), 
durat ion,  1&1 can be set  t o  a s l i g h t l y  nega t ive  va lue  such t h a t  
s o l a r  pe r tu rba t ions  move it slowly t o  ze ro  and then to 
p o s i t i v e  va lues ,  In this way d(hp) i s  f i r s t  p o s i t i v e  and then 
negat ive,  allowing the per iapse  a l t i t u d e  t o  f i r s t  inc rease  and 
then decrease,  With the proper i n i t i a l  s e l e c t i o n  of w 9  

minimized a l t i t u d e  coverage can be accomplished from h igh ly  
e c c e n t r i c  o rb ie s  without  hp ever f a l l i n g  below a s p e c i f i e d  
value over long o r b i t  dura t ions  ( i . e o g  on the order  of 250 
days) 

t h a t  the secu la r  p o r t i o n  of d((u) always moves (B) toward a pofn t  
of s ' s t a b i l i t y ' B  which f o r  p o l a r  o r b i t s  exis ts  a t  39.25O. However, 
s ince  d(w) approaches 0 as  (8  approaches 39,25O, an i n f in i t e  
t i m e  i s  requi red  t o  reach  this  po in t  from an a r b i t r a r y  s t a r t i n g  
po in t  i n  w. Also o the r  pe r tu rba t ions ,  such as Venus oblate-  
ness, w i l l  a f f e c t  th is  behavior a s  1&1 g e t s  c l o s e  t o  i t s  "s tab less  
value,  
r e s u l t s  i s  tha t  the c o n t r o l  of a l t i t u d e  v a r i a t i o n s  caused by 
s o l a r  pe r tu rba t ions  i s  c r i t i c a % l y  dependent upon the i n i t i a l  

Knowing the l eng th  of o r b i t  

The second i n t e r e s e i n g  aspec t  about Figure 5-20 i s  

The important conclusion which can be drawn from these 

lectfon of the o r b i t  argument of perfapse.  
The second source of per tu rba t ions ,  f o e o ,  o 

i s  fncidemtal  f o r  Venus, Tracking d a t a  from the r ecen t  
Mariner V mission (Efron, 1968) i n d i c a t e s  a seccnd zonal 
harmonic f o r  Venus of  

J2 = (8,4 - + 0,4)  x 

The maximum r a t e  of nodal r eg res s ion  which can be  obtained from 
this  va lue  i s  0,0474 deg/day, using the c i r c u l a r  candidate  
o r b i t  and a minimum inc l ina t ion  of about 35 degrees,  

The coverage c h a r a c t e r i s t i c s  of sun-synchronous o r b i t s  
g r e a t l y  improves the day l igh t  coverage c a p a b i l i t y  of Venus 
o r b i t s ,  However, w i t h  the e r y  small  va lue  of J2 f o r  Vemus, 
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the maximum possible nodal regression of 0.0474 deg/day is far 
less than the 1 . 6  deg/day required to maintain sun-synchroniza- 
tion. Active control systems for maintaining this regression 
rate were investigated and found to be unreasonable. For a 474 km 
circular polar orbit, a low thrust system would have to generate 
an acceleration of more than 3.5 x 10 -G g's. An impulsive form 
of controlling this same orbit would require about 13 m/sec per 
orbit, o r  a total of 23 km/sec for a 116  day orbit duration 
(100 percent coverage). 
sun-synchronous orbits do not appear to be feasible for Venus. 

Based on these preliminary considerations, 

5.2.3 Orbit Selections (Venus) 

perturbations were understood, it was possible to proceed with 
the orbit selections in much the same manner that was done for 
Mars, The measurement families for which orbit selections 
were made are presented in Table 5-8. Orbit selections were 
limited to polar orbits, since this at least maximizes the 
latitudes covered and no apparent reasons emerged in favor of 
any other inclinations, A stereographic projection using the 
1978 Type I transfer arrival conditions was prepared. The two 
known surface roughness features alpha and beta (Koenig et al. 
1 9 6 7 )  were located on the projection for coverage consideration. 

applied to every observilble grouping. 
(e = 0.8 or 0 . 9 )  orbits were also selected for regional 
observable groups to dramatize the differences in measurement 
altitude, stay time, coverage, and capture impulse, compared 
to circular orbits. These elliptical orbit selections also 
provide examples of the effects of solar perturbations upon 
orbit stability and how these effects change the selection of 
the initial orbit orientation. The orbit selection results for 
Venus imaging experiments are summarized as follows: 

Once the characteristics of orbital coverage and 

The candidate circular orbit of 474 km altitude was 
Highly elliptical 
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TABLE 5-8 

MEASUREMENT FAMILIES FOR VENUS 

C~ 

Family 
Number 

1 
2 
3 
4 

Coverage 
Interval 

Coverage 

Day&Night 

Sensor* Minimum 
Image 

1500 

1000 

1000 

Observable 
Number(s) 

24 
26 
26 
26 

1,3,6,9,12,21 20 5 

.1,6,9 60 6 - 
7 
8 
9 
10 
11 

27,29,30,33,35 
31 
27,29,33,40 
29,33 
37 

20 
20 
20 
20 
20 

20 
20 
20 
20 
20 
20 

- 

70 
70 
70 
10 
70 

IR, w,  R 500 
RF 500 
W,V,IR,MB 500 
MB 500 
v 500 

R, ~ 2 %  IR 100 
R, IR, w 100 
RF 100 
W,V 100 
V, IR 100 
MB 100 

R 100 

R 0.5 
wL,m 0.5 
R 0.5 

R 0.3 
R 0.3 

Equator, Poleb 
< 15 mil 

Night Poles < 30 hr 
12 
13 
14 
15 
16 
17 

4,7,10,13,22,2 
28,34,39 
32 
28 
34 
34 

10 - - - < 30 hr 
10 - - - C 2 h r  
10 - - - < 2 min 

- < 100 hl 10 Day 
10 Day 

- 
- - < 2 h r  

10 Daymight - - < 2 h r  

10 - - - - 

- - - - 10 
10 
10 

- - - < 30 hr 
- - - - 

7,lO 60 

20 
20 
60 

- 18 

19 
20 
21 

22 
23 

2,5,8,11,14,20 
23 
8,11,20 

38 
38 60 - 

5000 - Mountains, Poles < 1 min - 
Images - Mountains, Poles - < 1 min 

* Sensor Type Definitions are: W....Ultraviolet 
V.. . . .Visible 
IR....Infrared 
w.....Microwave 
R.....Radar 
RF.... Radio Frequency 
M B . . . .  Multi-band 
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Polar  c i r c u l a r  o r b i t s  work w e l l  f o r  a l l  observable 
groups, accomplishing 100 percent  u n r e s t r i c t e d  
coverage and approximately 50 percent  day l igh t  
coverage i n  122 days. 

For r eg iona l  coverage (ne t  image s i z e  > 1200 km), 
measurements may be spaced as  f a r  apa r t  as 145 
o r b i t s  for c i r c u l a r  o r b i t s .  

E l l i p t i c a l  po la r  o r b i t s  w e r e  s e l e c t e d  only f o r  
r eg iona l  coverage, s ince  the l apse  r a t e  pe r  
o r b i t  i s  too  l a r g e  t o  ob ta in  overlapped images 
of a d e t a i l e d  sca l e ,  

E l l i p t i c a l  o r b i t s  t y p i c a l l y  take  243 days t o  
complete experiments due t o  r e s t x i c t e d  maximum 
measurement a l t i t u d e s ;  because of th i s  r e s t r i c -  
t i o n  and t h e  loca t ions  of coverages (poles  i n  
p a r t i c u l a r )  only 60-70% u n r e s t r i c t e d  and 30-40% 
day l igh t  coverage i s  poss ib l e ,  

For the 1978 t r a n s f e r  a r r i v a l  condi t ions ,  day- 
l i g h t  coverage on e l l i p t i c a l  a l t i t u d e  r e s t r i c t e d  
o r b i t s  i s  in t e r rup ted  30 days a f t e r  po la r  o r b i t  
cap tu re  f o r  113 days. 

The maximum cap tu re  impulse r equ i r ed  i s  
3.85 km/sec f o r  c i r c u l a r  o r b i t  cap ture ,  

The cap tu re  impulse requirement f o r  e l l i p t i c a l  
o r b i t s  saves up t o  2.66 km/sec over c i r c u l a r  
o r b i t s  ( f o r  the 1978 t r a n s f e r  VHP), 

The minimum t o t a l  impulse (two maneuvers) t o  
change the o r b i t  node 90" f o r  increased  day l igh t  
coverage i s  3.5 kmlsec f o r  a 0 ,9  e c c e n t r i c i t y  
o r b i t ;  smal le r  e c c e n t r i c i t y  o r b i t s  need fou r  i m -  
pu l se s  t o  achieve the nodal change and r equ i r e  
l a r g e r  t o t a l  impulses. 

I I T  R E S E A R C H  I N S T I T U T E  
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5 , 3  Mercury 

5.3.1 In t e rp l ane ta ry  Transfer Se lec t ions  
The s e l e c t i o n  of i n t e r p l a n e t a r y  t r a n s f e r s  t o  Mercury 

proceeded i n  a somewhat d i f f e r e n t  fashion than f o r  Mars and 
Venus. A recent  comprehensive study (Manning 1967) of minimal 
energy b a l l i s t i c  t r a j e c t o r i e s  t o  Mercury was used as a da t a  
base f o r  the  t r a n s f e r  s e l e c t i o n s ,  D i rec t ,  Venus swingby, and 
modified p e r i c e n t e r  Venus swingby t r a n s f e r s  f o r  a l l  oppor tuni t ies  
between 9980 and 1992 were considered. The t o t a l  impulse requi re -  
ments of o r b i t e r  missions e x h i b i t  a c y c l i c a l  v a r i a t i o n  over a 
period of 13 years.  The t r a j e c t o r i e s  were minimized i n  t o t a l  
impulse (AV), assuming a 1000 km c i r c u l a r  o r b i t  a t  Mercury. 

from each year between 1980 and 1992 was chosen t o  formulate 
a s e t  of candidate  t r a n s f e r s  from which r ep resen ta t ive  t r a n s f e r  
s e l e c t i o n s  could be made, These t r a n s f e r s  a re  presented i n  
Table 5-9. The a r r i v a l  parameters l i s t e d  i n  the t a b l e  have 
been def ined on page 135 ,, 

i n  no case approach 45" ,  a maximum value s e t  t o  avoid se r ious  
launch s a f e t y  problems, Of the  13 candidate  t r a n s f e r s  i n  
Table 5-9, 8 use a d i r e c t  f l i g h t  mode, 3 u t i l i z e  a Venus 
swingby, and 2 involve modified Venus p e r i c e n t e r  swingbys, As 

pointed out by Manning, t h e  d i r e c t  t r a n s f e r s  a l l  use t h e  same 
opportuni ty  wi th in  any year ( t h r e e  a r e  ava i l ab le )  t o  a r r i v e  a t  
Mercury near p e r i h e l i o n  and i t s  e c l i p t i c  ascending node which 
minimizes the  impulse requirements. Hence these  d i r e c t  t r ans -  
f e r s  a r e  a l l  r a t h e r  s i m i l a r ,  and i t  was only necessary t o  s e l e c t  
one t o  represent  t h e i r  approach condi t ions f o r  o r b i t  s e l e c t i o n ,  
The 1984 t r a n s f e r  was s e l e c t e d  wi th  approach condi t ions which 
a re  cha rac t e r i zed  by a hnyperbolic excess speed very c l o s e  t o  

The lowest minimum energy, regard less  of t h e  t r a n s f e r ,  

The va lues  of t he  geocentr ic  departure  asymptote 
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the average VHP f o r  d i r e c t  t r a n s f e r s  of 8,34 km/sec and a 
t y p i c a l  terminator  approach almost i n  the Mercury e q u a t o r i a l  
plane,  

by transfers d i f f e r  markedly from each o the r  as w e l l  as from 
d i r e c t  f l i g h t  t r a n s f e r s .  It i s  irnpossible t o  p ick  a t y p i c a l  
example of these transfers, However, t h e  1989 Venus swingby 
t r a n s f e r  was s e l e c t e d  t o  iwes%igat-,e what e f f e c t s  approach 
condi t ions  different from those  o f  a d i r e c t  t r a n s f e r  would 
have on the o r b i t  s e l e c t i o n s ,  nie approach cond3"kons are 
character ized by a high hyperbolic excess speed of almost 11 
km/sec ( t h i s  does s e e m  t o  be t y p i c a l  of a t  l e a s t  the Venus 
swingby f l i g h t  mode) and approach from the dark s i d e  of the 
p l ane t  a t  an angle  po in t ing  14 degrees above Mercury's 
equator e 

t r a n s f e r  are presented  i n  Figure 5-21 mapped in the hyperbolic 
impact plane,  Contours w i t h  minimum near limb angles of 5" 
and 0" a r e  shown f o r  the Sun, 0" f o r  Earth, and 20" and 0" for 
the s t a r  Canop~fs. The r e l a t i o n s h i p  between the atming angle 
49, o r b f t  i n c l i n a t i o n ,  and ascending node i n  the Mercury 
equatorial .  s y s t e n  a r e  given i n  Figenre 5-22, Similar graphs f o r  
the E988 Venus swingby transfer a r e  presented i n  Figures  5-23  
and 5 - 2 4 ,  

The Venus swingby and modified p e r i c e n t e r  Venus swing- 

Contours of i n s e r t i o n  o c c u l t a t i o n  f o r  the 1984 d i r e c t  

Orbi t  C h a r a c t e r i s t i c s  mid Cons t ra in ts  (Mercury) 
Lfke Vemus, the usefu%ness of o r b i t s  t o  s c i e n t i f i c  

. _ _ Y I P S  

5.3,2 

i n v e s t f g a t i o n  of Mercury through imaging s y s t e m  i s  l a r g e l y  
unstudied, Mercury has a raeher unique p a t t e r n  o f  motion. 
which has a profound effect  on imaging coverage from o r b i t ,  
This motion i s  i l l u s t r a t e d  in Figure  5-25. The p lane t  
completes approximately one r o t a t i o n  on i t s  axZs every 60 days, 
and one r evo lu t ion  about the Sun every 90 days, The r e l a t i v e  

I I T  R E S E A R C H  I N S T I T U T E  
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RATES OF MOTION 

TERMINATOR 4.09 DEG/DAY 
SURFACE 6.10 DEG/DAY 
RELATIVE 2.01 DEGIDAY 

MERCURY DAY3180 EARTH DAYS 

FIGURE 5-25. MERCURY ROTATION/REVOLUT ION RELATIONSHIP 
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motion of the su r face  with r e spec t  t o  the Sun I s  about 2"/day, 
r e s u l t i n g  in a Mercury day of 180 Ear th  days, Hence i t  takes  
two revolu t ions  of Mercury about the S i l n  t o  complete one day 
011 the sur face .  

res:~Il_t from s o l a r  e l e v a t i o n  r e s t r i c t i o n s  (o r  l ack  of them) 
w i t h  Mercury's motion r e l a t i v e  t o  the Siln a r e  enumerated i n  
Table 5-10. The c h a r a c t e r i s t i c s  d f f f e r  dependtng on whether 
o r  n o t  izhe orbit i s  inertial, For i n e r t i a l  ~ r b h t ~ ,  i t  was 

found t h a t  st irface coverage i n  the absence o f  srmliglit c o n s t r a f n t s  
can be completed (i.e. 340" i n  longi tude)  i n  30 days with no 
a l t i t u d e  restrictions, and %n 60 days wtth a minimized a l t i t u d e "  
requirement 

I"ne aiioiiat of d a y l i g h t  coverage (no specff  i c  s o l a r  
e l e v a t i ~ ~ i  requtred)  w h k h  can be obtained within a set per iod  
of time a f t e r  o r 3 f t  i n s e e t i o n  i s  d i r e c t l y  r e l a t e d  t o  the 
o r i e n t a t i o n  of the o r b i t  w i t h  r e spec t  t o  the terminators .  The 
b e s t  p o s i t i o n  y i e l d s  75% unin ter rupted  long i tud ina l  coverage 
i n  45 days, 

case  w i % h  t h e  ma jo r i ty  of the Mercury measurement f ami l i e s ,  
the p a t t e r n  and amount of coverage become a func t ion  of the 
s p e c i f i c  l i m i t s  which a r e  set .  Assuming tha t  Mercury's a x i s  
of r o t a t i o n  i s  perpendicular  t o  i t s  o r b i t  plane,  an i n e r t i a l  
o r b i t  w i l l  pass  over the su r face  subsolar  po in t  twice every 
p l ane t  r evo lu t ion  (+-+ 90 ) a t  p l a n e t  o r b i t  p o s i t i o n s  separa ted  
by 180 degrees,  With a Mercury day of two s o l a r  revolu t ions ,  
t h i s  means tha t  fou r  loca%ions on the p l a n e t  sur face  can be 
observed a t  90" s o l a r  e l e v a t i o n  i n  180 days, provided no 
r e s t r i c t i o n  i s  made on the maximum a l t i t u d e  of observat ion,  
The sur face  l o c a t i o n  of these fou r  p o i n t s  depends upon the 

The c h a r a c t e r i s t i c s  of p o t e n t i a l  o r b i t  coverage which 

..L 

When s o l a r  e l eva t ion  l i m i t s  a r e  spec i f i ed ,  as was the 

d 

-.- A 

See Figure 5-95, p a g e l 6 4 ,  f o r  the d e f i n i t i o n  of "minimized 
a l t i t u d e  coverage, 1 1  
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TABLE 5-10 

i 

POTENTIAL mRCiJRY ORBIT COVERAGE CNARACTERISTIGS 

INERTIAL ORBITS, NO LIGHTING CONSTRAINTS: 

100% LONGITUDE COVERAGE POSSIBLE 
IN 30 DAYS IF ALL ORBIT ALTITUDES 
ARE USED 
IN 60 DAYS IF MINPMTZED ALTITUDE 
COVEMGE IS EMPLOYED 

0 INERTIAL ORBITS, DAYLIGHT COVERAGE CONSTRAINT: 

ANYWHERE FROM ZERO TO 75% LONGITUDINAL 
COVERAGE IN 45 DAYS AT MINIMIZED ALTITUDES 
DEPENDING UPON ORBIT ASCENDING NODE 

INERTIAL ORBITS, FIXED SOLAR ELEVATION CONSTRAINT: 

ONE DAYLIGHT PASS PROVIDES FOLLOWING AMOUNTS 
OF COVERAGE 

ELEV 15-30' 15% COVERAGE 
30-60" 23% 
50-80" 13% 
7 0 ~ 9 0 "  4% 

IN LESS THAN 40 DAYS - MAXIMUM COVERAGE (NO 
ALTITUDE CONSTRAINT) OBTAINED IN FOUR CON- 
SECUTIVG DAYLIGHT PASSES TAKXNG 180 DAYS 

a SUN-SYNCHRONOUS ORBITS: 

100% LONGITUDINAL COVERAGE AT CONSTANT f3OLAR 
ELEVATION ANGLE IN 180 DAYS 

1 1 ' 1  R E S E A R C H  I N S T I T U T E  
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position of the orbit nodes on the Mercury equator. About 
each of these points, rings of lesser solar elevations exist. 
The coverage percentages presented in Table 5-10 for each set 
of solar elevation limits which occurred'in the observable 
groupings are typical for one pass over the surface subsolar 
point 

100% longitudinal coverage at a fixed elevation angle in 180 days, 
This would certainly improve the total coverage obtained within 
a specified range of solar elevation angles using inertial 
orbits. However, 70% coverage (required for regional experiments) 
would never be attainable at elevations of 50°-900,  assuming 
that the Sun remains in Mercury's equatorial plane, Sun- 
synchronous orbits would not be advantageous for families without 
solar elevation restrictions. Since total longitudinal coverage 
would still take 180 days, a six or three-fold increase in 
coverage time over inertial orbits would be necessary, depending 
upon whether or not minimized altitude coverage is required, 

The candiidate orbit sizes chosen Tor Mercury were 
similar t o  those used for Venus orbit selections., However, an 
assumption was madethatMercury's atmosphere has negligible 
effect upon the orbit lifetime. Hence it was necessary t o  use 
some other criteria than a 50-year orbit lifetime to establish 
periapse of the candidate orbits. This was done by somewhat 
arbitrarily setting the periapse altitude of all orbits to 500 km. 
The range of eccentricities considered was 0 to 0 , 9 .  Pertinent 
parameters of this set of orbits are presented in Table 5-11 in 
incremepts of 0,1 in orbit eccentricity. 

4 ,  Table 5-11) is somewhat less than was experienced in the 
Venus candidate orbit size selections. Measurement arc is 
plotted in Figure 5-26 as a function of eccentricity for 
maximum measurement altitude ratios (h/hp) of 2,  5, and 10, 

3__ 

With a sun-synchronous orbit, it is possible to obtain 

The maximum altitude ratios of these orbits (column 
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Orbit 
No. 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

Eccen- 
t r i c  i t y  

0.0 

0 . 1  

0 .2  

0 .3 

0 . 4  

0,s 

0,6 

0 , 7  

0 . 8  

099 

TABLE 5-11  

MERCURY CANDIDATE ORBIT SIZES 

P e r  i a p  s e 
A I  t i t u d e  

Ckm) 

500 

500 

500 

500 

500 

500 

500 

500 

500 

500 

Maximum 
A It i t ude 

Ratio,  h/hp 

1.0 

2 .3  

3.9 

6,O 

8 . 8  

1 2 . 8  

1 8 . 6  

2 8 - 4  

4 8 . 0  

106 .8  

I. 889 

2 .213 

2 e 640 

3.226 

4 .065 

5 0 344  

7 468 

11.498 

2Le 123 

59 746 

Lapse Rate 
P e r  Orb i t  

( km) 

20.5 

24.0 

28.6 

3 4 * 9  

44 .0  

5 7 , 9  

8 0 . 9  

124.5 

228.7 

646 8 

Wapture  4V Based on a Surveyed Average Hyperbolic Approach 
Speed a f  Direct Mercury Transfers ,  VHP = 8 .34  km/sec. 
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1 8 9  

AverageJc 
Capture AV 

(km/sec) 

6.462 

6 e 329 

6 202 

6 .081  

5.964 

5 .851  

5.742 

5 636 

5 .534 

5 0 434  
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FIGURE 5-26. MERCURY ORBIT ALTITUDE RATIOS 
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Twice the angle from pe r i apse  r ep resen t s  the o r b i t  a r c  over 
which measurements can be taken a t  less than o r  equal t o  the 
spec i f i ed  a l t i t u d e  r a t i o ,  Total  minimized a l t i t u d e  coverage 
as  def ined i n  Figure 5-15 r equ i r e s  a measurement a r c  of 180 
degrees. From Figure 5-26, minimized a l t i t u d e  coverage of 
Mercury wi th in  maximum a l t i t u d e  r a t i o s  of 2,  5, and 10 i s  
poss ib l e  w i t h  o r b i t  eccentricit ies up t o  0.169, 0.685, and 
> 0.9 r e spec t ive ly .  

The o r b i t  cap tu re  impulse requirements ( l a s t  column, 
Table 5-11) were der ived  using an asymptotic approach v e l o c i t y  
(VHP) of 8.34 km/sec which i s  averaged from the d i r e c t  Mercury 
t r a n s f e r  d a t a  presented  in  Table 5-9. The AV savings of a 
0.9 e c c e n t r i c i t y  o r b i t  over a c i r c u l a r  o r b i t  i s  abaut one 
km/sec. A t  magnitudes of 6 km/sec, t h i s  can r ep resen t  an 
apprec iab le  ga in  i n  use fu l  o r b i t  payload. 
assuming (a)  a th ree - s t age  equa l ly  divided cap tu re  maneuver, 
(b) p rope l l an t  I s p  = 400 sec and (c)  20% of t h e  capture  
propuls ion system a l loca ted  t o  s t r u c t u r e ,  tankage and 
engines,  a u se fu l  payload f r a c t i o n  of 10,5% i s  poss ib l e  w i t h  
a c i r c u l a r  o r b i t  cap ture .  
50% t o  a f r a c t i o n  of 15.6% f o r  a 0.9 e c c e n t r i c i t y  e l l i p t i c a l .  
o r b i t  cap ture .  

So f a r  the p o t e n t i a l  o r b i t  coverage d i scuss ion  and 
review of o r b i t  c h a r a c t e r i s t i c s  have no t  considered t h e  
inf luence  of pe r tu rba t ions  on an o r b i t .  Mercury's slow 
r o t a t i o n  (2 /?  resonance w i t h  o r b i t  per iod)  provides l i t t l e  b a s i s  
f o r  any apprec iab le  p l ane ta ry  obla teness .  This is  f u r t h e r  
supported by t h e  low upper l i m i t  of  J2 
Mariner V t r ack ing  d a t a  p a s t  Venus, a l s o  a slowly r o t a t i n g  
t e r r e s t i a l  p l ane t ,  Oblateness was the re fo re  neglec ted  i n  the 
ana lys i s  o f  Mercury o r b i t  pe r tu rba t ions .  Due i n  p a r t  t o  t h i s  

For example, 

The payload inc reases  by almost 

* 
determined from 

x 
See page 174. 
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decis ion ,  sun-synchronous o r b i t s  were no t  f u r t h e r  considered a s  
a coverage mode. 
the v a r i a t i o n  i n  this  r a t e  due t o  Mercury's b r b i t  eccent r ick ty ,  
a l s o  con t r ibu ted  t o  this  dec is ion .  Hence, the remaining process  
of o r b i t  s e l e c t i o n  d e a l s  only w i t h  i n e r t i a l  o r b i t s  and pe r tu r -  
b a t i o n  effects on t h e m ,  

The r a p i d  average r a t e  of s o l a r  motion, and 

Solar  g r a v i t a t i o n  was regarded a s  the dominant per turb-  
i ng  f o r c e  r equ i r ing  some form of compensating o r b i t  c o n t r o l ,  
p a r t i c u l a r l y  i f  h igh ly  e c c e n t r i c  o r b i t s  a r e  to be  used, The 
only o r b i t  parameter s i g n i  i c a n t l y  a f f ec t ed  by s o l a r  per turba-  
t i o n s  i s  the o r b i t  pe r i apse  a l t i t u d e ,  The ra te  of change of 
per iapse  a l t i t u d e  due t o  the dominant s ecu la r  pe r tu rba t ions  of 
s o l a r  g r a v i t a t i o n  i s  presented i n  Figure 5-27 a s  a func t ion  of 
o r b i t  e c c e n t r i c i t y  f o r  several arguments of per iapse ,  w ,  where w 
i s  the in-plane angle  of pe r i apse  measured from the ascending 
node of the o r b i t  p lane  on Mercury's equator  (assuming Mercury's 
equator  and e c l i p t i c  a r e  coplanar ) ,  The r a t e  of change of w, 

d(w), due t o  secu la r  s o l a r  pe r tu rba t ions  i s  presented i n  
Figure 5-28, 

These f i g u r e s  are s imi l a r  t o  tk graph of s o l a r  
pe r tu rba t ion  e f f e c t s  presented i n  the Venus o r b i t  c h a r a c t e r i s t i c s  
d i scuss ion  (Figures 5-19 and 5-20). Note t h a t  the resul ts  
presented  are f o r  p o l a r  o r b i t s ,  The magnitude of d(hp) decreases  
w i t h  decreasing i n c l i n a t i o n ,  b u t  then s o  a l s o  does the amount of 
su r face  area covered by the o r b i t .  In  the worst  case,  an 0 .9  
e c c e n t r i c i t y  p o l a r  orbit, (hp = 500 h), w i t h  w = 45",  w i l l  
degenerate t o  impact the surface i n  about 11 days, neg lec t ing  
pe r iod ic  e f f e c t s ,  Also, al though the magnitudes of d ( w )  
presented  i n  F igure  5-28 are s m a l l ,  they a r e  important. For 
example., w h i l e  i t  appears t o  be d e s i r a b l e  t o  p l ace  pe r i apse  a t  
MercuryQs equator  ((0 = 0) t o  n u l l i f y  s o l a r  pe r tu rba t ion  e f f e c t s  
on a l t i t u d e  (d(hp) = 0) ,  i t  i s  obvious tha t ,  w i t h  t i m e ,  
per iapse  w i l l  move away from this  po in t  and s o l a r  pe r tu rba t ions  
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w i l l  begin t o  reduce t h e  per iapse a l t i t u d e .  Consider a 0.9 
e c c e n t r i c i t y  o r b i t  placed w i t h  per iapse  a t  t h e  equator and 
allowed t o  e x i s t  under the  inf luence  of s ecu la r  s o l a r  per turba-  
t i o n s  f o r  180 days, t he  longest  o r b i t  dura t ion  given i n  
Table 5-10 f o r  maximum coverage. A t  t h e  end of t h i s  per iod  t h e  
per iapse  a l t i t u d e  w i l l  have degenerated t o  998 km _IC below Mercury's 
sur face  while  w has  only precessed about 1 2 " I  Hence it i s  c l e a r  
t h a t  i f  h ighly  e c c e n t r i c  o r b i t s  a r e  t o  be used i n  the  in te res t  
of payload savings,  some form of s o l a r  pe r tu rba t ion  c o n t r o l  i s  
a l s o  necessary.  

Two methods of a c t i v e  o r b i t  c o n t r o l  were reviewed: 
(1) cor rec t ion  of per iapse  a l t i t u d e ,  e c c e n t r i c i t y ,  and the  
argument of per iapse  and (2) co r rec t ion  of per iapse  a l t i t u d e  
and e c c e n t r i c i t y  only,  The AV requirements pe r  o r b i t  (one 
impulse) of each method aye presented  f o r  a 0.9 e c c e n t r i c i t y  
o r b i t  (hp = 500 km, i = 90") versus  o r b i t  argument of per iapse,  
w, i n  Figure 5t-29, The requirements a r e  approximately symmetric 
about w =I 90°, Each method i s  b e t t e r  than the o ther  over some 
range of w. For an i n i t i a l  w = 0" and a 180-day o r b i t  dura t ion ,  
i t  i s  advisable  t o  c o r r e c t  only hp and e (dot ted  curve) ,  s ince  
w precesses  only 12" .  The 
addi t ion  of an o r b i t  c o n t r o l  propuls ion system, and the  obvious 
r e l i a b i l i t y  requirement, a r e  disadvantageous t o  t h i s  so lu t ion .  

Venus) which takes  advantage of the changing s ign  of t h e  
pe r tu rba t ion  d(hp) about w = 0 w a s  considered. By p lac ing  
per iapse a t  a small negat ive value of w, t he  a l t i t u d e  f i r s t  
increases  u n t i l  w reaches 0" and then decreases  again.  It was 
found t h a t  by s e t t i n g  w = -7.0°,  the per iapse  a l t i t u d e  of an 
e = 0,9 o r b i t  increases  i n i t i a l l y  t o  a maximum value of about 
1050 km and then r e t u r n s  t o  500 km by the  end of a 180-day 
o r b i t  durat ion.  This method of c o n t r o l  i s  t h e  one suggested 
f o r  t he  e l l i p t i c  o r b i t  s e l e c t i o n s  made f o r  measurement 

The AV c o s t  i s  roughly 80 m/sec. 

A pass ive  s o l u t i o n  ( s imi l a r  t o  t h a t  discussed f o r  
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families involving specific solar elevation constraints. Of 
course, if the mission is continued without active control beyond 
180 days, the orbit will degenerate to impact within several 
additional weeks, 

5 , 3 9 3  Orbit Selections (Mercury) 

were made are presented in Table 5-12, The most important 
measurement specification pertaining to the potential orbit 

The measurement families for which orbit selections 

coverage characteristics i s  the solar elevation requirement. 
Of the 24 families given, 6 have no restrictions, 1 requires 
daylight, and 17 require a specific solar elevation range. 

Orbit selections were made for two different approach 
conditions: a 1984 direct Mercury transfer, and a 1989 Venus 
swingby transfer. Theresults of orbits selections for the 1984 
transfer arrival conditions are presented in Volume I11 of the 
report. Orbit selections are limited to polar orbits since, as 
with Venus, this will at least maximize the latitude coverage, 
and no obvious reasons were found favoring other inclinations, 
The pattern of illumination-constrained coverage obtained 
during the first subsolar point pass is illustrated in 
Figure 5-30 on a latitude vs. longitude map of Mercury's 
surface. The elevation limits of the annular coverage areas 
are given in Table 5-11 for the various measurement families. 
The annular areas of coverage are elliptical in shape, due to 
Mercury's changing rate of motion on its elliptical path about 
the Sun. Additional coverage is possible by allowing the 
orbit to traverse three more subsolar points for an orbit 
duration of 180 days,, The additional amounts of coverage, 
percentage overlap between successive coverage areas, and total 
net coverage are summarized in Table 5-13 for each range of 

ik 

4. A 

Zero longitude is set in the direction of Mercury's perihelion 
at the time of orbit capture. 
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TABLE 5-12 

Family 
Number 

1 
2 
3 
4 
5 
6 

7 
8 

MEASUREMENT FAMILIES FOR MERCURY 

Observable Sensor* Minimum Overlap Minimum 
Number(s) Type(s) Image (%) Coverage 

Size(!ur) ( 7 0 )  

3 W,IR 600 20 70 
6,12 V 600 20 70 
3,18 m,v 600 20 70 
1,3,6,9,12 V,IR 600 20 70 
41 MB 600 20 70 
1,3,6,9,12,21 R,IR,p,MB 600 20 70 

L6,9 V 600 60 70 
1,6,9 R 600 60 70 

9 
10 

11 
12 
13 
14 
15 

16 
17 

18 
19 
20 
21 
22 

23 

35 V 300 20 70 
35 V 300 20 70 

4 UV, IR 100 20 10 
7,13 V 100 20 10 
4,19 MB,V 100 20 10 
4,7,10,13 V, IR 100 20 10 
4,7,10,13,22 R,IR,W,MB 100 20 10 

7,lO V 100 60 10 
7,lO R 100 60 10 

5 W, IR 0.5 20 3 
8,14 V 0.5 20 3 
2,5 V,MB 0.5 20 3 
5,8,11,14,20 V,IR 0.5 20 3 
2,5,8,1l,l4,20,23R,IR,~,MB 0.5 20 3 

8,11,20 V 0.5 60 3 

*Sensor Type Definitions are: W....Ultraviolet 
V.....Visible 
IR....Infrared 
p.....Microwave 
R.. . ..Radar 
M B . . . .  Multi-band 

Solar Elevr 
ation Range 
(deg) 
70-90 
50-80 
30-60 
15-30 
Day - 

I 

Coverage Time for 
Distribution Coverage 

- - = 
- - 
- - 
- - 
- - 
- - 

70-85 
- 

Image 
Interval 

- 
- 

< 2 hr 
- 
- 

< 30 hr 
- 
- 

- 
- 

Coverage 
Interval 

> 11300hi 
> 11300hi 
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TABLE 5-13 

MERCURY SOLAR ELEVATION RESTRICTED COVERAGE* 

Area 
Descr ipt ion 

F i r s t  Pass  

Overlap Between F i r s t  
and Second Pass 

Second Pass 

Overlap between Seconc 
and Third Pass  

Thi rd  Pass 

Overlap Between Third 
and Fourth P a s  

Fourth Pass 

Overlap B e t w e e h  Fourtl: 
and F i r s t  Pass 

Solar  Elevat ion Cons t ra in ts  (deg) 

-5-30 

15.6 

200 

20,6 

3,3 

1 6 . 1  

2 .1  

20.6 

2.8 

30-60 

22.7 

7.8 

31.2 

11.7 

22 .1  

7.8 

31,2 

10.4 

50-80 

13.2 

- 0  

19.3 

8 . 2  

1 3 . 0  

_-  
19.3 

7.8 

70-90 

3.7 

9- 

5,4 

1.7 

3 .7  

8 -  

594 

1.6 

T o t a l  N e t  Coverage 
Obtained 62,7 69.5 

MaxirnumJc’c Pos s i b  l e  
Coverage 96.6 86,6 

-A Assuming Polar  O r b i t s  and Up t o  180-day Stay T i m e .  

w Assuming Mercury’s Equator and E c l i p t i c  are Coplanar. 
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s o l a r  e l eva t ion  angles  spec i f ied .  It should be noted t h a t  only 
the ranges of 15" t o  30" and 30" t o  60" come c lose  t o  s a t i s f y i n g  
a 90% su r face  coverage requirement s p e c i f i e d  f o r  many of the 
f ami l i e s  i n  Table 5-12, 

Both c i r c u l a r  and maximum e l l i p t i c a l  (e  = 0.9) 
o r b i t s  were s e l e c t e d  f o r  the f i r s t  seven fami l i e s  t o  study 
the t r adeof f s  between a l t i t u d e ,  o r b i t  coverage, and cap tu re  
impulse. C i r cu la r  o r b i t s  were chosen f o r  t h e  remaining 
fami l ies .  The r e s u l t s  a r e  summarized as  follows: 

(a)  C i rcu la r  o r b i t s  provide the most coverage i n  
the s h o r t e s t  t i m e ;  s o l a r  e l eva t ion  r e s t r i c t e d  
coverage (see Table 5-12> i s  accomplished i n  
980 days; 100% u n r e s t r i c t e d  coverage i s  
poss ib l e  i n  30 days. 

(b) E % % i p t i c a l  o r b i t s  r equ i r e  a plane change a f t e r  
cap tu re  t o  p l ace  r i a p s e  a t  Mercury's equator  
( t h e  cen te r  of r e s t r i c t e d  s o l a r  e l eva t ion  
coverage) bu t  s t i l l  save about 0.8 km/sec i n  
t o t a l  impulse over c i r c u l a r  o r b i t s ,  

(c) The maximum cap tu re  impulse i s  6,44 km/sec f o r  
a c i r c u l a r  500 krn a l t i t u d e  o r b i t ,  

(d) Res t r i c t ed  maximum imaging a l t i t u d e s  (h/hp < 10) 
reduce r e s t r i c t e d  s o l a r  e l eva t ion  coverage by 
about half even though the coverage t i m e  remains 
the same, and increase u n r e s t r i c t e d  coverage 
by a f a c t o r  of two., i o e o ,  60 days, 

(e )  Highly e l l i p t i c a l  o r b i t s  a r e  only  use fu l  f o r  
r eg iona l  coverage s i n c e  their  longer  per iods  
y i e l d  o r b i t  l apse  r a t e s  too  l a r g e  f o r  d e t a i l e d  
(high r e so lu t ion )  overlapping images. 
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The primary d i f f e rences  between t h e  1989 Venus swing- 
by t r a n s f e r  and the  1984 d i r e c t  t r a n s f e r  a r e  the  asymptotic 
approach speed and t h e  approach d j r e c t i o n  wi th  r e spec t  t o  the 
subsolar  po in t .  The higher  approach speed 02 t he  1989 t r a n s f e r  
r a i s e s  t h e  capture  AV requirement f o r  a c i r c u l a r  o r b i t  f rom 
6,44 t o  8.90 km/sec. 
wi th  e = 0.9 and w = 0, the AV i n c r e a w s  from 5.68 t o  
8-11 km/sec. 
a s soc ia t ed  wi th  the  Venus swingby t r a n s f e r  a r e  f e a s i b l e  f o r  
chemical propuls ion systems. However, assuming they a re ,  re- 
s u l t i n g  po la r  o r b i t s  d i f f e r  from similar  o r b i t s  using the 
1984 a r r i v a l  condi t ions as  follows: 

For an e l l i p t i c a l  p s l a r  o r b i t ,  

It i s  quest ionable  whether t h e  h igh  AV's  

(a) For c i r c u l a r  o z b i t  capture ,  t he  ground t r a c e  
a t  a r r i v a l  i s  j u s t  leaving an area o f  constrained 
s o l a r  e l eva t ion  coverage (maximum solar  eleva- 
t i o n  angle  i s  28" and decreasing)  meaning t h a t  
some 20  days must be spent i n  o r b i t  before  
s i g n i f i c a n t  coverage i s  ava i l ab le  a t  cons t ra ined  
s o l a r  e l eva t ion  angles .  

(b) For e l l i p t i c a l  o r b i t  cap ture ,  t he  maximum s o l a r  
e l e v a t i o n  of t h e  ground t r a c e  i s  65' and in- 
c reas ing  meaning t h a t  less than h a l f  of t he  
Eirst constrained s o l a r  e l eva t ion  area '  has- been 
missed. 

The condi t ions of' t he  1984 o r b i t s  a r e  roughly reverse 
o f  these, wi th  the  c i r c u l a r  o r b i t  being e s t ab l i shed  r i g h t  a t  
rhe o n ~ e $  of a cons t ra ined  so l a r  e l eva t ion  area,  i .e. ,  maximum 
s s l a r  e l e v a t i o n  =c I so ,  Once coverage from o r b i t  begins ,  t h e r e  
i s  l i t t l e  o r  no d i f f e rence  i n  the mission p r o f i l e  between the  
t w o  txansfers, except t h a t  t h e  a c t u a l  su r f ace  areas  being 
co~ered a t  cons t ra ined  s o l a r  elevations a r e  d i f f e r e n t .  Hence, 
specific: o r b i k  selections w e r e  not made f o r  t he  1989 t r a n s f e r  
a r r l v a i  conditions.  
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5.4 JuDi te r  

I 

5.4.1 I n t e r p l a n e t a r y  Transfer  Seaec t i o g s  

t o t a l  hyperbol ic  v e l o c i t i e s  (VHT), bu t  a t  t h e  expense of long 
t r i p  t i m e s  on the order  of 1000 days, It was t h e r e f o r e  decided 
t o  cons ider  s h o r t e r  cons tan t  f l i g h t  t i m e s  as w e l l  i n  the J u p i t e r  
t r a n s f e r  s e l e c t i o n  process .  
optimum launches approximately r epea t s  i t s e l f  every 12 th  year.  
Var ia t ions  i n  t r a j e c t o r y  c h a r a c t e r i s t i c s  f o r  a given type of 
t r a n s f e r  ( i . e . ,  minimum energy o r  cons tan t  f l i g h t  t ime) can be 
adequately i n v e s t i g a t e d  by cons ider ing  11 successive opportun- 
i t i e s .  I n  a d d i t i o n  t o  s e l e c t i n g  r e p r e s e n t a t i v e  t r a n s f e r s ,  t h e  
selection process  a l s o  r e f l e c t s  cons ide ra t ion  of the r e l a t i v e l y  
h igh  velocity impulses requi red  t o  ob ta in  l o w  J u p i t e r  o r b i t s .  

t r a n s f e r s  were t i a ' l l y  i nves t iga t ed :  (a )  500-day t r a n s f e r s ,  
(b) 700-day t r a n s g e r s ,  and (c )  minimum VHL t r a n s f e r s .  The 
r e s u l t s  a r e  t a b u l a t e d  i n  Table 5-14, The v a r i a b l e  d e f i n i t i o n s  
f o r  t h e  da t a  presehted  a r e  as Eollows: 

Minimum launch energy (VHP) t r a j e c t o r i e s  provide low 

The Ear th-Jupi te r  geometry f o r  

Taking these  Eactors  i n t o  cons idera t ion  t h r e e  d i f f e r e n t  

Launch 

Type - 
T r i p  - 

- 
VHL - 
VHP 
VHT - 

Data i s  shown i n  

Date - Launch d a t e  w i t h  minimum VHL 
Type I t r a n s f e r  ( s h o r t e s t  t r i p  f o r  given VHL) 
Transfer  t r i p  t i m e ,  days 
Decl ina t ion  of outgoing geocent r ic  asymptote, 

Geocentric hyperbol ic  excess  speed, km/sec 
P lane t  hyperbol ic  approach speed, km/sec 
VHL + VHP, km/sec. 
Table 5-14 f o r  each t r a n s f e r  every 3rd oppor- 

deg 

* 
t u n i t y  over the  11-year per iod  1975-1986. 
of t h e  parameter t je9 t h e  c h a r a c t e r i s t i c s  of the 500-day and 

With t h e  except ion 

X 
These t r a n s f e r s  provide a f a i r l y  even d i s t r i b u t i o n  i n  t h e  two 
t r a n s f e r  parameters:  t r i p  t i m e  and hyperbol ic  approach speed. 

1 I T  R E S E A R C H  I N S T I T U T E  
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TABLE 5-14 

MINIMUM CONSTANT TIME VHL TRANSFERS AND 

ABSOLUTE MINIMUM VHL TRANSFERS TO JUPITER 

-. ._ 

Launch Date 

Jun 26, 1975 
Jun 23, 1975 
Jun 30, 1975 
J u l  6, 1975 

Oct 10, 1978 
O c t  5, 1978 
?act 14, 1978 
O c t  8, 1978 

Jqn 8, 1982 
j ,  :i 1, 1982 
J a n  L k S  1982 

5, 1982 

k p r  1 7 ,  1985 
~ y t -  16, 1985 
Apr 29, 1985 
Apr 19,  1985 

I 
I 
I 
I 

I 
I 
I 
I 

I 
1 
I 
I 

I 
I 
I 
I 

T r i p  
(Days) 

-500 
700 
900 

10179; 

500 
700 
900 
7 7 79; 

500 
700 
900 
946;k 

500 
700 
900 
7439; 

'6a 
(de& 

-4.42 
-7.36 
-5 79 
3.69 

28.70 
36 49 
43.69 
39.47 

-1.82 
1 .17  

-1.95 
-6.62 

-28.56 
-37.24 
-42.88 
-38 .13  

10.38 
9.20 
8.97 
8.96 

10.99 
9.64 
9.76 
9.57 

10 72 
9.15 
8.72 
8.68 

10.21 
9.19 
9.52 
9.19 

11.68 
7.05 
5.69 
5.70 

13.12 
7.85 
5.76 
6.75 

13.72 
8.18 
6.00 
5.82 

12.15 
7.30 
6.02 
6.77 

These a re  t h e  Absolute Minimum VHL T r a n s f e r s  t o  J u p i t e r  

W T  
( K W  

22.06 
16.25 
14.66 
14.66 

24.11 
17.49 
15.52 
16.32 

24.44 
17.33 
14.72 
14.50 

22.36 
16  49 
15.54 
15.96 
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1 

I 

I 

700-day transfers are f a i r l y  s table  over the 11-year period. 
This reduces the number of selections needed t o  represent a l l  
possible Jupiter approach conditions. 

variations from year t o  year, par t icular i ly  ;in the a r r iva l  
conditions and f l i gh t  t i m e .  ': (The f l i gh t  . t 5 m e  varies by as 
much as 16% from an average TF = 870 days). These variations 
are reduced by selecting a constant time of f l i gh t  transfer 
which i s  representative of the minimum energy transfers. A 
900-day transfer i s  selected for  th i s  consideration since i t s  
time of f l i gh t  i s  close t o  the average for  minimum VHL transfers 
(870 days), 
Table 5-14, In  three of the fodr 900-day transfers shown, VHT 

The minimum energy transfers show somewhat larger 

The data for  the 900-day transfers are included i n  

i s  less  than o r  equal t o  that  for  the corresponding minimum 
VHL transfer,  Also, the trajectory characterist ics are f a i r l y  
stable from one opportunity t o  the next, except again for  the 
variable 6 e o  

with launch opportunity, regardless of the t r i p  time. However, 
i t s  magnitude of variation does increase with longer t r i p  t i m e s .  
An upper l i m i t  on 6, magnitude of 45" has been used i n  the 
previous transfer selections t o  Mars, Venus, and Mercury t o  
avoid serious violations of range safety l i m i t s  o r  dog-leg 
maneuver payload penalties during launch. This l i m i t  
probably r e s t r i c t s  the use of some of the 900-day transfers,  
since ~i~ varies through a launch window. 

by the 900-day transfers,  minimum VHL t ra jector ies  were not 
considered further i n  the transfer selections. The remaining 
transfers t o  be considered have constant f l i gh t  times of 500, 

and 900 days, The most significant differences i n  
arrfval conditions for  these transfers are (a) the magnitude 
of the hyperbolic approach speed, VHP, (b) the approach 

The parameter 6@ shows' the same pattern of variation 

I n  view of the s t ab i l i t y  of characterist ics exhibited 
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-k 
d i r e c t i o n ,  p, and ( c )  t h e  l o c a t i o n  of Ear th  a t  a r r i v a l .  I n  
the  i n t e r e s t  of  keeping t h e  number of s e l e c t i o n s  t o  a minimum, 
i t  was decided t h a t  t he  700-day-transfer i s  s u f f i c i e n t l y  
r ep resen ta t ive  of t h i s  set  t o  e l imina te  t h e  500 and 900 day 
t r a n s f e r s .  The hyperbol ic  approach speed f o r  t h e  700 day 
t r a n s f e r ,  W P  (avgo)  = 7.64 km/sec, s l i g h t l y  favors  t h e  lower 
approach speeds 0% t h e  900 day t r a n s f e r s .  The loca t ions  of 
per iapse f o r  coplanar  per iapse  capture  a r e  i n  darkness f o r  a l l  
values  of po f o r  a l l  t r a n s f e r s .  
t o  day l igh t  i s  about t he  sunset  terminator  f o r  e q u a t o r i a l  
o r b i t s  and the  900 day t r a n s f e r s .  Both t h e  500 day and 900 day 
t r a n s f e r s  arrive near  E a r t h l J u p i t e r  opposi t ion;  t he  700 day 
t r a n s f e r s  a r r i v e  near  conjunction. However, f o r  any i n - o r b i t  
t i m e  of more than 200 days Ear th  w i l l  a l s o  pass  through 
opposi t ion wi th  a 700 day t r a n s f e r  mission. 

d i t i o n s  of 700 day t r a n s f e r s  f o r  every opportuni ty  of an 
El-year cyc le  i s  presented  i n  Table 5-15. The 1978 t r a n s f e r  
was s e l e c t e d  from this l i s t  of t r a j e c t o r i e s  t o  represent  a 
t y p i c a l  t r a n s f e r  t o  J u p i t e r  f o r  o r b i t e r  imaging missions.  The 
approach o c c u l t a t i o n  contours of  t h i s  t r a n s f e r  f o r  Earth,  Sun, 
and Canopus for minimum near-limb angles  of Q", 0" and 5", and 
3 and 2 0 " ,  r e spec t ive ly  a r e  i l l u s t r a t e d  i n  Figure 5-31. The 
r e l a t i o n s h i p s  of o i t  i n c l i n a t i o n  and o r b i t  ascending nodes 
wit% the aiming angle,  G 3  a r e  given i n  Figure 5-32. 

The c l o s e s t  per iapse  g e t s  

1 

An expanded t abu la t ion  of t r a n s f e r  and a r r i v a l  con- 

>Y 
S e e  page932 f o r  def imitfons o f - a r r b Q a l  parameters.  
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5.4.2 Orbit Characteristics and Constraints (Jupiter) 
The three physical characteristics of Jupiter which 

are most influential in orbit selection at the planet are 
(a) the existence of radiation belts, (b) the rapid rotation 
rate of the planet, and (c) the presence of massive satellites. 
The radiation belts extend to about 3 .5  Jupiter radii (Michaux 
et al, 1965) from the center of the planet and are a potential 
hazard for the spacecraft. For this reason, it was decided to 
constrain minimum orbit periapse altitudes (hp) to 2.5 Jupiter 
radii. Whenever possible, hp i s  chosen to be equal to this value 
to minimize measurement altitudes. A 50-year orblt lifetime 
curve is presented in Figure 5-33 for orbit eccentricities 
between 0 and 8 , 9 ,  A l l  Jupiter orbits with periapse altitudes 
greater than 0,006 Jupiter radii have orbit lifetimes greater 
than 50 years. 
constraint obviously satisfies the 50-year orbit lifetime 
constraint used for orbft size selections at Mars and Venus. 

Imaging measurements are constrained as part of the 
study procedure to a contiguous coverage technique. With the 
short rotation period of Jupiter (9 .842 hrs), it is not possible 
to use subinteger Jupiter day orbits (as was shown in the Mars 
o r b f t  selection) and maintain a minimum orbit altitude o f  

2 5 Jupiter radii. Hence, for contiguous coverage, candidate 
o r b i t  sizes were chosen with periods approximately equal to an 
tr.eeger ~ ~ - ~ ~ r  of Jupiter rotation periods, i, e,, 

The 2,5 Jupiter radii altitude radiation 

N = =  = 1,2,3, ., .days/orbit. 

A maximum limit of 6.5 km/sec was set as a constraint 
on orbit capture and maneuvers, To illustrate this limit in 
terns of payload, an equally distributed 3-stage impulse Of 
6 , s  kmlsec using a propellant ISP of 400 sec with an allotment 
of 20% of the stage weight for structure, tankage, and engines 

i l l '  R E S E A R C H  I N S T I T U T E  



400 

380 

JUPITER ISOTHERMAL ATMOSPHERE: 

REFERENCE ALTITUDE, ho' * 35 KM 
TEMPERATURE,To * 8 * * - . 8 6 ' K  

DENSITY, Po 0 2~ io5 gm cm3 
SCALE HEIGHT,H* * * * * 12 KM 

ORBIT ECCENTRICITY, e 

FIGURE 5-33. JUPITER 50-YEAR ORBIT LIFETIME 
CURVE.  
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has a u s e f u l  o r b i t  weight of approximately 10% of t h e  t o t a l  
weight before  impulse. 

c o n s t r a i n t s  i n t o  account, i s  i l l u s t r a t e d  i n  Figure 5-34.  Orbit  
per iod,  expressed as J u p i t e r  days p e r  o r b i t ,  N, i s  p l o t t e d  
aga ins t  per iapse  a l t i t u d e  wi th  do t t ed  curves of cons tan t  o r b i t  
e c c e n t r i c i t y  as a background. Orbi t  s i z e s  wi th  acceptable  com- 
b lna t ions  of hp and N a r e  confined t o  a pie-shaped a rea  i n  t h e  
cen te r  of t he  graph, Orbi t  per iapse  a l t i t u d e s  less than  2.5 
J u p i t e r  r a d i i  v i o l a t e  t he  r a d i a t i o n  constraint . ,  
b ina t ions  of hp and N i n  the  lower r i g h t  area of t he  graph 
( includes a l l  c i r c u l a r  o r b i t s )  exceed the  maximum capture  
impulse requirement of 6.5 km/sec. 

are given i n  TabXe 5-16, The per iapse  a l t i t u d e  i s  f i x e d  a t  
2 , 5  J u p i t e r  r a d i i  f o r  t hese  o r b i t s .  
revolve about t h e  p l ane t  i n  nea r ly  c i r c u l a r ,  e q u a t o r i a l  o r b i t s ,  
wit% o r b i t  r a d i i  ranging from 2.5 t o  26.4  p lane t  r a d i i .  
s a t e l l i t e s  bo th  pe r tu rb  t h e  spacec ra f t  and present  a poss ib l e  
csBl i s ion  hazard,  If it i s  assumed tha t  the f ixed  o r b i t  
pos i t i ons  have polar ,  o r  nea r ly  polar ,  o r b i t s  w i th  per iapse  near  
Che equator  ( t h i s  i s  i n  f a c t  t h e  case)  then only o r b i t  nos. 2 ,  
5, and 6 have a p o t e n f i a l  s a t e l l i t e  c o l l i s i o n  hazard.  The 
apoapse of o r b i t  2 comes wi th in  about 0.14 J u p i t e r  r a d i i  (R ) 
of ghe sa t e l l i t e  Europa (9.40 R >. Apoapse of o r b i t s  5 and 
6 come wi th in  0 , 6 6  and 0.81 R of Ganymede (15.00 R ). 

Although o r b i t s  2 ,  5 ,  and 6 could be s i g n i f i c a n t l y  
perturbed by near  misses of Europa o r  Ganymede, s a t e l l i t e  
perturbatfms a r e  no% considered i n  the o r b i t  ana lys i s ,  because 
of an t f c lpa t ed  po la r  i n c l i n a t i o n s  f o r  imaging experiments. 
With orbit i n c l i n a t i o n s  a t  o r  near  90 degrees,  l i t t l e  t i m e  i s  
spent  i n  o r  near t h e  plane of J u p i t e r r s  s a t e l l i t e s .  

The region of acceptable  o r b i t  s i z e s ,  t ak ing  these  

Orbi t  com- 

Nine candidate  o r b i t  sizes s e l e c t e d  from Figure 5-34 

The f i v e  inner  s a t e l l i t e s  

The 
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TABLE 5-16 

JUPITER CANDIDATE ORBIT SIZES 

x Capture AV Based on Surveyed Average Hyperbolic Approach 
Speed, W P  = 7 0 6 4  km/sec, f o r  700 Day J u p i t e r  T rans fe r s .  
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The large second zonal harmonic of Jupiter's gravita- 
tional potential (J2 = 0.0147)  could cause a significant 
perturbation of orbit ascending node and argument of periapse. 
However for polar orbits, the orbit Sizes in Table 5-16 are so 
large that these perturbations have negligible effect: on wbit 
stability for imaging measurements, For example, the smallest 
(most easily perturbed) orbit, arbit number 1, has a pertur- 
bation in the argument of periapse of only -0 .104 degrees per 
Earth day at an inclination of 90 degrees. 
turbations are therefore ignored, except where orbit durations 
approach 1000 days and low inclinations (- 30 degrees) are used 
to provide extensive coverage of Jupiter's red spot. 

The altitude characteristics of candidate orbit sizes 
1-9 (Table 5-16) are illustrated in Figure 5-35. Measurement 
arc (ordinate) is twice the true anomaly from periapse t o  a 
specified maximum measurement altitude, h. For all Jupiter 
transfers studied, the location of orbit periapse is on the 
planet's dark side and near its equator. Hence, from 
Figure 5-35, it is seen that no candidate orbit sizes using 
polar orbips can make daylight measurements at .altitude 
ratios (h/hp) of less than two without additional orbit 
maneuvers 

Oblgteness per- 

In order to provide an slternative to orbit off- 
periapse insertion and plane change maneuvers for Jupiter day7 
light experiments, two additional orbit sizes which have 
maximum altitude ratios of about two, were added to Table 5-16, 
These orbits are within the acceptable region of orbit sizes 
on Figure 5-34 ,  but have higher periapse altitudes than the 
other selections in order to maintain a lower eccentricity and 
hence imply less altitude variatian. The average measurement 
altitude is consequently larger than some of the other candi- 
date orbit sizes. Notice also that the capture AV requirements 
(last column, Table 5-16) are also near the upper limit of 6.5 
'km/sec. 
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5.4.3 Orbi t  Se l ec t ions  ( J u p i t e r )  
The measurement f ami l i e s  f o r  which o r b i t  s e l e c t i o n s  

w e r e  made are presented  i n  Table 5-17. No s p e c i f i c  s o l a r  
e l eva t ion  r e s t r i c t i o n s  a r e  given. One-third of the measurement 
families do, however, have a requirement of day l igh t  (or  n igh t  
i n  some cases) coverage. The number of days t o  ob ta in  complete 
long i tud ina l  contiguous coverage i s  presented  i n  Table 5-18 
f o r  a l l  combinations of image s i z e  and over lap  from Table 5-17 
(except f o r  image s i z e s  of less than 1 km) f o r  candida te  o r b i t s  
1 through 9 of Table 5-16. 
complete long i tud ina l  coverage a t  the spec i f i ed  image s i z e  and 
overlap within approximately 1000 days of cap tu re  (cross-hatched 
areas  i n  the Table) were e l imina ted  from cons ide ra t ion  f o r  those  
r e spec t ive  measurement families, 

For cons t an t  periapse a l t i t u d e  o r b i t s ,  the captcrre 
impulse decreases  as  the o r b i t  pe r iod  inc reases ,  I n  genera l  
two candida te  o r b i t  s i z e s  were s e l e c t e d  f o r  each measurement 
family t o  s tudy  the t r adeof f  i n  mission t i m e  versus  cap tu re  
impulse, Two methods were used f o r  imaging on the day l igh t  
s i d e  of the p lane t :  

(a )  low e c c e n t r i c i t y  o r b i t s  so  t h a t  measurement 

Those o r b i t s  which cannot ob ta in  

a l t i t u d e  v a r i a t i o n s  do not  exceed a f a c t o r  of 

two 9 

(b) move pe r i apse  t o  the l i g h t  s i d e  of the p lane t  
us ing  an o f f -pe r i apse  i n s e r t i o n  on a h igh ly  
e l l i p t i c a l ,  l o w  i n c l i n a t i o n  o r b i t  followed 
by a plane change t o  h igh  i n c l i n a t i o n ,  and 
f i n a l l y  reduce the e c c e n t r i c i t y  of the o r b i t .  

The second method was used €or  measurement families that  r equ i r ed  
day l igh t  coverage only.  
summarized as  follows: 

The o r b i t  s e l e c t i o n  r e s u l t s  can be 

(a)  No c i r c u l a r  o r b i t s  are p o s s i b l e  f o r  700-day 
transfers w i t h  a maximum cap tu re  impulse con- 
s t r a in t  of 6.5 km/sec. 
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TABLE 5-17 

MEASUREMENT FAMILIES FOR JUPITER 

36 

Observable Sensor* I Number(s) Type(s) 

RF 20 - 70 

20 70 

20 70 
20 70 

60 70 

20 70 
20 10 
20 70 
20 70 
20 3 
20 70 
20 10 
20 10 
20 70 
20 70 

20 10 

20 3 

20 I 70 

20 70 
20 10 
20 10 
20 10 
20 10 

20 10 

- 
- 
Day 

Daymight 

- 

- 
- 
- 
- - 

Day 
Day 

Daymight 
Daymight 
Night 

- 
Day 

- 
- 
- 

Day 
Daymight 

- 

35 
28 
34 
28,34 
34 

32 

20 

20 

1% w 
IR, ~.r 
IR 
W,V, IR 
MB 

RF 

R 

R 

20 - 1 

20 - 3 2 R 

bverage Time for 
Distribution Coverage 

Subsatellite Points - 
Cloud Belts,Red Spot - 

- < 1 day 
- < 1 day 

< 1 day - 
- - 

Minimum 
Image 
Size (hi) 

30,000 

15,000 
15,000 
15,000 
15,000 

15,000 

Image 
Cntervsl 

-- < 2 min 

- 
- 
- 
- 

Family 
Number 

1 

2 
3 
4 
5 

6 

7 
8 
9 
10 
11 
12 
13 
14 
15 
16 

21,27,33 
29 
30 
31 
3 
27,33 
29 
29 
33 
37 

1% & 
IR 
R 
RF 
R 
W, V, IR 
W, V, IR 
MB 
MB 
V 

5,000 
5,000 
5,000 
5,000 
5,000 
5,000 
5,000 
5,000 
5,000 
5,000 

I -  Cloud Belt6,Red Spot 
Belts,Red Spot,Tropics - 

- - 
- - 

Global - 
Cloud Belts,Red Spot - 
Belt6,Red Spot,Tropics - 
Belts,Red Spot,Tropics - 
Cloud Belts,Red Spot - 
Polar Regions I -  

- 
< 2 min 
< 15 mil 
< 2 min - 
- 

< 2 min 
< 2 min 

< 1 hr 
- 

17 
18 

25 
40 

1,500 
1,500 Random , 

Cloud Belts,Red Spot 
Cloud Belts,Red Spot 

19 
20 
2 1  
22 
23 

I, OO& 
1,000 
1,000 
1,000 
1,000 

24 300 < 2 min > 101yr 
25 3 > 11300hr 
26 3 > 11300hr 60 1 1 1  - 

27 . 5  

*Sensor Type Definitions are: W....Ultraviolet 
V.. . . .Visible 
IR....Infrared 
&.....Microwave 
R.....Radar 
RF.... Rauio Frequency 
M B . . . .  Multi-band 
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(b) Polar  o r b i t s  are used excl.usively,  except  f o r  
extended coverage of J u p i t e r ' s  Red Spot from 
an o r b i t  i n c l i n a t i o n  of 30°, 

Coverage t i m e  can vary  from 30 t o  200 days f o r  
r eg iona l  coverage depending upon t h e  o r b i t  s i ze  
used, - 

( c )  

(d) Dayl ight  coverage takes  longer  than unconstrained 
i l l umina t ion  coverage because h igher  per iod  
o r b i t s  must be used t o  in su re  acceptable  rneasure- 
ment a l t i t u d e s  i n  day l igh t  w i th in  a t o t a l  impulse 
expense of 6,5 km/sec. 

(e )  Local coverage t i m e  (minimum image s i z e s  of 
1008--5000 h) v a r i e s  from 280 t o  1100 days 
depending upon image s i z e ,  overlap,  and 
i l l umina t ion  s p e c i f i c a t i o n s .  

( f )  "he maximum t o t a l  impulse employed i s  6 .64  km/sec 
( f o r  day l igh t  coverage) employing an o f f -  
pe r i apse  i n s e r t i o n ,  85" plane change, and o r b i t  
e c c e n t r i c i t y  reduct ion  from 0.95 t o  0.70. 

(g) 

(h) 

Tlhe minimum capture  impulse i s  3.77 h / s e c .  

Orbi t  a l t i t u d e s  vary ing  between 3.5 and 7,5 
J u p i t e r  r a d i i ,  o r  between 5 and 9 .3  J u p i t e r  
r a d i i ,  are used to ob ta in  day l igh t  and n igh t  
coverage r e spec t ive ly  on the same o r b i t ,  

5,fi The Moon 

f o r  t he  Moon a r e  presented  i n  Table 5-99. 
pure sc ience  o b j e c t i v e s  t h a t  have been t h e  b a s i s  f o r  o r b i t  
s e l e c t i o n s  a t  t h e  p l a n e t s .  However, during t h e  t i m e  frame of 
1975 t o  1995 luna r  orb i ta l .  missions w i l l  involve manned 
opera t ions  o r  be i n  support  of manned ( o r b i t a l  and suface)  

The measurement f a m i l i e s  and group s p e c i f i c a t i o n s  
These are r e l a t e d  t o  

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

220 



TABLE 5-19 

MEASUREMEEFI: FAMILIES FOR THE MOON 

Family 
Number 

1 
2 
3 1  
4 
5 1  
6 

7 1  
8 1  

9 4  
10 
11 
12 
13 

14 
15 

16 
17 
18 
19 
20 
21 
22 

23 
24 

Observable Sensor* Minimum Overlap Minimum 
Number (a) Typds) si;yT=) (%I Covemage 

(%) 

35 V 300 10 70 
35 V 300 10 70 

V 300 10 70 
41 MB 300 10 70 

R 300 10 70 
21 IR,@,m 300 10 70 

V 300 60 70 
R 300 60 70 

W, I R  100 10 70 
7,13 V 100 LO 70 
4,7,10,13 V, IR,m 100 10 70 
4,7,10.13 R 100 10 70 
22 1% bL,m 100 10 70 

7,lO V 100 60 70 
7 , l O  R 100 60 70 

- 

5 W, I R  0.5 10 3 
8,14 V 0.5 10 3 
2 V 0.5 10 3 
5,8,11,14,20 V,IR,MB 0.5 10 3 
41 MB 0.5 10 3 
2,5,8,11,14,20 R 0.5 10 3 
23 IR,w,MB 0.5 10 3 

8,11,20 ’ V  0.5 60 3 
8,11,20 R 0.5 60 3 

Solar Elev- 
ation Range 

50-80 
30-60 
15-30 
day 

70-85 

70-90 
50-80 
15-30 

70-85 

70-90 
50-80 
30-60 
15-30 
day 

70-85 

Coverage 
Distribution 

< 1 day 
< 1 day 

< 30 hr 

- - 

< 30 hr 

1 -  

I -  
~- 

< 30 hr 

I -  

Coverage 
Interval 

> 1/300hr 

> 11’300hr 

> 1/300hr 
> 1/300hr 

I 

*Sensor Type Definitions are: W.. . .Ultraviolet 
V.. . . .Visible 
I R .  ... Infrared 
@.....Microwave 
R.. . . .Radar 
MB.... Multi-band 
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missions. It is doubtful therefore, that any realistic orbit 
selections are possible without the consideration o f  manned 
mission objectives. 
changes the premise that scientific imaging experiments control 
orbital mission support requirements. Orbit selections f o r  
lunar measurement families were not attempted in this study, 
and support requirements were not estimated.. 

The presence of manned lunar operations 
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6 .  IMAGING SENSOR SYSTEM SCALING LAWS 

by "sca l ing  laws" which provide a q u a n t i t a t i v e  r e l a t i o n s h i p  
between the  imaging system c h a r a c t e r i s t i c s  and the demands 
imposed upon s p a c e c r a f t  subsystems by imaging experiments. 
This s e c t i o n  summarizes and i l l u s t r a t e s  the s c a l i n g  l a w s  f o r  . 

those imaging system which are u s e f u l  i n  support  of p l a n e t a r y  
exp lo ra t ion  o b j e c t i v e s .  The s c a l i n g  laws provide a t o o l  f o r  
es t imat ing  imaging experiment support  requirements,  given the 
s p e c i f i c a t i o n s  of the requi red  imagery and an o r b i t  d e f i n i t i o n .  
I n  t h i s  s tudy ,  the s c i e n t i f i c  o b j e c t i v e s  of  p l ane ta ry  explora-  
t i o n  f o r  which imaging systems are u s e f u l  have been i d e n t i f i e d  
and a r e  summarized i n  Sect ion 3 .  The na tu re  and the q u a l i t y  
of the d e s i r e d  images have been def ined i n  Sect ion 4 ,  while  
Section 5 has  summarized the procedures used f o r  o r b i t  s e l e c t i o n .  
Section 7 ,  which fol lows t h i s  s e c t i o n ,  p re sen t s  the  r e s u l t s  of 
using the sensor  system s c a l i n g  l a w s .  

r e l e v a n t  imaging system c h a r a c t e r i s t i c s  a r e :  

I n  t h i s  s tudy ,  imaging sensor  systems are represented  

With regard t o  experiment support  requirements , the 

a.  
b e  
C .  

d .  
e .  
f .  

h. 
i, 
3 -  

k. 
1. 

Weight 
Volume 
Shape 
F i e l d  of  V i e w  
Poin t ing  Requirements 
Yaw, P i t c h ,  and R o l l  Rate Control  
Power 
Data Acquis i t ion  R a t e  
Required Operating Environment 
Electromagnetic In t e r f e rence  Generation and 
Suseep t i b i l i  t y  
C a l i b r a t i o n  Requirements 
Command and Sequencing Requirements. 
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Each d i f f e r e n t  type of imaging system i s  descr ibed by a set  of 
sensor  s c a l i n g  laws which are designed t o  provide i t e m s  (a) 
through $h) above. These c h a r a c t e r i s t i c s  a r e  s e n s i t i v e  %o the 
image s p e c i f i c a t i o n s  the o r b i t  s e l e c t i o n ,  and the d e t a i l s  
of the imaging system. I t e m s  i through k a r e  most sensPt2ve 
t o  the type of imaging system, r a t h e r  than t o  the  image spec i -  
f i c a t i o n s  o r  o r b i t .  For example, high performance o p t i c a l  
components r e q u i r e  temperature s t a b i l i z a t i o n  wi th in  5 'F 
r ega rd le s s  o f  the o r b i t  a l t i t u d e ,  The command and sequencing 
c h a r a c t e r i s t i c s  are moat s e n s i t i v e  t o  the  d e t a i l s  of the 
s e l e c t e d  o r b i t .  The onlly sequencing a s p e c t  considered here  i s  

e r e l a t i 0 n  between the orb i ta l .  a l t i t u d e ,  the  image s i z e ,  and 
the t i m e  i n t e r v a l  betmeen images e O r b i t a l  parameters which 
a f f e c t  the sequencing requirements a r e  noted on the o r b i t  
s e l e c t i o n  d a t a  s h e e t s  i n  Volume 111, 

e a n a l y s i s  of s c i e n % i € i c  o b j e c t i v e s ,  which i s  
summarized i n  Sect ion 3 ,  has i d e n t i f i e d  the following types of 
imaging systems as a t  l eas t  marginal ly  use fu l :  

u l t r a v i o l e t  2000 - 4000 A )  

i n f r a r e d  (0.75 - 200 w >  
pass ive  microwave Q O , l  - 100 cm) 
r ada r  (0 .1  - 100 c m >  
r a d i o  frequency ( 1  - 100 m> 
mul %iband 

0 

0 

v i s ~ a l  (4000 - 7500 A) 

The €slllowing subsec 012s swmmarize the s c a l i n g  l a w s  f o r  these  
types of h a g e r s  i n  e order  given above. Scal ing l a w s  are 
given f o r  Both t e l e v i s i o n  and f i l m  photography systems i n  the 
v i s u a l  p o r t i o n  of the spectrum, and f o r  both noncoherent and 
s y n t h e t i c  a p e r t u r e  radar imaging systems * However, no sca l ing  
laws are provided f o r  r a d i o  frequency o r  multiband systems, 
Scal ing l a w s  are v a l i d  only i f  they are based upon a broad 
range of  design o r  ope ra t iona l  experience,  and no such expe- 
r i e n c e  e x i s t s  f o r  r a d i o  frequency o r  multiband systems. A 
complete d e r i v a t i o n  and d iscuss ion  of a l l  the s c a l i n g  l a w s  
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i s  provided i n  Volume I V  of t h i s  f i n a l  r e p o r t  series.  Only a 
sca l ing  l a w  summary and i l l u s t r a t i v e  example f o r  each imager 
type i s  presented here .  It should be emphasized t h a t  the 
s c a l i n g  l a w s  are n o t  a s u b s t i t u t e  f o r  d e t a i l e d  experiment 
design. They are only intended t o  provide r e p r e s e n t a t i v e  
sensor system conf igu ra t ions  , thus permi t t ing  e s t ima t ion  of 
typ ica l  support  requirements demanded by s p e c i f i c  imaging 
experiments. 
6.1. U l t r a v i o l e t  Scanning Systems 

Figure 6-1 i s  a l o g i c  diagram which summarizes the  
design procedures developed i n  Volume I V  f o r  u l t r a v i o l e t  
scanning systems. Given a set  of  image s p e c i f i c a t i o n s  and a 
s e t  of o r b i t  parameters,  the  l o g i c  diagram i n d i c a t e s  each s t e p  
i n  the e s t ima t ion  of the support  requirements implied by any 
s p e c i f i c  u l t r a v i o l e t  scanning experiment. The s p e c i f i c  types 
of image s p e c i f i c a t i o n s  and o r b i t  parameters which s i g n i f i -  
c a n t l y  inf luence  the sensor  system design are l i s t e d  i n  the 
two l a r g e  boxes i n  the upper l e f t  hand corner  of the  l o g i c  
diagram (Figure 6-1).  The design proceeds from the image 
Spec i f i ca t ions  and o r b i t  d e f i n i t i o n  as shown. The ova l  boxes 
r ep resen t  e s t ima t ion  of experiment support  requirements ,  while 
the r ec t angu la r  boxes r ep resen t  s t e p s  i n  the  design procedure,  
The s c a l i n g  l a w s  are s m a r i z e d  i n  Figure 6-2, which i s  de- 
signed f o r  use wi th  the l o g i c  diagram. That i s ,  t he  numbered 
blocks i n  the s e a l i n g  l a w  c h a r t  re la te  t o  the  numbered blocks 
i n  the l o g i c  diagram, as w i l l  be made c l e a r  i n  the example 
design below. Table 6-1 and Figure 6 - 3  p r e s e n t  d a t a  which 

may be r equ i r ed  during system des ign ,  a s  i l l u s t r a t e d  i n  the  
design example given here .  

To i l l u s t r a t e  the  design procedure and e s t ima t ion  
of experiment support  requirements,  cons ider  an u l t r a v i o l e t  
imaging experiment f a r  the s tudy of cloud formation processes  
a t  Venus. The nominal image s p e c i f i c a t i o n s  f o r  t h i s  expe r i -  
ment have been given i n  Table 4-1. The worth curves given i n  
Sect ion 4 may be used t o  arrive a t  a somewhat less demanding 
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Table 6-1 

V a l u e s  of rG/ro 

H a l f - A n g l e  Field-of-View (d ( D e g . )  

80 
ALTITUDE 

RADIUS 10 20 30 40 50 60 70 

0.01 
0,02 
0.03 
0.04 
0,05 
0.06 
0.07 
0.08 
0.09 
0 . 1  
0.2 
0 .3  
0.4 
0 , 5  
0.6 
0 ,7  
0.8 
0.9 
1 , o  
2.0 
3,O 
4.0 

1.03 
1.03 
1.03 
1 ,03  
1.03 
1.03 
1.03 
1,04 
1.04 
1.04 
1.04 
1.05 
1.05 
1 ,06  
1.07 
1,07 
1.08 
1.09 
1.10 
1.23 
1.49 
2.23 

1 ,13  
1.14 
1.14 
1.14 
l e 1 4  
1.15 
1.15 
1.15 
1.15 
1 .16  
1.18 
1 . 2 1  
1.25 
1.28 
1 , 3 3  
1 ,38  
1.43 
1.50 
1.58 

1.34 
1,35 
1.35 
1.36 
1.37 
1.38 
1.38 
1.39 
1.40 
1.41 
1.50 
1.60 
1,74 
1.93 
2 18 
2.56 
3 .22  
4.74 

1 .72  
1.74 
1 . 7 6  
1 .78  
1.80 
1.82 
1,84 
1.87 
1.89 
1 .92  
2.22 
2 . 7 1  
3.65 
6.66 

2.47 
2.53 
2.59 
2.65 
2.72 
2.79 
2.87 
2.95 
3.04 
3.13 
4.80 
27.3 

4.19 
4.40 
4.64 
4.92 
5.24 
5.61 
6.04 
6.58 
7.24 
8.08 

9.66 69.9 
11.2 -- 
13*4 3- 

1 7 , O  -- 
24.1 - 9  

51.6 -- 
-“ T -  

I- c- -- 
I- - -  

-I -- -- I- 

-- -c -- 
-- I- 

I- -- 
-- I- -.” -- _-  re- 

a- -- 
-3 -c 

- m a  I- -- -- 
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set  of image s p e c i f i c a t i o n s ,  and y e t  a se t  which desc r ibes  
imagery having e s s e n t i a l l y  the same s c i e n t i f i c  value as t h a t  
a s s o c i a t e d  wi th  the  nominal image s p e c i f i c a t i o n s .  These 
re laxed  s p e c i f i c a t i o n s  are summarized i n  Table 6-2 and are 
used as the b a s i s  of experiment design.  Also  shown i n  Table 
6-2 are the  o r b i t  parameters f o r  a t y p i c a l  o r b i t  s u i t a b l e  f o r  
t h i s  experiment, This  p a r t i c u l a r  o r b i t  w a s  s e l e c t e d  t o  provide 
maximum p lane ta ry  coverage under day l igh t  condi t iqns  i n  a 
minimum amount of t i m e ,  and i s  more f u l l y  descr ibed by o r b i t  
d a t a  shee t  # 101 i n  Volume 111. 
image s p e c i f i c a t i o n s  which s i g n i f i c a n t l y  influ.ence the  sensor  
system design.  Other types of  image s p e c i f i c a t i o n s  n o t  shown 
he re  have been used t o  s e l e c t  an appropr i a t e  o r b i t .  That i s ,  
f o r  cloud formation imagery a t  Venus, a t  least  seventy percent  
coverage o f  the p l a n e t  i s  desi.red fou r  t i m e s  pe r  p l ane ta ry  
year.  These requirements have inf luenced the o r b i t  s e l e c t i o n ,  
b u t  do n o t  a f f e c t  t he  sensor  system design.  Using the image 
s p e c i f i c a t i o n s  and o r b i t  parameters given i n  Table 6 - 2 ,  the  
sensor  system design proceeds according t o  the  l o g i c  diagram 
and s c a l i n g  l a w  c h a r t  as follows: 

Table 6-2 g ives  only those 

Step 1: The a t t i t u d e  c o n t r o l  requirement depends upon the 
requi red  p o s i t i o n a l  accuracy and the spacec ra f t  a l t i t u d e .  
Since the allowable e r r o r  i n  the l o c a t i o n  of the imaged scene 
i s  10 km, the po in t ing  accuracy requirement i s  1 0 / 4 5 4  o r  
0 022 rad ians  (1 e 3 degrees)  

S t e p  2 :  For an image ground s i z e  of 600 km, the ha l f - ang le  
Y subtended a t  the p l a n e t  c e n t e r  by a g r e a t - c i r c l e  a r c  length  
of 600 km i s  0.049 r a d i a n s ,  taking the p l a n e t  r a d i u s  a s  6100 
km. Since Y i s  less than 0 . 1  r a d i a n s ,  the  e f f e c t s  of plane- 
t a r y  curva ture  i n  computing the  requi red  f ie ld-of-view may 
be ignored. 

o r  0.584 r a d i a n s  (33 .5  degrees ) ,  
Thus, t he  scan ha l f -angle  d i s  simply tan-'(W/ZH) 

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

230 



Table 6-2 

f 

Image Spec i f i ca t ions  and Orb i t  Parameters f o r  
U l t r a v i o l e t  Cloud Formation Imagery a t  Venus 

Spec t r a l  Range 500-4000 
Ground Resolut ion 3 k m  
Minimum Image Size  
Solar  Zeni th  Angle 

600 km 
0-90 deg 

Maximum Acqu i s i t i on  T i m e  1 min 
P o s i t i o n a l  Accuracy 10 km 
Grey Scale 6 b i t s  

Orb i t  Per iapse  A 1  t i  tude 454  km 

Orb i t  I n c l i n a t i o n  90 deg 
Orb i t  Apoapse A l t i t u d e  454  km 
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Step  3: Ignoring the e f f e c t s  of p l ane ta ry  cu rva tu re ,  the  
r equ i r ed  angular  r e s o l u t i o n  i s  simply r / H  o r  6.6 m i l l i r a d i a n s  
(0.39 degrees) .  However, i n t e r p o l a t i o n  i n  Table 6 - 1  shows 
t h a t  i f  the ha l f -angle  f ie ld-of-view i s  33.5 degrees ,  the 
ground r e s o l u t i o n  provided by such an angular  r e s o l u t i o n  i s  a 
f a c t o r  of 1.55 poorer  a t  the edge of the f ie ld-of-view than a t  
the n a d i r  o r  s u b s a t e l l i t e  p o i n t .  Thus, t he  angular  r e s o l u t i o n ,  
o r  scanning beam s i z e ,  must be reduced t o  4 . 2 6  m i l l i r a d i a n s  
(0 .24  degrees)  i f  a 3 km ground r e s o l u t i o n  i s  t o  be achieved 
throughout the  e n t i r e  scan length .  

Step 4 :  Since the scanning beam s i z e  i s  0 .24  degrees ,  and 
the Sean ha l f - ang le  i s  33.5 degrees ,  the  sensor  system f i e l d -  
of -v iew i s  0.24 by 67 degrees.  

Step 5: For a wavelength of 4000 A and an angular  r e s o l u t i o n  
of 4 .26  m i l l i r a d i a n s ,  the o p t i c a l  system i s  d i f f r a c t i o n - l i m i t e d  
t o  a diameter of 0 ,011  cm. That i s ,  the o p t i c a l  system diameter 
must be a t  least  0,011 cm, Although, i n  t h i s  case, the  d i f -  
f r a c t i o n  l i m i t  i s  n o t  a problem, i t  i s  u s e f u l  t o  determine the 
d i f f r a c t i o n  l i m i t  early i n  the design procedure. Current  
s t a t e - o f - a r t  l i m i t s  the o p t i c a l  system diameter t o  about one 
m e t e r .  I f  t h e  d i f f r a c t i o n  l i m i t  exceeds one meter, the  design 
may be abandoned as beyond the c u r r e n t  s t a t e - o f - a r t .  
the o p t i c a l  system could be as l a r g e  as two meters a t  the  
c u r r e n t  s t a t e - o f - a r t .  However, the scanning mi r ro r  i s  state- 
o f - a r t  l i m i t e d  t o  about two meters, and s i n c e  the scanning 
mi r ro r  i s  roughly m i c e  the  diameter of the o p t i c s ,  the o p t i c a l  
system i s  l i m i t e d  t o  about one m e t e r ,  

The g r a v i t a t i o n a l  cons t an t  of Venus i s  3.25 x 10 F; 6 m / sec  and the  p l a n e t  r a d i u s  i s  6 .1  x 10 m.  Thus f o r  a 
c i r c u l a r  o r b i t  of a l t i t u d e  4 . 5 4  x 10 m ,  the speed of  the sub- 
s a t e l l i t e  p o i n t  on the  su r face  of a non-ro ta t ing  plane2. i s  
6.55 x 10  m/sec. The e f f e c t s  of p l a n e t  r o t a t i o n  on apparent  
ground speed may be neglec ted  f o r  o r b i t a l  experiments a t  the  

0 
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Moon, Mercury, and Venus, Thus the  apparent  ground speed i s  
taken as 6.55 km/sec. 
s u b s a t e l l i t e  p o i n t  600/6.55 o r  92 seconds t o  traverse 600 km 
on the v i s i b l e  su r face .  Thaiz i s ,  f o r  a scanning system, 92 
seconds w i l l  be requi red  t o  obta in  d a t a  from a ground (or cloud) 
a r e a  of 600 by 600 km. The image s p e c i f i c a t i o n s  r e q u i r e  t h a t  
the d a t a  be c o l l e c t e d  i n  about one minute. By using two sensor  
systems, one po in t ing  forward, t he  o the r  a f t ,  t he  d a t a  could 
be c o l l e c t e d  i n  46 seconds. This  would approximately double 
the experiment weight ,  volume, power, and d a t a  r a t e  support  
requirements.  I n  this  s tudy ,  t h e  experiment support  r equ i r e -  
ments have been es t imated  by using a s i n g l e  sensor  system and 
accept ing  those d a t a  a c q u i s i t i o n  and r e p e t i t i o n  t i m e s  provided 
by the  o r b i t  c h a r a c t e r i s t i c s .  

A t  t h i s  ground speed, i t  w i l l  t ake  the  

Step 7: A s  an i n i t i a l  design guess ,  a s ing le- faced  scanning 
mir ror  and a s i n g l e , d e t e c t o r  may be used, The c u r r e n t  state- 
o f - a r t  l i m i t s  t he  system t o  a l i n e a r  a r r a y  of no more than t en  
d e t e c t o r s  

Step 8: The minimum r o t a t i o n  ra te  of the  scanning mi r ro r  i s  
determined by the need t o  avoid gaps between consecut ive scans,  
I n  t h i s  example, w i th  a one-faced mi r ro r  and one d e t e c t o r ,  t he  
minimum r o t a t i o n  rate i s  21.3 r ad ians / sec ,  o r  about 200 rpm. 
Although the  design r o t a t i o n  rate may be s e l e c t e d  as any va lue  
which i s  n o t  less than  the m i n i m u m  va lue  of 21,3 r a d i a n s / s e c ,  
usualXy the  minimum va lue  i t s e l f  should be s e l e c t e d ,  Rotat ion 
r a t e s  l a r g e r  than necessary  w i l l  r e s u l t  i n  l a r g e r  o p t i c a l  
systems b u t  less s t r i n g e n t  p la t form s t a b i l i t y  requirements , 
because the  amount of  t i m e  spent  observing each scene r e so lu -  
t i o n  element decreases  as the  r o t a t i o n  ra te  inc reases .  Thus 
in t h i s  example, the scanning mi r ro r  r o t a t i o n  ra te  i s  taken 
as 21.3 r ad ians / sec .  

Step 9: The response t i m e  r equ i r ed  of the d e t e c t o r  i s  
assumed t o  be one-half  the dwell  t i m e  p e r  r e s o l u t i o n  element. 
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I n  t h i s  example, t he  d e t e c t o r  response time must be 10m4sec, 
o r  less. 

Step 10: The r equ i r ed  d e t e c t o r  response time e l imina te s  con- 
s i d e r a t i o n  of  s o l i d - s t a t e  photoconductive d e t e c t o r s  a t  t h e  
design mi r ro r  r o t a t i o n  rate,  Either a photomul t ip l ie r  tube 
must be used, o r  elsa dwell time pe r  r e s o l u t i o n  element 
must be incr sed a faccgr of ten t o  permit  use of a photo- 
conduct2ve de%kcto&. TWe 'dashe-d l i n e  i n  the  l o g i c  diagram 
i n d i c a t e s  t h i s -  p.~qg.ibQn i t s  
increased  by decreas ing  t 
accomplished by increas ing  the  number of d e t e c t o r s  o r  t he  
number of faces on the  scanning mi r ro r .  

Step 11: I f  both  a photoconductive o r  photomul t ip l ie r  d e t e c t o r  
can be used, i t  i s  u s e f u l  t o  estimate which type of  d e t e c t o r  
w i l l  r e q u i r e  the  l a r g e r  o p t i c a l  system, Ignoring d e t e c t o r  
response t i m e  problems f o r  t he  moment, i n  t h i s  example the  
r a t i o  of  t he  o p t i c a l  system diameter r equ i r ed  by a photomultip- 
l i e r  t o  t h a t  r equ i r ed  by a photoconductor i s  about 0.38. 
i s ,  even i f  a s o l i d - s t a t e  d e t e c t o r  had a s u f f i c i e n t l y  quick 
response t i m e ,  the  o p t i c a l  system implied by use o f  a photo- 
m u l t i p l i e r  tube has  a diameter  only 38 percen t  of t h a t  implied 
by use of  a s o l i d - s t a t e  d e t e c t o r ,  This  estimate of comparative 
o p t i c a l  system s i z e s  i s  q u i t e  approximate, end depends upan 
the  s p e c i f i c  c h a r a c t e r i s t i c s  of the  d e t e c t o r s ,  Reasonable 
va lues  have been assumed i n  de r iv ing  the formula shown i n  the 
s c a l i n g  l a w  c h a r t ,  b u t  by changing the d e t e c t o r  characteristic,s 
w i t h i n  reasonable  bounds ( i n  f the s o l i d -  
s ta te  d e t e c t o r ) ,  the  r a t  ters can be 
changed by a f a c t o r  of two, T of compara- 
tive o p t i c a l  system s izes  i s  i n  a f a c t o r  
of about  two. 

t%sn rate,  which may be 

That 

Step 12:  Once i t  has  been decided t o  use s o l i d - s t a t e  o r  
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photomul t ip l ie r  d e t e c t o r s ,  t he  d e t e c t o r  c h a r a c t e r i s t i c s  may be 
determined. For photomul t ip l ie r  d e t e c t o r s ,  the  quantum e f f i -  
c iency may be taken as about 20 percent  over the s p e c t r a l  
region from 2000 t o  4000 A .  
may be i n i t i a l l y  se l ec t ed -  as about  gne mi41imeter.. 
l a t i t u d e  i s  permi t ted  i n  the s e l e e t i o n  of photomul t ip l ie r  
d e t e c t o r  e f f e c t i v e  s ize ,  Use of a f i e l d  s t o p  permits  e f f e c t i v e  
s i z e s  of about 0 . 1  mill imeter,  wh i l  the photosens i t ive  su r face  
of a m u l t i p l i e r  tube could probably be made as l a r g e  as t e n  
cent imeters .  For s o l i d - s t a t e  d e t e c t o r s  ( i n  p a r t i c u l a r ,  f o r  

3, 
Sn02 and ZnS - MgS), d e t e c t i v i t i e s  of 4 x 1011cm-Hz2/watt a t  a 
long wavelength c u t o f f  of 3000 A ar.e appropr i a t e .  S o l i d - s t a t e  
d e t e c t o r s  cannot be made wi th  uniformly sensit ive areas n e a r l y  
a s  l a r g e  as f o r  pho tomul t ip l i e r s .  

Step 13: The o p t i c a l  system c o l l e c t i n g  diameter i s  given by 
D f o r  pho tomul t ip l i e r  tubes and by D f o r  s o l i d -  s ta te  
d e t e c t o r s .  The numerical  c o e f € i c i e n t s  i n  the given formulae 
presume use of MKS u n i t s ,  A value  of 120 i s  recommended f o r  
the s i g n a l / n o i s e  r a t i o ,  as t h i s  corresponds CQ d e t e c t i o n  of  
seene r e f l e c t i v i t y  d i f f e rences ,  os flve percent .  The s o l a r  
ultraviolet spectrum has  been m u l t i p l i e d  by the p l a n e t a r y  
albedo and the s p e c t r a l  response of the d e t e c t o r ,  and then 
i n t e g r a t e d  over wavelength t o  ob ta in  che cons t an t s  C 
which also accounts  f o r  t he  h e l i o c e n t r i c  r a d i u s  of the p l a n e t .  
For C which i s  appropr i a t e  f o r  photomul t ip l ie r  d e t e c t o r s ,  the 
d e t e c t o r  i s  assumed t o  have a f l a t  s p e c t r a l  response and the 
s p e c t r a l  reg ion  from 2200 t o  4000 A has been used. 
which i s  appropr i a t e  f o r  s o l i d - s t a t e  d e t e c t o r s ,  the d e t e c t o r  
s e n s i t i v i t y  per  u n i t  i n c i d e n t  energy i s  taken as p ropor t iona l  
t o  wavelength and the  s p e c t r a l  reg ion  from 2200 t o  3000 A has  
been used. The scene photometric func t ion  i s  taken as cos i 
f o r  Venus, Mars, and J u p i t e r ,  where i i s  the  s o l a r  z e n i t h  angle .  
For d a y l i g h t  scenes,  i n  which the  z e n i t h  angle  is  n o t  s p e c i f i e d ,  
the z e n i t h  angle  may be taken as s i x t y  degrees .  For the  Moon 

The d e t e c t o r  e f f e c t i v e  s i z e  (e) 
Rather wide 

0 
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and C s ,  
P 
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0 
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and Mercury, where the su r face  9s v i s i b l e  i n  the  u l t r a v i o l e t ,  
the  lunar photometric func t ion  given in  Figure 6 - 3  should be  
used. . The express ions  given f o r  the  o p t i c s  c o l l e c t i n g  diameter 
assume an  o p t i c a l  e f € i c i e n c y  of e fgh ty  roen t .  Other values 
may be used by no t ing  t h a t  the diameter i s  invqr se ly  p ropor t iona l  
t o  the square r o o t  of the o p t i c a l  e f f i c i e n c y  t i n u e  wi th  
the  sample design problem, use 
Venus impl ies  t h a t  C i s  3 x 10 slrneter. Using a s o i a r  
z e n i t h  angle  o f  s i x t y  degrees ,  the uc: of the photometric 
func t ion  i s  0.5. F i n a l l y ,  w i th  a s i g n a l / n o i s e  r a t i o  pf 120 
and a quantum e f f i c i e n c y  of twenty pe rcen t ,  the, r e q u i r  
system c o l l e c t i n g  diameter i s  3 . 4  x lo-? eters.  Since the  
o p t i c a l  system i s  d i f f r a c t i o n - l i m i t e d  t u  0 , l  m i l l  er (Step # 5 ) ,  
the o p t i c a l  system s ize  i s  d e t e m  by the need t o  cq l lec t  
adequate energy r a t h e r  than by re s v r a i n t s .  $ince 
Venus i s  c l o s e  t o  t he  sun, and has the necessary  
o p t i c a l  s i z e  i s  q u i t e  s m a l l .  It 
t o  estimate the  s i z e  of t o p t i c a l  sysqem wi th  an 
accuracy, s i n c e  the  o p t i c a l  system c l e a r l y  has  l i t t l e  Ilmpqct 
upon the experiment support  requirements.  

Step 14: With a d e t e c t o r  effect ive s i z e  of  one m i l l i m e t e r ,  
the o p t i c a l  system f o c a l  l eng th  i s  0.23 meters. 

- -  S k g  15: 
f-number i s  f / 6 9 .  In  most cases, the  f-number can be e a s i l y  
a l tered by changing the d e t e c t o r  s i ze  o r  t h e  c o l l e c t i n g  aper r  
Cure diameter.  The exac t  va lue  of t h e  s p e r t u r e  s t o p  i s  n o t  
s i g n i f i c a n t .  It i s ,  however, important  to ensure that  the 
system can be designed wi th  an f-number of u n i t y  o r  l w g e r .  
In  this p a r t i c u l a r  design example, i t  i s  l i k e l y  t h a t  an 
sys  tern diameter l a r g e r  than 3 . 4  m i l l i m e t e r s  would be used, 

P 

Using an o p t i c a l  diameter of 3 . 4  m i l l i m e t e r s ,  t he  
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and the  f-number i s  l i k e l y  t o  be on the order  of f /10 o r  f/20. 
I f  the  es t imated  a p e r t u r e  s t o p  i s  less than u n i t y ,  t he  easiest 
design remedy i s  t o  inc rease  the  effective s i z e  of the  d e t e c t o r .  
This i terat ive loop i s  shown by the dashed 1 h e  in  the l o g i c  
diagram. For s a l i d - s t a t e  d e t e c t o r s ,  t h i s  w i l l  a l s o  increase 
the  requi red  s i z e  of t he  c o l l e c t i n g  o p t i c s .  For photomul t ip l ie r  
systems, the  only e f f e c t  w i l l  be t o  increase  the  system f o c a l  
l eng th ,  and hence the s i z e  of the  sensor  system. 

Step 16: The s i z e  of the scanning mir ror  depends upon the 
number of  faces on the  mi r ro r  and the s i z e  of the c o l l e c t i n g  
o p t i c s ,  For a s ing le - s ided  m i r r o r ,  as i n  the  design example, 
the diameter of the  scanning m i r r o r  i s  simply 1.414 times the 
o p t i c a l  c o l l e c t i n g  diameter.  Thus, cont inuing wi th  the example, 
the minimum diameter of t he  scanning mi r ro r  i s  4.8 millimeters.  

Step 17:  An upper l i m i t  t o  the  permiss ib le  r o t a t i o n  ra te  of 
the scanning mi r ro r  has  been est imated on the basis of  dynamic 
d i s t o r t i o n  of the  o p t i c a l l y - f l a t  mi r ro r  surfaces. For a , 
beryl l ium scanning m i r r o r ,  o p t i c a l  d i s t o r t i o n  may become s i g n i -  
f i c a n t  when the r o t a t i o n  rate ( rad ians /sec)  i s  about 193/Ds, 
where Ds i s  the mi r ro r  diameter i n  meters. 
design problem, t h i s  impl ies  t h a t  o p t i c a l  d i s t o r t i Q n  w i l l  n o t  
'be s e r i o u s  f o r  r o t a t i o n  rates up t o  4 x 10 r a d i a n s l s e c ,  o r  
about 400,000 rpm, assuming a 4 e 8 m i l l i m e t e r  diqmeter scanning 
mi r ro r ,  An a d d i t i o n a l  c o n s t r a i n t  i s  t h a t  r o t a t i o n  rates of 
10 r ad ians / see  may n o t  be feasible,  r e g a r d l e s s  of t h e  
s i z e  of the  mir ror .  If the i n i t i a l  design r o t a t i o n  rate 
exceeds 193/Ds o r  10 r a d i a n s l s e c ,  the  r o t a t i o n  ra te  must be 
reduced. This w i l l ,  of course,  affect  a l l  the  s t e p s  i g  the 
design process  from Step #8 onwarde On the  o t h e r  hand, i f  the  
r o t a t i o n  rate i s  acceptab le ,  the  system design i s  s u f f i c i e n t l y  
wel l -def ined t h a t  the  remaining experiment support  requirements 
may be est imated.  

For the  i l l u s t r a t i v e  

4 

6 

6 
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Step 1 8 :  The rate a t  which the sensor  system acqu i re s  d a t a  i s  
es t imated  as shown. For the  example, t h i s  y i e l d s  a d a t a  
a c q u i s i t i o n  rate of  3 . 0  x l o4  b i t s l s e c ,  assuming t h a t  t he  d a t a  
from each r e s o l u t i o n  element can be descr ibed by s i x  b ina ry  
b i t s  (corresponding t o  64 shades of grey) .  

Step 19: The system average power requirement i s  approximately 
one w a t t ,  s i n c e  only  one d e t e c t o r  i s  used. 

Step 20: 
a 3.4 m i l l i m e t e r  a p e r t u r e ) ,  while the scanning system has a 
mass of about 27 mil l igrams ( f o r  a 4.8 m i l l i m e t e r  diameter 
mi r ro r ) .  The t o t a l  imaging system mass i s  est imated as one 
kilogram, o r  about two pounds. The scanning slystem mass es t i -  
mates presume use of beryl l ium mi r ro r s .  Both the  o p t i c a l  
system and scanning system mass s c a l i n g  l a w s  have been based on 
use of l a r g e r  systems than encountered during t h i s  design 
example. That i s ,  the  o p t i c a l  system and scanning system mass 
s c a l i n g  l a w s  are u n r e l i a b l e  f o r  s m a l l  o p t i c a l  o r  scanning 
systems. C lea r ly ,  i t  i s  unreasonable t o  consider  scanning 
mir ror  d r i v i n g  motors of less  than 27 mill igrams! However, f o r  
purposes of t h i s  s tudy it  i s  i m m a t e r i a l  whether the  scanning 
system has  a mass of 30 m i l l i g r a m s ,  300 mil l igrams,  o r  even 
300 grams. The p o i n t  i s  t h a t  f o r  t h e  experiment considered 
he re ,  the  o p t i c a l  and scanning subsystems can be made s u f f i -  
c i e n t l y  s m a l l  t h a t  the  d e t e c t o r  and B t s  a s soc ia t ed  e l e c t r o n i c s  
dominates the imaging system weight,  and hence the t o t a l  imaging 
system weight i s  on the order  o f  two o r  t h r e e  pounds. 

The o p t i c a l  system has  a mass of about 2 grams ( fo r  

Step 21:  A s  wi th  the mass s c a l i n g  l a w s ,  the  imaging system 
s i z e  estimates are u n r e l i a b l e  f o r  very  small o p t i c a l  and scan- 
ning systems, For the  sample design problem, i t  i s  s u f f i c i e n t  
t o  know t h a t  the imaging system can be made small (see nex t  
s t e p ) .  However, one dimension of the imaging system must exceed 
the f o c a l  l eng th ,  which i s  0.23 meters, 
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Step 22: The sensor  system volume estimate i s  based on the 
requi red  c o l l e c t o r  diameter ,  the f o c a l  l eng th ,  and the  scanning 
mir ror  diameter.  The volume estimate i s  u n r e l i a b l e  f o r  ve ry  
s m a l l  c o l l e c t o r s  and scanning mi r ro r s .  Far  t h i s  reason,  the  
minimum volume i s  taken as m3, o r  about 0.04 cubic  feet .  

Step 23: An estimate of t he  maximum al lowable sensor  system 
r o l l ,  p i t c h ,  o r  yaw rate  i s  provided by permit ted the  o p t i c g l  
a x i s  t o  r o t a t e  through one-half a r e s o l u t i o n  element during the 
dwell t i m e  on the r e s o l u t i o n  element. This l eads  t o  an allow- 
a b l e  sensor  system r o l l ,  p i t c h ,  o r  yaw rate of one-half the  
scanning mi r ro r  r o t a t i o n  rate.  For the  example problem consider-  
ed he re ,  t he  maximum r o l l ,  p i t c h ,  o r  yaw rate  i s  then about 10 
r ad ians / sec .  It should be noted t h a t ,  i n  gene ra l ,  the  platform 
s t a b i l i t y  requirements are determined by the e f f e c t s  of smear 
due t o  an apparent  scene motion. 

The experiment support  requirements implied by the 
i l l u s t r a t i v e  design problem given here  are summarized in,  Table 
6-3, which i s  taken d i r e c t l y  from Volume V of t h i s  r e p o r t  
ser ies ,  
6 .2  Te lev is ion  Systems 

Figure  6-4 presen t s  a l o g i c  diagram f o r  the design 
of o r b i t a l  t e l e v i s i o n  systems, while  fJgure 6-5 p resen t s  t he  
sca l ing  l a w s .  The l o g i c  diagram shows how the  enso or system 
design proceeds s tep-by-step from the d e s i r e d  image s p e c i f i c a -  
t i o n s  and an  o r b i t  d e f i n i t i o n ,  The b lacks  i n  the s c a l i n g  l a w  
c h a r t  are numbered t o  correspond t o  the  s t e p s  shown i n  the l o g i c  
diagram. The s c a l i n g  l a w s  are b e s t  descr ibed by consider ing an 
i l l u s t r a t i v e  design problem. The s c a l i n g  l a w s  provided he re  
have been der ived from study of space -o rb i t a l  t e l e v i s i o n  systems 
which have a l r eady  flown, o r  have been designed i n  some d e t a i l ,  
and r ep resen t  t he  c a p a b i l i t y  provided by c u r r e n t l y  a n t i c i p a t e d  
equipment under ope ra t iona l  cond i t ions ,  For d e t a i l s ,  t he  reader  
i s  r e f e r r e d  t o  Volume I V  of t h i s  r e p o r t  s e r i e s .  
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Table 6-3 

Sample Experiment Support Requirement6 
f o r  an U l t r a v i o l e t  Scanning System 

YWNET: Venus 

OBSERVABLE : Cloud Forination 
Family No. 9a 

DETECTOR : Pho toniul t i p l i e r  

ORBIT: Data Sheet  Number...... , .......... ... 101 
Periapse/Apoapse A l t ,  
I n c l i n a t i o n  (deg).  . . . . . i. .. . . . . . . . . 90 
Imaging A l t i t u d e  Range (km) ...,.* ... 454 
Imaging On-Time (min) ..... .. .... .. .. 48 

(km) . . , . . , . . . . ,454/454 

IMAGE : Ninirnuni Image Width (km) . . . . . , . . . . . .600 
Max, Ground Resolu t ion  (km) .......... 3 
P o s i t i o n a l  Accuracy (km). . , . , . . . . . . 10 

SCANNER: C o l l e c t o r  Diameter (cm). . . . . . . . . . . . . . 0 . 3  
Aper ture  Stop .................... .... f/70 
No. of Detec tors . . . . . . . . . . . . . . . . , . . , .  1 
N O .  of Scanner F a c e s . . . . . . . . . . . . . . . . .  1 
Scanner Ro ta t ion  Rate  (rpm) . . . . . . . ,200 -- 

SUPPOKT REQUIREMENTS : 
F i e l d  o f  View (deg) .  . . . . . . * .  . . . . * .  .O024x67 
Poin t ing  Accuracy (deg) . . . . . . . . . . . . .1 .3  
System Volume (cu. f t , )  . , . . . . . . . . .*0.04 
Max. Roll/Yaw Kate (deg/sec)  . . . . . .570 
Opera t ing  Power ( w a t t s ) .  . . , . . . . . .1 
Data Ra tc  ( b i t s / s e c )  ..............,. .‘3,0x10 
Systein Weight ( l b s )  # .  . * ,  . . . . . . . *  2 . 2  

4 

--I__ 

CONPlENTS : 

507, pla711~tary  coverage can bc achieved i n  d a y l i g h t  
1 .5  min i s  w i t h o u t  a p lane  climgc, w h i l e  on ly  1071, i s  r equ i r ed .  

r cqu i r cd  t o  o b t a i n  da t a  from an image a r e a  of  W x W,whilc one m i n  
i s  d e s i r e d ,  E s s e n t i a l l y  t h c  same a r e a  c a n ’ b e  imaged every 96 min, 
whi lc  an image r c p c t i t i o i i  t ime of  15 min iE.’desi.red. 

240 



I 

, 

,I 

The sample design d e a l s  with su r face  topography on a 
r eg iona l  scale a t  Mars, w i th  ver t ica l  h e i g h t  d i f f e r e n c e s  de- 
duced from measurement of shadow lengths .  A similar experiment, 
bu t  wi th  v e r t i c a l  he igh t  d i f f e r e n c e s  deduced 2rom measurements 
of s t e r e o  p a r a l l a x ,  i s  used as the  i l l u s t r a t i v e  problem i n  
Sect ion 6.3,  which desc r ibes  the s c a l i n g  l a w s  f o r  f i l m  systems. 
The image s p e c i f i c a t i o n s  and o r b i t  parameters f o r  the example 
a r e  given i n  Table 6-4. These s p e c i f i c a t i o n s  are der ived  from 
Table 4-1 and the  appropr i a t e  worth curves.  That i s ,  the  
s p s c i f i c a t i o n s  shown are f o r  a re laxed  o r  "minimal" experiment. 
I n  a d d i t i o n  t o  these s p e c i f i c a t i o n s ,  Table 4-1 and worth curve 
D 1  i n d i c a t e  t h a t  seventy pe rcen t  p:Lanetary coverage i s  r equ i r ed .  
A sun-synchronous c i r c u l a r  o r b i t  of  969 km a l t i t u d e  provides  74 
percent  coverage of Mars i n  a f i v e  day pe r iod  a t  the proper 
s o l a r  i l l umina t ion .  
g r e a t e r  d e t a i l  by o r b i t  d a t a  s h e e t  #14 i n  Volume 111. 

Step 1: I f  the  l o c a t i o n  of the  image on Mars i s  t o  be knowr, 
w i th in  3 km from an a l t i t u d e  of 969 km, the requi red  system 
poin t ing  accuracy i s  3 , 1  m i l l i r a d i a n s ,  o r  0.18 degrees .  

This p a r t i c u l a r  o r b i t  i s  descr ibed i n  

S tep  2: The ground r e s o l u t i o n  requi red  i n  the imagery may 
n o t  be the  same as the  requi red  r e s o l u t i o n  on the ground 
h o r i z o n t a l ,  i f  some inferences  of  v e r t i c a l  h e i g h t  d i f f e r e n c e s  
a re  t o  be made. For example, i f  v e r t i c a l  h e i g h t  d i f f e r e n c e s  
of one km are t o  be de t ec t ed  by measurement of shadow lengths  
produced by a s o l a r  z e n i t h  angle  i n  the range 60-75 degrees ,  
then the necessary  ground r e s o l u t i o n  i s  1 km x tan  60 o r  1 .73  
km. Thus i n  t h i s  design example, the  requi red  ground r e s o l u t i o n  
i s  determined by the  ver t ical  r e s o l u t i o n  d e s i r e d ,  r a t h e r  than 
the h o r i z o n t a l  r e s o l u t i o n .  

Step 3: For a ground r e s o l u t i o n  of 1 . 7 3  km and a minimum 
image ground s i z e  of 600 km, a minimum of 495 TV l i n e s  are 
requi red .  
a r y  curva ture  on the ground r e s o l u t i o n ,  b u t  i t  i s  u s e f u l  t o  

This estimate does n o t  account f o r  e f f e c t s  of p l ane t -  
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Table 6-4 

Image Spec i f i ca t ions  and O r b i t  Parameters 
f o r  Visua l  Surface Topography Imagery a t  Mars 

S p e c t r a l  Range 
Hor izonta l  Ground Resolut ion 
Vertical  Ground Resolut ion 
Minimum Image Ground Size 
$o la r  Zeni th  Angle 
Image P o s i t i o n a l  Accuracy 
Overlap 
Grey Scale  

Orb i t  Per iapse  A l t i t u d e  
Orb i t  Apoapse A l t i t u d e  
Orb i t  E c c e n t r i c i t y  
Orb i t  Inc 1 ina  t i o n  

5000-7500 
3km 
1 b  
600 km 
60-75 deg 
3 b  
2 0% 
6 b i t s  

969 km 
969 km 
0 
94.8 deg 
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compute a pre l iminary  estimate t o  ensure t h a t  TV systems might 
possess  the  necessary r e s o l u t i o n  c a p a b i l i t y  before  proceeding 
f u r t h e r  w i th  the system design.  The a n a l y s i s  of t e l e v i s i o n  
system design presented  i n  Volume I V  concludes t h a t ,  a t  the  
c u r r e n t  o r  nea r - fu tu re  s t a t e - o f - a r t ,  only about  3000 TV l i n e s  
can be provided f o r  o p e r a t i o n a l  imagery of a low-contrast  
p l ane ta ry  scene. I f  g r e a t e r  than 3000 l i n e s  are r equ i r ed ,  f i l m  
systems should be considered. 

Step 4 :  
l ength  of 600 km subtends an ha l f - ang le  of 0.089 r ad ians  a t  the  
p l a n e t ' s  cen te r .  Since t h i s  va lue  i s  less than 0,1 r ad ian ,  t he  

Using a Mars r a d i u s  of  3380 km, a g r e a t - c i r c l e  arc 

simpler formula f o r  the camera ha l f -angle  f ie ld-of-view may be 
used t o  f i n d  the  ha l f -angle  is 1 7  degrees.  

S tep  5: 

S tep  6: 
hence 575 TV l i n e s  are requi red  t o  achieve a ground r e s o l u t i o n  
of 1 . 7 3  km over a 600 x 600 km a r e a .  (Compare wi th  Step 3 above.) 

Step 7:  Using 575 TV l i n e s  an.d a view ha l f -angle  of 1 7  degrees ,  
the  o p t i c a l  system i s  r e so lu t ion - l imi t ed  t o  0 , 3 4  c m  diameter o r  
l a r g e r ,  The equat ion shown i n  t h i s  s t e p  of  the s c a l i n g  l a w  
c h a r t  presumes t h a t  the  o p t i c a l  system l e n s  must be a t  least  
five t i m e s  l a r g e r  than the c l a s s i c a l  d i f f r a c t i o n  l i m i t .  For such a 
d i s t o r t i o n - f r e e  l e n s ,  the  modulation t r a n s f e r  func t ion  has  a 

The camera f ie ld-of-view i s  34 by 34 degrees.  

I n t e r p o l a t i n g  from Table 6-1, rb/ro i s  1.16,  and 

va lue  of about 0 . 7 8 .  The c u r r e n t  s t a t e - o f - a r t  l i m i t s  the  l e n s  
diameter t o  something on the order  of two meters o r  less. 

Step 8 :  
neg lec t ing  Mars' r o t a t i o n .  Since the o r b i t  i n c l i n a t i o n  i s  
94,8  degrees ,  the  maximum ground speed i s  es t imated  t o  be 2.47 
km/sec when the e f f e c t  of p l a n e t  r o t a t i o n  i s  accounted f o r .  
a c i r c u l a r  o r b i t ,  the  camera does n o t  have a ver t ica l  v e l o c i t y  
component. The express ion  shown f o r  t he  v e r t i c a l  speed g ives  
the  maximum v e r t i c a l  speed experienced by the  spacec ra f t  during 

The apparent  camera ground speed i s  2 , 4 4  km/sec, 

For 
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o r b i t a l  manuever. I f  the imaging system i s  n o t  opera t ing  a t  the  
t i m e  of maximum ver t ica l  speed, a lesser value f o r  the v e r t i c a l  
speed may be used, as discussed i n  Volume I V .  Usually,  i t  i s  
adequate t o  cons ider  only the maximum v e r t i c a l  speed, 

Step 9: 
motion compensation (IMC) i s  n o t  provided, and about 2 . 3  seconds 

The maximum exposure t i m e  i s  0.23 seconds i f  image 

- i f  IMC i s  provided. The design equat ions  given in  the s c a l i n g  
l a w  c h a r t  presume t h a t  an image smear equivqlen t  t o  one-half 
r e s o l u t i o n  element i s  acceptab le .  A s  shown i n  Volume I V ,  t h i s  
corresponds t o  a va lue  o f  0.64 f o r  the image motion modulation 
transfer func t ion .  I n  p a r t i c u l a r ,  one- th i rd  of  a r e s o l u t i o n  
element i s  a l l o c a t e d  f o r  apparent  t r a n s l a t i o n a l  motion, end 
one-s ix th  an element f o r  r o t a t i o n a l  motion (Step /,21), The IMC 
r e s u l t  i s  p red ica t ed  on c o r r e c t i o n  f o r  n i n e t y  pe rcen t  of the  
apparent  scene h o r i z o n t a l  v e l o c i t y .  

Step 10: The s i z e  and type of TV image tube may be s e l e c t e d  
using Figure 6-6. The d a t a  shown i n  the  f i g y r e  were est imated 
by assuming t h a t  a va lue  of 0.35 i s  requi red  f o r  t he  image tube 
modulation t r a n s f e r  func t ion ,  as measured a t  the  co rne r s  of the 
image format,  This  va lue  i s  consis tent :  w i th  a va lue  of 0.64 
f o r  the  image motion MTF (modulation t r a n s f e r  func t ion ) ,  a value 
o f  0.78 f o r  the lens MTF, an apparent  scene c o n t r a s t  of 1*6:1, 
and a va lue  of 0,04  f a r  the  imaging system MTF. 
shows t h a t  a two-inch diameter v id icon  tube w i l l  n o t  q u i t e  
provide the d e s i r e d  r e s Q l u t i o n  (575 l i n e s ) ,  while  the  2'' RBV 
has more than adequate r e s o l u t i o n .  Actua l ly ,  the  method of 
a n a l y s i s  used he re  i s  n o t  s u f f i c i e n t l y  accu ra t e  t o  e l imina te  
the  2" vid icon  from cons ide ra t ion ,  b u t  the  2" RBV provides  
2500 TV l i n e s  under the  ope ra t iona l  condi t ions  Considered he re .  
This  increased  c a p a b i l i t y  may be used t o  provide a l a r g e r  image 
ground s i z e  o r  b e t t e r  ground r e s o l u t i o n .  The choice i s  a t  the  
d i s c r e t i o n  of the system designer .  In  the  case considered he re ,  
use of a 2" RBV w i l l  provide a ground r e s o l u t i o n  of 400 meters 

F igure  6-6 
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over a 600 x 600 km a r e a , o r  a ground r e s o l u t i o n  of 1.73 km over 
a 1500 x 1500 km area. Of course,  in te rmedia te  combinations 
are a l s o  a v a i l a b l e .  
an e l l i p t i c  o r b i t  i s  des i r ed .  Assuming that such a device w i l l  
provide f o c a l  l eng ths  which can be ad jus t ed  over a f i v e - f o l d  
range, the camera tube r e s o l u t i o n  c a p a b i l i t y  can be  e f f i c i e n t l y  
used over  a f i v e - f o l d  range i n  imaging a l t i t u d e .  QE course,  t he  
zoom lens subsystem adds weight,  volume, and power requirements 
t o  the b a s i c  imaging system, i n  a d d i t i o n  t 0  inc reas ing  o p t i c a l  
system transmission l o s s e s .  Imaging a 1500 x 1.500 km area from 
the selected o r b i t  r e q u i r e s  a camera Tield-of-view 95 70 by 70 
degrees ,  and a t  t h i s  f ie ld-of -v iew and 2500 TV l ines ,  the re- 
so lu t ion - l imi t ed  l e n s  diameter (Step #7) i s  0.65 cm. From 
Figure 6-7, the image s i z e  on the face  of a 2" RBV i s  about  23 
m i l l i m e t e r s  square,  Thus the f o c a l  l e  t h  i s  16 mill imeters,  
and the  re la t ive a p e r t u r e  s top  must be 
t a b l e  i n  block 810 of t he  s c a l i n g  l a w  c h a r t  shows t h a t  f o r  a 
500 mv f i l t e r  ( requi red  i f  the s p e c t r a l  range i s  t o  be $000 - 
7500 A ) ,  the  f i l t e r  f a c t o r  i s  3.7. 

Step 11: For a 75 degree s o l a r  z e n i t h  angle ,  the  scene photo- 
metric func t ion  i s  approximately 0.06 (assuming the  Martian 
su r face  has a photometric func t ion  similar t o  t h a t  of  the  Moon), 
and hence the  scene luminance i s  es t imated as 48 foot- lamberts .  

S t e p  12: The t a b l e  i n  the lower  r i g h t  hand corner  o f  t he  
s c a l i n g  l a w  c h a r t  i n d i c a t e s  t h a t  a minimum f a c e p l a t e  i l lumina-  
t i o n  of 1 x foot-candle-see i s  r equ i r ed  f o r  an RBV tube. 
Assuming an o p t i c a l  system transmission of n i n e t y  pe rcen t  and 
an f / 2  a p e r t u r e  s t o p ,  the minimum exposure t i m e  i s  about  0.0014 
seconds. The minimum exposure t i m e  should be compared t o  the 
maximum t i m e s  es t imated i n  Step #9, I f  the  minimum t i m e  i s  n o t  
less than t h e  maximum t i m e ,  the  minimum time may be reduced by 
inc reas ing  the  l e n s  ape r tu re  o r  s e l e c t i n g  a more s e n s i t i v e  TV 
tube. I n  the  design example h e r e ,  the minimum exposure t i m e  of 

A zoom l e n s  may be u s e f u l  i f  imagery from 

/2 .5  o r  l a r g e r  
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0,0014 seconds i s  less than the maximum exposure t i m e  of 0.23 
seconds without  IMC and 2 . 3  secondsrwith 1 W C . s ~ ~ I f ~  the  minimum 
exposure tine w e r e  one second, an alternative t o  choosing a 
more s e n s i t i v e  tube o r  opening the  l e n s  waIild be t o  use INC. 
A l l  t h r e e  design a l t e r n a t i v e s  may have disadvantages.  As shown 
i n  Figure 6-6, a more s e n s i t i v e  tube may r e q u i r e  a l a r g e r  tube 
diameter ,  and hence a heavier  system, t o  provide adequate re- 
s o l u t i o n ,  Increas ing  the l e n s  a p e r t u r e  r e q u i r e s  a l a r g e r  l ens  
( s ince  the  f o c a l  length  i s  a l r eady  f ixed)  and may increase the  
system weight s i g n i f i c a n t l y .  U s e  of IWC w i l l  add abqut 15 
pounds t o  the system weight and about 15 w a t t s  t o  t h e  system 
power requirement.  I n  the c u r r e n t  design example, these  a l te r -  
n a t i v e s  are n o t  p e r t i n e n t  and an exposure c i m e  of 0.01 seconds 
may be r a t h e r  a r b i t r a r i l y  se l ec t ed .  

- Step 13: 
the  l o w e r  r i g h t  hand corner  of the s c a l i n g  l a w  c h a r t ,  the  s igna l -  
t a -noise  r a t i o  i s  found t o  be about ten .  The numerical  GO- 
e f f i c i e n t  i n  the formula shown i n  the s c a l i n g  l a w  c h a r t  requires 
t h a t  the  format s i z e  -!, be i n  m i l l i m e t e r s .  
r a t i o  computed i n  t h i s  design s t e p  regards  the  s i g n a l  as the 
d i f f e r e n c e  i n  b r igh tness  o r  i n t e n s i t y  between two ad jacen t  
image r e s o l u t i o n  elements d i f f e r i n g  by one shade o f  g rey ,  and 
the no i se  as due t o  the inhe ren t  s t a t i s t i c a l  e r r o r  i n  phQton 
de tec t ion .  Noise con t r ibu ted  by the system e l e c t r o n i c s  and the  
image tube i s  n o t  considered. That i s ,  t he  s igna l - to-noise  
r a t i o  computed here  i s  t h a t  of an i d e a l i z e d  imaging system. A 
s igna l - to-noise  r a t i o  of t h r e e  i s  regarded as t he  minimum 

Using the va lues  of M and q f a r  an RBV tube given i n  

The s igna l - to-noise  

acceptab le  value f o r  adequate image i n t e r p r e t a t i o n .  Usual ly  
the most convenient way t o  inc rease  the s igna l - to-noise  r a t i o  
i s  t o  decrease the f-number o r  i nc rease  the  exposure t i m e ,  This 
design i t e r a t i o n  loop i s  ind ica t ed  by the dashed l i nes  i n  the 
log ic  diagram. 
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Step 14: The e f f e c t i v e  l e n s  o r  o p t i c a l  system diameter i s  
simply the  f o c a l  l eng th  divided by the f-number. For the  de- 
s ign  example considered he re ,  the  l e n s  diameter i s  8 m i l l i m e t e r s .  
The maximum permissable l e n s  diameter i s  t a k t n  as about two 
meters wi thout  g r o s s l y  exceeding the c u r r e n t  s t a t e - o f - a r t .  

Step 15: For a 2" camera tube,  the imaging system weight i s  
about 32 pounds. Addi t iona l  weight i s  requi red  f o r  imaging 
systems using o p t i c a l  systems l a r g e r  than t e n  cm diameter,  zoom 
lenses ,  o r  IMC. 

Step 16: For a 2" camera tube, the imaging system volume i s  
est imated as 1100 cubic  inches ,  o r  about 0.65 cubic feet .  A s  
wi th  the  system weight ,  a d d i t i o n a l  support  (volume, i n  t h i s  
case) i s  r equ i r ed  f o r  systems using l a r g e  o p t i c s ,  zoom lenses ,  
o r  IMC. It i s  presumed he re  t h a t  t he  zoom l e n s  f o c a l  length  i s  
c o n t r o l l e d  by d a t a  from an on-board r ada r  altimeter weighing 
25 pounds, of s i z e  10 x 10 x 10 inches ,  and consuming t en  w a t t s  
of power. I f  i n s t e a d  the zoom lens i s  preprogrammed, o r  under 
some o t h e r  means of c o n t r o l ,  the  r ada r  alt imeter may be omitted.  

I 

Step 17: The dimensions of  a t e l e v i s i o n  imaging system may 
be t a i l o r e d  t o  f i t  a v a r i e t y  of aeeomodations. However; one 
l i n e a r  dimension i s  cons t ra ined  t o  be somewhat l a r g e r  than the 
sum of the camera tube length  and the f o c a l  length ,  whi le  the  
o the r  two dimensions must exceed the  l a r g e r  of the  camera tube 
diameter o r  the  o p t i c s  diametero Figure 6-8 shows how camera 
tube l eng th  varies wi th  the  diameter of the  camera tube ,  in -  
dependengly of the  type of tube. Thus, f o r  the i l l u s t r a t i v e  
example eonsidered he re ,  the  2'' RBV camera tube i s  about t e n  
inches long, Adding one inch  f o r  the  f o c a l  length  (16 m i l l i -  
meters) , t he  imaging system dimensions must exceed approximately 
11 x 2 x 2 inches.  
g r e a t l y  exceeds the  volume obtained by mul t ip ly ing  toge ther  
these  system dimensions. This  simply means t h a t  g r e a t  l a t i t u d e  
i s  a v a i l a b l e  in designing the shape of the imaging system\ 

The volume es t imated  above i n  Step #16 
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1 

package.. That i s ,  t he  t o t a l  system volume i s  about 1100 cubic  
inches;  one dimension must exceed 11 inches ,  the o t h e r  two 
dimensions must each exceed two inches.  

Step 18: The imaging system average power requirement i s  
es t imated as 32 w a t t s  f o r  a 2" camera tube. Note t h a t  addi t ion-  
a l  power i s  requi red  f o r  a zoom o r  IMC c a p a b i l i t y .  

Step 19: The cyc le  t i m e ,  o r  image i n t e r v a l  t i m e ,  depends upon 
the image ground s i z e ,  image overlap along the  heading l i n e  o r  
s u b s a t e l l i t e  t r a c k ,  and the apparent  ground speed of  the sensor .  
For the  design example, using a 1500 km image ground s i ze  and 
twenty percent  over lap ,  the cyc le  t i m e  i s  about 180 seconds, o r  
thre'e minutes ,, 

Step 20: For 64 shades of grey,  s i x  b inary  b i t s  pe r  r e s o l u t i o n  
element are requi red .  Thus, the  da ta  a c q u i s i t i o n  rate i s  about 
3.8 x 10 bits/Becond. Actua l ly ,  t h i s  i s  the  rate a t  which d a t a  
must be removed from the imaging system and placed i n  a d a t a  
s torage  o r  t ransmission subsysltem, s ince  the  d a t a  cannot be 
s to red  longer  than about 100 seconds on the  camera tube without  
l o s s  of  information.  
t i m e  i s  180 seconds, the d a t a  m y s t  be dumped i n  100 seconds. 
I f  the cyc le  t i m e  i s  less than 100 seconds, a 0.1 second i n t e r -  
val  should be allowed f o r  prepar ing  the camera tube (e ras ing  
the previous image). For image o r th i con  o r  SEC vid icon  camera 
tubes,  t he  image s torage  t i m e  on the camera tube can be as long 
as d e s i r e d ,  t h a t  i s ,  the t i m e  used i n  computing the  d a t a  acqui- 
s i t i o n  ra te  should be e s s e n t i a l l y  the  cyc le  t i m e .  For pseudo- 
co lo r  imagery, i n  which th ree  images of  ve ry  n e a r l y  the  same 
scene are procured through a b l u e ,  green,  and red  f i l t e r ,  t h ree  
images are acquired during each cyc le  t i m e ,  and the  d a t a  ac- 
q u i s i t i o n  ra te  i s  computed accordingly.  

Step 21: Platform stability requirements are based on 

5 

That i s ,  even though the  image i n t e h a l  

L 

res t r i c  t i n g  
p i t ch ing  o r  
compensated 

the apparent  image motion. It i s  assumed t h a t  
r o l l i n g ,  b u t  n o t  yawing, can be n i n e t y  percent  
f o r  by IMC,  Thus f o r  the  i l l u s t r a t i v e  des ign ,  
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considered he re ,  which does n o t  prcwide an TMC c a p a b i l i t y ,  
the al lowable yaw r a t e  i s  est imated as 0.038 r ad ians / sec ,  o r  
about 2 degrees /sec ,  while the  allowable p i t c h  o r  r o l l  rate i s  
es t imated  as 0.030 r ad ians / sec ,  o r  about 1 . 7  degrees/sec.  These 
estimates are based on an al lowable image smear of one-s ix th  a 
r e s o l u t i o n  element,  due t o  sensor  system r o t a t i o n ,  and f u r t h e r ,  
t h a t  t he  r o t a t i o n a l  e f f e c t s  are n o t  a d d i t i v e .  

Table 6-5, taken from Volume V ,  summarizes the  support  
requirements es t imated  f o r  t h i s  i l l u s t r a t i v e  design example. 

6 . 3  Film Camera Systems 

and s c a l i n g  l a w s  f o r  f i l m  camera systems. Not s u r p r i s i n g l y ,  
F igures  6-9 and 6-10 summarize the design procedure 

they are ve ry  similar t o  those presented  i n  the previous s e c t i o n  
f o r  t e l e v i s i o n  systems. Since the Lunar O r b i t e r  photographic 
system i s  the  only  space f i l m  system, s u i t a b l e  f o r  unmanned 
ope ra t ions ,  f o r  which o p e r a t i o n a l  d a t a  i s  a v a i l a b l e  , the scal- 
ing l a w s  have been der ived  from aer ia l  reconnaissance camera 
d a t a  and have then been modified t o  fo rce  agreement w i t h  Lunar 
Orb i t e r  d a t a  and o t h e r  d a t a  der ived  from o r b i t a l  mission design 
s t u d i e s .  I n  o t h e r  words, the  f u n c t i o n a l  dependence of the 
camera system support  requirements upon the camera des ign  para- 
meters and the  system c a p a b i l i t i e s  has  been deduced from an 
a n a l y s i s  of aer ia l  reconnaissance camera c h a r a c t e r i s t i c s ,  bu t  
the numerical  s e a l i n g  c o e f f i c i e n t s  are based on admi t ted ly  
sparse  d a t a  appropr i a t e  t o  space hardware, A complete der iva-  
t i o n  and explana t ion  of the  s c a l i n g  l a w s  i s  provided i n  Vslume 
IV, An example design i s  presented  he re  t o  i l l u s t r a t e  t h e  
procedure. 

v i s i o n  experiment j u s t  p resented ,  except  t h a t  s t e r e o  p a r a l l a x  
i s  used t o  provide v e r t i c a l  he igh t  information.  Thus the  s o l a r  
i l l umina t ion  angles  d e s i r e d  are d i € f e r e n t  from the  te lev is ion  
experiment i n  which ver t ical  h e i g h t  d i f f e r e n c e s  were t o  be 

The design example used he re  i s  similar t o  the  te le-  
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Table 6-5 

Sample Experiment Support Requirements 
f o r  a Telev is ion  Imaging System 

PLANET: Mars 

OBSERVABLE: Surface Topography ( reg iona l )  

Patnily NO. 8b 

TV TYPE: 2-inch RBV (shadowing) 

ORBIT: Data Sheet Number..... ................. 14 
Periapse/Apoapse A l t .  (km) ............ 969/969 

Imaging A l t i t u d e  Range (km)..,  ........ 969 
I n c l i n a t i o n  (deg)o...o........O..o.eaa 95 

Imaging On-Time (min) .................. 45 

Max. Ground Resolu t ion  (km) ........... 3 (1 vert . )  
P o s i t i o n a l  Accuracy (km). ............. 3 

Aperture  Stop ......................... f / 2  
Exposure Time (sec)..O.O.............. 0.01 
Cycle Time ( s e c )  ....................... 490 

IMAGE: Minimum Image Width ( k m ) * e o . .  ......... 600 

CAMERA: Focal  Length ( m m ) . . . . . . o . . . o . . . . . . ~ . . .  16 

Signal- to-Noise R a t i o . O . . . . O . . O O . O O . . .  10 

SUPPORT REQUIREMENTS: 
F i e l d  of V i e w  (deg) .o . . . . . . .~ . . . . .o , , ,  70 x 70 
Po in t ing  Accuracy ( d e g ) . . . . O . . O . . . o O . .  0.18 
Camera Volume (cu .  f t . ) O . o . .  0.65 
Max. Roll/Yaw Rate (deg / sec ) .  1.712.2 

32 Opera t ing  Power (wat t s )  
Data R a t e  ( b i t s / s e c )  .................. 3.8  x 10 
Camera Weight (lbs)....O...O.....O.... 32 

.......... 
............... 

5 

I 
COMMENTS: 

i n  f i v e  days.  
ground r e s o l u t i o n  of 1 . 7  km permit t ing;  d e t e c t i o n  of vertical  
he igh t  d i f f e r e n c e s  of 1 km by shadow measurements. 

This  sun-synchronous o r b i t  provides  74% coverage 
Image s i z e  used i s  150.0 x 1500 km wi th  
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i n f e r r e d  from measurement of shadow lengths .  The image spec i -  
f i c a t i o n s  and o r b i t  parameters f o r  the i l l u s t r a t i v e  design 
problem are given i n  Table 6-6. The s e l e c t e d  o r b i t  i s  similar 
to  t h a t  used i n  the t e l e v i s i o n  example, and i s  more f u l l y  de- 
s c r ibed  by o r b i t  d a t a  shee t  #5 i n  Volume 111. 
been s e l e c t e d  t o  provide s i x t y  percent  overlap a t  the  minimum 
image ground ' s ize ,  
imagery obtained from the n t h  and the  n 3. 10th  o r b i t ,  the  
long i tud ina l  displacement be tween the  two o r b i t  ground t r a c e s  
being 240 km a t  the Mars equator .  This  mode of ob ta in ing  the 
s t e r e o  coverage i s  r e f e r r e d  t o  i n  Volume V a s  "side s tereo",  
the a l t e r n a t i v e  mode of ob ta in ing  s i x t y  percent  overlap along 
the s u b s a t i l l i t e  pa th  i s  r e f e r r e d  t o  a s  "forward s tereo".  

The o r b i t  has 

Stereo coverage i s  obtained by viewing 

S tep  1: As wi th  the  t e l e v i s i o n  systems, the  r equ i r ed  po in t ing  
accuracy i s  simply the  image ground p o s i t i o n a l  accuracy d iv ided  
by the  imaging system a l t i t u d e ,  g iv ing  3 m i l l i r a d i a n s ,  o r  0.17 
degrees ,  i n  t h i s  case, 

Step, 2:  
the ground r e s o l u t i o n  requi red  t o  i n f e r  he igh t  d i f f e r e n c e s  of 

one ki lometer  'by measurement o f  s t e r e o  p a r a l l a x  i s  sbout  260 

For the  minimum image ground s i z e  o f  600 by 600 km, 

meters, 

An es t ima te  of the r equ i r ed  number o f  l i n e s  per  image 
ined by d iv id ing  the image ground s i z e  by the  requi red  

ground. r e s o l u t i o n .  
This i s  an underestimate because p l a n e t a r y  curva ture  ef 
not considered. Comparison w i t h  t he  t e l e v i s i o n  s c a l i n g  laws 

go n e a r l y  3600 l i n e s ,  which i s  beyond the  r e s o l u t i o q  
of  Current ly  a v a i l a b l e  t e l e v i s i o n  imaging systems, 

Thus approximately 2500 l i n e s  are requ i r ed .  

t ind lus ion  of t he  K e l l  f a c t o r  i nc reases  t h e  estimate 

Since the image ha l f - ang le  subtended a t  the p l  
i s  less thqn 0,l r a d i a n s ,  the  e f f e c t s  of p l a n e t a r y  

curva ture  on computing the f ie ld-of-view may be neglec ted .  The 
camera ha l f -angle  f ie ld-of-view i s  then approximately 16,8 degreea,  
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Table 6-6 

i 

Image S p e c i f i c a t i o n s  and, O r b i t a l  Parameters f o r  
Visua l  Surface Zopagraphy Stereo  Imagery a t  Mars 

Spec t r a l  Range 
Hor izonta l  Ground Reeolution 
V e r t i c a l  Ground Reqolution 
Minimum Image Ground S i z e  
Solar  Zenl th  Angle 
Image P o s i t i o n a l  Accuracy 
Overlap (Forward) 
Grey Scale 

Orbit Periapse A l t i t u d e  
Orb i t  Apoapse A l t i t u d e  
Orb i t  Ee c en tr i c  i t y  
Orb i t  Inc Sina t i o n  
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5000-7500 A 
3 k m  
1 k m  
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f o r  a 600 x 600 km image s i z e .  Including the  e f f e c t s  of p l ane t -  
a r y  curva ture  would r e s u l t  i n  a ha l f -angle  of 1 6 . 6  degrees ,  

Step, 5 ;  
degrees e 

The camera minimum f ie ld-of -v iew i s  about 33 by 33 

Step 6 :  With t h i s  f ie ld-of-view,  the ground r e s o l u t i o n  a t  the 
edge of the  f ie ld-of-view i s  degraded by a f a c t o r  of 1 , 1 6  com- 
pared t o  the ground r e s o l u t i o n  a t  the s u b s a t e l l i t e  p o i n t .  Thus 
2900 l i n e s ,  r a t h e r  than the 2500 l i n e s  es t imated  above, are 
r equ i r ed .  

Step , ,7 : 
v i e w  of ha l f -angle  16.8 degrees r equ i r e s  an o p t i c a l  system no 
l e s s  than 1 .76  cm i n  diameter.  A s  with  the t e l e v i s i o n  sca l ing  
laws, t h i s  corresponds t o  a diameter f i v e  t i m e s  the  c l a s s i c a l  
d i f f r a c t i o n  l i m i t  and impl ies  a va lue  of about 0.78 f o r  the 
l ens  modulation t r a n s f e r  func t ion .  

Step 8: The o r b i t  semi-major a x i s  i s  4374 km, and the ground 
speed of the s u b s a t e l l i t e  p o i n t  i s  2.42  km/sec, neg lec t ing  
p l a n e t  r o t a t i o n .  Since the o r b i t  i n c l i n a t i o n  i s  94.9  degrees ,  
and the  e q u a t o r i a l  speed of p l a n e t  r o t a t i o n  i s  0.24 km/sec, the 
maximum apparent  ground speed i s  est imated t o  be 2.45  km/sec. 
For a c i r c u l a r  o r b i t ,  the  v e r t i c a l  speed of the  imaging system 
vanishes  

A r e s o l u t i o n  c a p a b i l i t y  of 2900 l i n e s  i n  a f i e l d - o f -  

Step 9: 
exposure t i m e  i s  0.033 seconds without  IMC (image mgtion compen- 
s a t i o n )  o r  0 . 3 3  seconds w i t h  IMC. J u s t  as with the  t e l e v i s i o n  
sca l ing  laws, these  exposure t i m e  c o n s t r a i n t s  a r e  based on a 
maximum image smear of one-third a r e s o l u t i o n  element f o r  smear 
a r i s i n g  from an apparent  h o r i z o n t a l  movement of the scene. One- 
s i x t h  a r e s o l u t i o n  element smear i s  presumed t o  ar ise  from 
r o t a t i o n  of the imaging system (see Step #21); the t o t a l  image 
smear of one-half a r e s o l u t i o n  element corresponds t o  a value 
of about 0.64  f o r  the image motion modulqtion t r a n s f e r  func t ion .  

For a ground r e s o l u t i o n  of 240 meters ,  the  maximum 
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Step 10: Table 6-7 p re sen t s  va r ious  f i l m  c h a r a c t e r i s t i c s  
p e r t i n e n t  t o  system design. I n  p a r t i c u l a r ,  the t o t a l  number of 
l i n e s  pe r  frame may be used t o  select  a t e n t a t i v e  f i l m  s i z e .  
The number of l i nes  p e r  frame shown i n  the t a b l e  correspond t o  
the number a f  l i n e s  pe r  m i l l i m e t e r  providing a va lue  of  about 
0.35 f o r  the product  of the  f i l m  modulation t r a n s f e r  func t ion  
and the f l y i n g  spo t  scanner modulation transfer func t ion  (the 
scanner i s  assumed t o  have a five micron scanning beam). The 
t r a n s f e r  f u n c t i m s  are given i n  Volume EV. Thus the  product  of 
the t r a n s f e r  func t ions  f o r  the  f i l m ,  scanner ,  o p t i c s ,  and image 
motion i s  about 0.17. For an apparent  scene c o n t r a s t  of 1.6:1,  
the imaging system modulation t r a n s f e r  func t ion  has  a va lue  of 
about 0.04, which i s  assumed he re  t o  be the  minimpn acceptab le  
va lue .  Of course ,  i f  the o p t i c a l  system diameter s u b s t a n t i a l l y  
exceeds t h a t  computed i n  Step 8 7 ,  o r  i f  the exposure t i m e  i s  
s u b s t a n t i a l l y  less  than t h a t  computed i n  Step #9, t he  system 
tcansfer may be s i g n i f i c a n t l y  more than 0.04 a t  the necessary 
re s o l u t i o n  

Refer r ing  t o  Table 6-7, 70 mm SO-243 f i l m  provides  
9,300 l i n e s  pe r  frame (image), while  on ly  2900 l i nes  p e r  frasne 
a r e  requi red .  Assuming the re  i s  s u f f i c i e n t  scene luminance, 
there i s  n o t  much p o i n t  i n  using a fas ter  f i l m  because a g r e a t e r  
amount of f i l m  r a d i a t i o n  s h i e l d i n g  would be requi red .  The 
system des igner  may u t i l i z e  the  excess  r e s o l u t i o n  c a p a b i l i t y  t o  
increase  the  image ground s i z e  o r  t o  improve the ground re- 
solution. Since an increased  ground s i z e  w i l l  i nc rease  the 
image c y c l e  t i m e  and hence reduce the d a t a  a c q u i s i t i o n  ra te ,  

is procedure has  been u s u a l l y  followed i n  e s t ima t ing  f i l m  
system support  requirements.  For s t e r e o  coverage , the  image 
ground s i z e  c o n t r o l s  the ground r e s o l u t i o n  f o r  a l l  image s i z e s  
l e s s  than Hrh/(Oe4rv) 
the number of l i n e s  r equ i r ed  i s  independent of image s i z e  
(except f o r  p l a n e t  curva ture  e f fec ts ) .  
coverage i s  r equ i r ed ,  i t  i s  g e n e r a l l y  i n e f f e c i e n t  t o  use any 

For any image s i z e  less than t h i s  va lue ,  

Therefore,  when s t e r e o  

a 
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Table 6-7 

F i l m  Speed 'and System Resolut ion 

Aerial Total Number of Lines p e r  Frame 
Film Expo su r  e 

S in 9% i n  

SO-243 1 . 6  0.037 9300 16500 33000 
3404 1 . 6  0 .022 9200 16400 0 
W-230 6 0.022 9200 16400 32800 
SO-206 6 0 .022 8300 14700 29400 
50-226 6 0 .032 8300 14700 29400 

I_ 8100 14500 29000 SO-130 20 
3400 20  0.022 7700 13700 2 7400 
SO-136 20 0 .033 7700 13700 2 7400 
so-102 64 -- 7 600 13600 27100 

Type Index $E:%:.!t) c 70 mm - 
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image ground s i z e  less than Hrh/(0.4rv). 
under cons ide ra t ion ,  t h i s  l i m i t i n g  image s i z e  i s  7,455 km. A t  
t h i s  image s i z e ,  a ground r e s o l u t i o n  of  3 km would enable  de- 
duct ion of ver t ica l  h e i g h t  d i f f e r e n c e s  of l km and (neglec t ing  
su r face  curva ture)  on ly  2,485 l i n e s  pe r  frame would be requi red .  
However, s i n c e  the r a d i u s  of Mars i s  only 3,380 km, su r face  
Curvature effects  are important f o r  such l a r g e  image ground 

For the experiment 

sizes., 
by the f i l m  c a p a b i l i t y ,  and i f  the image ground s i z e  i s  less 
than Hrh/ (0.4rv),  then the maximum acceptab le  va lue  of  r /ro 
i s  0.4 rvL/H. 
provides  9300 l i n e s  pe r  frame, hence r /r must be less than 
3.74 t o  permit  use of  ouch f i l m .  

Some i t e r a t i o n  wi th  Table 6-1 l eads  t o  the  conclu- 
s ion  t h a t  an image ground s i z e  o f  2300 by 2300 km comes c l o s e  
t o  u t i l i z i n g  a l l  the a v a i l a b l e  r e s o l u t i o n  c a p a b i l i t y  of 70 mm 
SO-243 f i l m .  For such an image ground s i z e ,  t he  ground r e so lu -  
t i o n  r equ i r ed  i s  about one km ( a c t u a l l y  0.93 km), the camera 
f ie ld-of-view i s  about  87  by 87  degrees ,  and the minimum o p t i c s  
diameter i s  about 1.8 cent imeters .  The maximum exposure t i m e  
i s  increased  t o  about  0.13 sec wi thout  IMC and 1 . 3  sec wi th  
EMC. This  type of i t e r a t i o n  i s  n o t  shown on the l o g i c  diagram 
because i t  i s  only app l i cab le  t o  s t e r e o  experiments w i th  l a r g e  
i m g e  ground s i z e s .  

64 by 64 m i l l i m e t e r s  fo'r 70 mm f i l m ,  hence the o p t i c s  f o c a l  
length  i s  about 34 m i l l i m e t e r s .  The re la t ive a p e r t u r e  must be 
i n  the range f / l  t o  f /1 .9 .  To res t r ic t  the  s p e c t r a l  range t o  
above 5000 A ,  a f i l t e r  should be used, and the appropr i a t e  
f i l t e r  f a c t o r  i s  about  1.8. 

It can be shwon t h a t  i f  L l i n e s  pe r  frame are provided 

d 
For t h i s  example problem, 70 mm SO-243 f i l m  

d o  

To proceed wi th  Step # l o ,  the image format s i z e  i s  

Step 11: For a s o l a r  z e n i t h  angle  of twenty degrees ,  t he  
su r face  photometric func t ion  i s  taken as 0.49, hence the mini- 

i 

mum scene luminance i s  about 400 foot- lamberts .  
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Step 12: Using an o p t i c a l  system transmission f a c t o r  of 0 , 9 ,  
an A E I  (aerial  exposure index) of 1.6 (from Table 6 - 7 ) ,  and a 
l ens  a p e r t u r e  of f/1.8, the  minimum exposure t i m e  i s  0.0057 
seconds. For design purposes,  an exposure t i m e  of 0.01 seconds 
may be se l ec t ed .  I f  the minimum exposure t i m e  exceeds the 
maximum exposure t i m e  (Step #9), e i t h e r  t he  ape r tu re  must be 
opended o r  a fas ter  f i l m  must be used. 
f / l  are no t  f e a s i b l e ,  while  use of a fas t  f i l m  reduces the 
r e s o l u t i o n  c a p a b i l i t y  and may r equ i r e  a l a r g e r  f i l m  s i z e ,  

Step 13:  
about 1 .9  cent imeters .  For l e n s  diameters l a r g e r  than about 
ten  Centimeters i n  the case of 70 mm f i l m  cameras, and about 
twenty cent imeters  i n  the case of  5 inch o r  9% inch f i l m  
cameras overs ize  o p t i c a l  systems must be used thereby inc reas ing  
the system weight and volume, 

Step 14: Because only ,a small area i s  i l lumina ted  a t  the 
proper s o l a r  z e n i t h  angle ,  a t  any one t i m e ,  g very  long t i m e  i s  
requi red  f o r  70 percen t  of Mars t o  be seen a t  the  proper  i l l u -  
mination. Orb i t  d a t a  shee t  #5 (p .24  i n  Volume 111) i n d i c a t e s  
t h a t  f o r  t h i s  experiment only 36 percent  of Mars can be imaged 
i n  the  f i r s t  55 days of the mission. There i s  then a 60 day 
wa i t ing  pe r iod  be fo re  new areas are p rope r ly  i l lumina ted .  To 
image 70 percent  of t he  p l a n e t  w i l l  r e q u i r e  418 days i n  o r b i t .  
For the  i n i t i a l  36 percen t  coverage, a f i l m  length  of 7 fee t  
i s  r equ i r ed ,  assuming 60 percent  s i d e  over lap  and 20 percen t  
forward overlap 

Step 15: Stmee IMC i s  n o t  r equ i r ed ,  the b a s i c  system weight 
i s  18 + 0.56 ( 2 , 7 6 ) 2  + 0.199 (1.9)’ o r  23 pounds. From Table 
6 - 7 ,  the f i l m  weighs 0.037 l b s / s q . f t .  Since the processing 
material weighs about 0.04 l b s / s q . f t .  of processed f i l m ,  the  
t o t a l  f i l m  and processing weight i s  0.077 l b s / s q . f t ,  o r  about 
0.12 pounds f o r  7 f e e t  of 70  mm f i lm .  Figure 6-11 shows t h a t  
approximately one pound of sh i e ld ing  i s  requi red  f o r  70 mm 

Apertures  of less than 

For an f /1 .8  34 mm lens,  the l e n s  diameter must be 
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SO-243 f i l m  f o r  a mission dura t ion  of 330 days., The f l i g h t  
t i m e  t o  Mars i s  given i n  Volume IIL as about 286 days (1984 
oppor tuni ty) ,  so t h a t  341 days are requ i r ed  t o  complete the  
i n i t i a l  36 pe rcen t  coverage. The s h i e l d i n g  weight i s  pro- 
p o r t i o n a l  t o  the  mission du ra t ion ,  so the estimate obtained 
from Figure  6-11 should be mul t ip l i ed  by 341/330. 
t h i s  f a c t o r  i s  n e a r l y  u n i t y  and may be ignored., The sh ie ld ing  
weight i s  a l s o  p ropor t iona l  t o  the f i l m  speed and i s  assumed 
t o  be i n v e r s e l y  p ropor t iona l  t o  the  p l ane t !  s d i s t a n c e  from the 
Sun, The f i g u r e  assumes an AEI  of 1 .6  and a h e l i o c e n t r i c  d i s -  
tance of 1,52 AU. me , f o r  example, SO-130 f i l m  w i th  an  AEI  
of 20 is used on a 120 day mission t o  Mercury a t  0.39 AU, the 
s h i e l d i n g  weight obtained from Figure 6-11 should be m u l t i p l i e d  
by (20 x 120 x 1 ,52  x 1 , 5 2 ) / ( 1 , 6  x 330 x 0.39 x 0.39). The 
a d d i t i o n a l  weight,  volume and power requirement estimates 
appropr i a t e  when a l e n s  i s  added t o  the  system presume 
t h a t  a r ada r  altimeter i s  r equ i r ed  t o  proper ly  c o n t r o l  the l e n s  
f o c a l  l eng th ,  I f  overs ize  o p t i c a l  systems are employed, addi-  
t i o n a l  weight is r equ i r ed ,  For example, i f  a 20 cm diameter 
l ens  i s  employed wi th  a 70 mm camera system, an a d d i t i o n a l  
weight of 0.037 (20')2 or 15 pounds i s  involved. 

Step 16: The minimum s i z e  of a 70 mm camera system i s  8 x 7 
x 10 inches.  Since the f o c a l  l eng th  i s  about 1.3 inches ,  and 
assuming a minimum of seven feet  of f i l m ,  the camera system 
Length must be increased  by about 3.7 inches and the  depth 
increased  by about  2 , 6  inches.  The camera system s i z e  i s  then 
about 12 x 7 x 13  inches.  

I n  this  case, 

Step 17 :  The camera system volume i s  obtained from the l i n e a r  
dimensions as a oue %PO0 cubic inches ,  o r  about 0.63 cubic  feet .  

Step 18: The system average poyer requirement i s  36 watts f o r  
a 70 mm camera without  IMC0 

Step  19: For an image ground s i z e  of 2300 km, and a forward 
overlap of  20 pe rcen t ,  t he  cyc le  time i s  about 750 seconds. 
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S tep 20: Assuming s i x  b i t s  pe r  r e s o l u t i o n  element, t h e  d a t a  
a c q u i s i t i o n  rate i s  6 ,9  x PO I f  a forward overlap 
of 60 pe rcen t  i s  used, a s  would be appropr i a t e  f o r  ob ta in ing  
s t e r e o  coverage i n  the d i r e c t i o n  of f l i g h t  (lorward stereo),  the 
cyc le  t i m e  would decrease t o  375 sec, and hence the  d a t a  ra te  
would increase t o  1,4 x 10 b i t s / s e c ,  It may a l s o  be noted t h a t  
i f  the  excess  r e s o l u t i o n  c a p a b i l i t y  of SO-243 70 mm f i l m  were 
used s o l e l y  t o  improve the ground r e s o l u t i o n ,  the image ground 
s i z e  would be 600 km, the cyc le  t i m e  196 sec, and the  d a t a  ra te  

6 5 2.6 x 10 b i t s / s e c  r a t h e r  than 6.9 x 10 b i t s / s e c .  O f  course ,  
the  ground r e s o l u t i o n  would be about 75 meters. 

5 b i t s / s e c .  

6 

Step 21: 
the  same manner as f o r  t e l e v i s i o n  systems. I n  t h i s  case, the  
allowable yaw rate  i s  about 0 - 7 7  degrees /sec ,  while  t he  allow- 
a b l e  p i t c h  o r  r o l l  ra te  i s  about 0.89 degyees/sec. 

The p la t form s t a b i l i t y  requirements are est imated i n  

Table 6-8 summarizes the  support  requirements f o r  
the design example. 

6.4 I n f r a r e d  Scanning Systems 

scanning systems i n  s u f f i c i e n t  d e t a i l  t h a t  the experiment support  
requirements may be est imated.  Figure 6-13 summarizes the 
s c a l i n g  l a w s  which are used i n  the design procedure, and support  

Figure 6-12 i s  a l o g i c  diagram f o r  designing i n f r a r e d  

requirement es t imat ion .  
an a n a l y s i s  o f  c u r r e n t l y  a v a i l a b l e  equipment, o r  which could be 
a v a i l a b l e  as the  r e s u l t  of a s h o r t  development program. A com- 
p l e t e  d e r i v a t i o n  and d i scuss ion  i s  given i n  Volume I V ,  
procedure i s  i l l u s t r a t e d  he re  by a sample design aimed a t  
imagery of Mars su r face  thermal anomalies on a l o c a l  scale,  The 
image s p e c i f i c a t i o n s  and o r b i t a l  parameters a r e  given i n  Table 
6-9, The image s p e c i f i c a t i o n s  have been obtained from Table 4-1 
and the appropr i a t e  worth curves ,  That i s ,  t he  image s p e c i f i c a -  
t i o n s  r ep resen t  the minimum q u a l i t y  imagery which w i l l  s a t i s f y  
the s c i e n t i f i c  ob jec t ives .  The s e l e c t e d  o r b i t  i s  descr ibed by 

These s c a l i n g  l a w s  have been based on 

The 
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Table 6-8 

Sample Experiment Support Requirements 
for a Photographic Film System 

PLANET: Mars 

OBSERVABLE : Surface  Topography ( r e g i o n a l )  

Family No. 3a 

CAMERA: 70mm w i t h  SQ-243 f i l m  ( s i d e  s t e r e o )  

ORBIT: Data Sheet  Number.. .................. 5 
Periapse/Apoapse A l t .  (km) ........... 994/994 
I n c l i n a t i o n  (deg). .................... 95 

Imaging On-Time (min) ................ 15 
Imaging A l t i t u d e  Range (km) .......... 994 

IMAGE: Minimum Image S ize  (b). ............. 600 
Max, Ground Resolu t ion  ( k m ) . . . . . o o . . .  3 (1 vert.) 
P o s i t i o n a l  Accuracy (km) ............. 3 

CAMERA: Foca l  Length (mm) .................... 34 
Aper ture  Stop..  ...................... f/1.8 
Exposure T i m e  (sec) .................. 0.01 
Cycle T i m e  ( s e c ) .  .................... 750 
Length o f  Fi lm (ft) .................. 7 
Shie ld ing  Weight ( l b s ) .  .............. 1 

I SUPPORT REQUIREMENTS : 
F i e l d  of V i e w  (deg).o......o......... 87 x 87 
Poin t ing  Accuracy (deg). ............. 
Camera Volume (cu, f t . )  .............. 
Camera Shape ( f t ) . . . . e . e . . . . . . . . . o . . ~  
Max, Roll/Yaw Rate  (deg/sec)  ......... 0.89/0.77 
Operat ing Power (watts) . ,  ............ 
Data Rate ( b i t s / s e c )  ................. 609 X 10 

COMMENTS : 
Image s i z e  i s  2300 x 2300 kin w i t h  ground r e s o l u t i o n  of 

0.93 km. Film l e n g t h  based on 36% coverage which i s  achieved 
i n  55 days.  418 days are r e q u i r e d  f o r  7 0 L .  overage. Forward 
s t e r e o  would i n c r e a s e  d a t a  ra te  t o  1 . 4  x LO 8 , 268 



Table 6-9 

Image Spec i f i ca t ions  and O r b i t a l  Parameters f o r  
I n f r a r e d  Surface Thermal Anomaly Imagery at; Mars 

S p e c t r a l  Range 
Ground Resolut ion 
Minimum Image Ground S ize  
Solar  Zeni th  Angle 
Temperature Resolut ion 
Posi t ional .  Accuracy 
Maximum Acqu i s i t i on  T ime  
Grey Scale  

O r b i t  Per iapse  A l t t t u d e  
Orb i t  Apoapse A 1  t i tude 
O r b i t  I n c l i n a t i o n  
Mission Duration 
Imaging A l t i t u d e  

1-200 I.I 
0.2 km 
100 km 

2 deg K 
2 k m  
1 h r  
6 b i t s  

340 km 
33,809 km 
90 deg 
400 days 
340-370 km 
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o r b i t  d a t a  shee t  #35 i n  Volume 111. 

S,tep 1: 
e r r o r  on the  p l a n e t a r y  su r face  i s  5 .4  m i l l i r a d i a n s  o r  0.31 
degrees e 

Step 2: For a ground scan length  of 100 km, the scan half-  
angle  i s  8.4 degrees.  

From Table 6-1, r /ro i s  approximately 1.04, hence Step 3 :  
the requi red  angular  r e s o l u t i o n  i s  a b w t  0.52  m i l l i r a d i a n s  o r  
0 e 03 degrees 

Step 4 ;  The scanning system f ie ld-of-view i s  0.03 by 1 7  degrees ,  

St,ep 5 : 
about 1 2  cm. That i s ,  t he  o p t i c a l  system must be 1 2  cm diameter 
o r  l a r g e r  i f  the proper ground r e s o l u t i o n  i s  t o  be achieved a t  
a wavelength of 50 1-1. This va lue  i s  only an estimate s ince  the 
d e t e c t o r  and hence wavelength have n o t  y e t  been s e l e c t e d ,  bu t  i t  
does i n d i c a t e  t h a t  the experiment may be f e a s i b l e ,  To avoid 
scanning mi r ro r s  which a r e  beyond the c u r r e n t  s t a t e - o f - a r t ,  the  
o p t i c a l  system diameter should be l i m i t e d  t o  one meter. 

Step, 6 :  
apparent  speed of the  s u b s a t e l l i t e  p o i n t  a t  pe r i apse  i s  4.16 km/ 
sec ,  neg lec t ing  p l ane ta ry  r o t a t i o n ,  For a p o l a r  o r b i t ,  the  

The po in t ing  accuracy implied by an al lowable 2 km 

(6 

A t  a wavelength of 5 0  IJ., the d i f f r a c t i o n  l i m i t  i s  

The o r b i t  semi-major  a x i s  i s  20,455 b, hence the  

e f f e c t  of  p l a n e t a r y  r o t a t i o n  i s  
ground speed t o  4 , 1 7  kmlsec. 

Step 7 :  A s  an i n i t i a l  design 
face  on the scanning mi r ro r  may 

t o  inc rease  the  maximum apparent  
~ 

s e l e c t i o n ,  one d e t e c t o r  and one 
be chosen. 

S tep  8: 
the  scanning mi r ro r  i s  146 r a d i a n s l s e c ,  

For p and m each u n i t y ,  the minimum r o t a t i o n  ra te  of 

S tep  9: The d e t e c t o r  response t i m e  must be less than  about 
1 e 8 microseconds 
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Step 10: Table 6-10 p resen t s  c h a r a c t e r i s t i c s  of s e l e c t e d  in- 
f r a r e d  d e t e c t o r s .  An i n i t i a l  d e t e c t o r  s e l e c t i o n  may be made on 
the b a s i s  of  response t i m e  and wavelength. For photon d e t e c t o r s ,  
i d e n t i f i e d  wi th  a P i n  the t a b l e ,  wavelengths s h o r t e r  than the 
value given i n  the t a b l e  can be  de tec ted .  A thermis tor  d e t e c t o r  
can be used a t  any wavelength i n  the i n f r a r e d ,  b u t  i s  l i m i t e d  t o  
a p p l i c a t i o n  where the  r equ i r ed  d e t e c t o r  response t i m e  i s  slower 
than 500 microseconds. ' The requi red  response t i m e  may be i n -  
creased by inc reas ing  the  number of d e t e c t o r s  o r  the number of 
f aces  on the  scanning mir ror .  If 50 d e t e c t o r s  are used ( ~ ~ 5 0 )  
and four  faces are used on the scanning mi r ro r  (m=4), the product 
pm i s  200 and the  response t i m e  can be increased  a f a c t o r  of 
2 0 0 ,  Since i t  i s  a l r eady  known (Step 115) t h a t  r e l a t i v e l y  l a r g e  
c o l l e c t i n g  o p t i c s  i s  r equ i r ed ,  the  system weight w i l l  i nc rease  
r a p i d l y  wi th  m l a r g e r  than 4 .  If m were 6, then. pm wQuld be 
300, and the  r equ i r ed  response t i m e  would be about  540 usee. 
That is, a l i n e a r  a r r a y  of 50 thermis tor  d e t e c t o r s  could be used 
i n  conjunct ion wi th  a s ix-s ided  scanning mir ror .  An altermative 
design approach, and one which would probably r e s u l t  i n  less 
demanding experiment support  requirements,  i s  simply t o  use a 
d e t e c t o r  w i t h  a f a s t e r  t i m e  response.  

Some cons ide ra t ion  must be given t o  CFe d e t e c t o r  
opera t ing  temperature and c u t o f f  wavelength. Operating tempera- 
t u r e s  of 295 deg K w i l l  r e q u i r e  no a d d i t i o n a l  weight f o r  cooling. 
Operating temperatures of 195 deg K w i l l  r e q u i r e  only a s m a l l  
amount of add i tona l  weight f o r  r a d i a t i v e  cool ing ,  while  opera t ing  
temperatures of 77 o r  23 deg K may r e q u i r e  a heavy cool ing  system. 
Operating temperatures of 4 deg K are probably un feas ib l e  f o r  
p l ane ta ry  o r b i t a l  missions ., Se lec t ion  of the opera t ing  wavelength 
depends upon the type of imagery des i r ed .  For d e t e c t i o n  of 
reflected s o l a r  energy, wavelengths longer than 2 . 5 ~  are use l e s s .  
For thermal imagery, t h a t  i s ,  d e t e c t i o n  of thermal energy emi t ted  
by the scene, the  s e l e c t i o n  of wavelength depends upon the  scene 
temperature. Since the amount of thermal power emi t ted  by a 
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sur face  inc reases  wi th  temperature,  a conserva t ive  system design 
w i l l  probably r e s u l t  i f  the design i s  based on the minimum scene 
temperature expected t o  be observed, This m i n i m u m  temperature 
varies from p l a n e t  t o  p l a n e t  and a l s o  depends upon whether 
atmospheric o r  su r f ace  phenomena are t o  be observed, E s t i m a t e s  
of these  temperatures are given i n  Table 6-11, Thus f o r  observing 
su r face  thermal anomalies a t  Mars, the minimum scene temperature 
expected i s  about 200 deg K. A t  t h i s  temperature,  the  peak of 
the b lack  body s p e c t r a l  emission curve w i l l  occur i n  t h e  v i c i n i t y  
of 1511, hence a d e t e c t o r  which can respond ou t  t o  15p should be 
se l ec t ed .  Table 6-10 i n d i c a t e s  t h a t  a heavy cool ing system w i l l  
probably be  requi red  f o r  any d e t e c t o r  ope ra t ing  a t  longer  than 
511 wavelength. Also a l l  t he  d e t e c t o r s  s e n s i t i v e  t o  t h i s  wave- 
length  reg ion  have s u f f i c i e n t l y  fas t  response t i m e s  (even the 
InSb d e t e c t o r  could be used wi th  two f aces  on the  scanning 
mi r ro r  car two d e t e c t o r s )  Thus a reasonable  d e t e c t o r  s e l e c t i o n  
appears to be t h a t  of aluminum - doped s i l i c o n  opera t ing  a t  
23 deg E(. 

Table 6-11 

E s t i m a t e s  of P l ane ta ry  Temperatures 

Minimum Minimum 
A t m o  s phe r i c  Surface Maximum 
Temperature Temperature Temperature 

Plane E Qdeg K) (deg K) (deg K)  

P O  

200 
150 
100 

120 
100 
550 
200 
150 

400 
600 
700 
300 
200 

Step 1;: The d e t e c t o r  s i z e  may be taken as 0 . 1  mm, t he  re- 
qui red  s igna l - to -no i se  r a t i o  as 3 ,  and the  o p t i c a l  system 
e f f i c i e n c y  as 80 pe rcen t .  For imagery of r e f l e c t e d  s u n l i g h t  the 
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s igna l - to-noise  r a t i o  should be 120 and t h e  o p t i c a l  system 
e f f i c i e n c y  may be increased  t o  85 percent .  The d i f f e r e n c e  i n  
s igna l -  to-noise  r a t i o  between thermal and s u n l i g h t  imagery 
arises from the  d e f i n i t i o n  of s i g n a l .  For. thermal imagery, the  
s i g n a l  i s  regarded as the  d i f f e r e n c e  i n  apparent  b r igh tness  
between two ad jacen t  scene r e s o l u t i o n  elements whose b r igh tness  
temperatures d i f f e r  by AT deg K,  where AT i s  t he  d e s i r e d  tern- 
e r a t u r e  resolut ion. ,  For imagery of i n f r a r e d  r e f l e c t i v i t y ,  t he  
s i g n a l  i s  regarded as the t o t a l  amount of energy de tec t ed  as 
being r e f l e c t e d  from a scene r e s o l u t i o n  element. To d e t e c t  
r e f l e c t i v i t y  d i f f e r e n c e s  of f ive pe rcen t  i n  a low c o n t r a s t  
scene, a h igh  s igna l - to-noise  r a t i o  i s  r equ i r ed ,  

Step 12: The system f o c a l  l eng th  i s  e a s i l y  es t imated  t o  be 
about 1 9  c m  f o r  a d e t e c t o r  s i z e  of 0 . 1 m  and an angular  
r e s o l u t i o n  of 0.52 m i l l i r a d i a n s .  

S tep  13: The equat ion shown i n  the  s c a l i n g  l a w  c h a r t  g ives  an 
estimate of the  minimum c o l l e c t o r  a p e r t u r e  diameter which w i l l  
focus enough energy upon the  d e t e c t o r  t o  s a t i s f y  t h e  s igna l - to -  
nose requirement.  Table 6-12 g ives  a p r e s c r i p t i o n  f o r  computing 
the q u a n t i t y  B which i s  needed i n  computing the c o l l e c t o r  d i a -  
m e t e r . ,  Ac tua l ly ,  the  t a b l e  g ives  B squared, and the  square r o o t  
must be taken be fo re  using the  diameter formula. For r e f l e c t e d  
s u n l i g h t  imagery, some a d d i t i o n a l  cons t an t s  given i n  Table 6-13 
are requi red  t o  compute B. The numerical  cons t an t s  are designed 
f o r  MKS u n i t s .  For t h i s  reason ,  t he  d e t e c t i v i t i e s  given i n  
Table 6-10 have been given i n  u n i t  of meters - Hz’/watt r a t h e r  
than the  more common cent imeters  - H z % / w a t t .  
example, XT ranges from ~ x I O - ~  meter-deg K ( a t  211) t o  3 . 6 ~ 1 0 - ~  
meters - deg K (a t  1 8 y ) ,  Thus the  t h i r d  formula given i n  
Table 6-12 should be used t o  compute B ~ Since x2 i s  4 and x1 
i s  36, B i s  found t o  be 0.163 w a t t s / m  .. Using a I) * of 
4x10 
be 10.6 cm. A t  a wavelength of  l S p ,  t h e * d i f f r a c t i o n  l i m i t  i s  

For the  design 

2 
2 2 

8 P 
meters - Hz%/watt, the  c o l l e c t o r  diameter i s  es t imated  t o  
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4.2  cm.  The c o l l e c t o r  s i z e  can be reduced by decreasing the 
scanning mi r ro r  r o t a t i o n  ra te  as permi t ted  by the response t i m e  
of t he  d e t e c t o r .  Inc reas ing  the number of f aces  on the scanning 
mi r ro r  t o  about  t h r e e  o r  four  does n o t  a f z e c t  the system power re- 
quirement and does n o t  g r e a t l y  increase  the  weight of the scanning 
system. Using a four-s ided m i r r o r ,  the scanner r o t a t i o n  ra te  
may be reduced t o  36.4 r ad ians / sec  and the correspanding c o l l e c t o r  
diameter i s  7.5 cm. 

Table 6-13 

Values of C and C t  
P 

S p e c t r a l  Photon Thermal 

(microns ) 
Plane t I n t e r v a l  Detec tors  Detec tors  

c (watts/m) C t ( w a t t s / m  ) 
P 

Moon 0.8-2.5 2.22 14 3 
Mercury 0.8-2.0 1.26 852 
Venus 0.8-2.5 6.38 525 
Mars 0,8-2 .5  L O O  77.3 
J u p i t e r  0-8 -2 .5  3.71 x l o m 6  3.55 

Step 14: The f-number i s  simply 19cm/7.5 cm, or  f /2 .5 .  I f  
t he  f-number comes out  less than one, the f o c a l  l eng th  should 
be increased  by inc reas ing  the  d e t e c t o r  s i z e ,  o r  the  c o l l e c t o r  
diameter decreased,  

Step 15: For a four-s ided scanning m i r r o r ,  the mi r ro r  base 
has a diameter of 2.3 t i m e s  t h e  c o l l e c t o r  diameter ,  i f  the  scan 
ha l f - ang le  i s  8.4 degrees.  Thus, the  scanning mi r ro r  diameter 
i s  about 17.3 cm. Mirror diameters of more than two meters are 
regarded as beyond the s t a t e - o f - a r t .  
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Step 16: 
d i s t o r t i o n .  I n  t h i s  ca se ,  t he  l i m i t  i s  about 1100 r ad / sec ,  
while t he  design ra te  i s  36.4 r ad / sec .  
no t  less than 193/Ds, the r o t a t i o n  rate must be reduced by 
increas ing  the number of d e t e c t o r s  o r  the number of mi r ro r  f aces .  

The r o t a t i o n  rate i s  l i m i t e d  t o  193/Ds, by o p t i c a l  

I f  the  design ra te  i s  

Step  17:  With a s i n g l e  d e t e c t o r  and s i x  b ina ry  b i t s  pe r  re- 
s o l u t i o n  element,  the  d a t a  a c q u i s i t i o n  rate i s  4.  1x105 b i t s / s e c  e 

This estimate does n o t  take i n t o  account t h e  duty cyc le  of the  
scanning m i r r o r ,  and hence i s  the  maximum d a t a  a c q u i s i t i o n  rate. 

S tep  18: The system average power requirement i s  est imated t o  
be four  watts. 

S tep  1 9 :  The maximum al lowable p i t c h ,  r o l l ,  o r  yaw rate  i s  
est imated as 18.2 r ad ians / sec .  This  estimate i s  based on an 
allowable image smear of one-half  r e s o l u t i o n  element. 

Step 20: Since cool ing i s  r equ i r ed ,  an estimate must be made 
of the  d i s s i p a t e d  power. It i s  assumed t h a t  20 m i l l i w a t t s  are 
de l ive red  t o  each d e t e c t o r  by conduction, and 500 watts pe r  
square m e t e r  of d e t e c t o r  area by r a d i a t i o n .  The remaining term 
accounts f o r  r e f l e c t e d  and thermally emi t t ed  energy focused on 
the d e t e c t o r  by the  c o l l e c t o r .  I n  computing t h i s  c o n t r i b u t i o n ,  
the maximum expected p l ane ta ry  temperature should be used and 
i s  given in Table 6-11. Thus, i n  t h i s  example, 20 m i l l i w a t t s  
are de l ive red  t o  the d e t e c t o r  by conduction, 5 microwatts by 
r a d i a t i o n ,  and about 0.2 microwatts by the o p t i c a l  system. I n  
most eases, the  conductive term w i l l  completely dominate the  
power which must be d i s s i p a t e d ,  and hence the d i s s i p a t e d  power 
i s  0,02 w a t t s .  

S t e p  21: The cool ing  system weight and volume estimates f o r  
d e t e c t o r  temperatures less than 195 deg R are based on the use 
of s o l i d  gas  cryogenic systems. Thus f o r  a d e t e c t o r  temperature 
of  23 deg K,  0.02 watts of d i s s i p a t e d  power, and an ope ra t ing  
t i m e  of 400 days,  the  cool ing  system has  a mass of 16 kilograms 
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and a volume of 0.012 cubic  meters. The 400 day opera t ing  t i m e  
i s  based on an i n t e r p l a n e t a r y  f l i g h t  t i m e  of n e a r l y  300 days and 
an o r b i t  opera t ing  t i m e  a l i t t l e  more than 100 days. The numeri- 
c a l  s c a l i n g  c o e f f i c i e n t s  given i n  the s c a l i n g  l a w  c h a r t  presumes 
t h a t  t he  opera t ing  t i m e  i s  expressed i n  days. That i s ,  f o r  a 
23 deg R system, 2 kilograms of cool ing pe r  watt-day are requi red .  
Note t h a t  a 13 deg K system i s  l i g h t e r  bu t  much b u l k i e r .  Had 
r a d i a t i v e  cool ing been poss ib l e  f o r  t h i s  experiment, the cool ing 
system mass and r a d i a t i n g  area would have been es t imated  as 0.2 
kilograms and 0 , l  square meters, r e s p e c t i v e l y .  

Step 22: For t h e  design example, approximately one kilogram 
i s  requi red  f o r  the  d e t e c t o r  and the a s soc ia t ed  e l e c t r o n i c s .  The 
mass of the  o p t i c a l  system i s  about 9.4 kilograms, f o r  a 7.5 
cm diameter c o l l e c t o r .  For a four-faced m i r r o r  of 1 7 . 3  e m  base 
diameter ,  the scanning system has a mass of about 0 . 6  kilograms. 
Thus, the  imaging system t o t a l  mass i s  about 27  kilograms, o r  
60 pounds. 

S t e p  23: The volume of the  o p t i c a l ,  scanning, and d e t e c t i n g  
s y s t e z s  i s  roughly 0.004 cubic  meters, hence the  t o t a l  volume 
inc luding  the  cool ing  system) i s  es t imated  t o  be 0.016 cubic 

meters, o r  n e a r l y  0.6 cubic  feet .  

Table 6-14, which i s  taken frow Volume V ,  summarizes 
the experiment support  requirements f o r  t h i s  i l l u s t r a t i v e  design 
example. 

w 
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Table 6-14 
Sample Experiment Support Requirements 

f o r  an I n f r a r e d  Scanning System 

PLANET: Mars 

OBSERVABLE: Surface Thermal Anomalies ( l o c a l )  

Family No. 23 

DETECTOR: Si: A1 a t  23 deg K (2-1811) 

ORBIT: Data Sheet  number...................^ 35 
PeriapselApoapse A l t  . (km) ........... 3 4 0 / 3 3 .  809 
Inc l ina t ion  (deg) .................... 90 
Imaging Al t i tude  Range (km) .......... 340-370 
Imaging On-Time (min) ................ 10 

IMAGE : Minimum Image Width (km) ............. 100 
Max . Ground Resolution (km) .......... 0. 2 
Pos i t iona l  Accuracy (km) ............. 2 

SCANNER: Col lector  Diameter (cm) .............. 7 .5  
Aperture Stop.. ...................... f/2.5 
No. of Detectors ..................... 1 
No. of Scanner Faces ................. 4 
Scanner Rotat ion Rate (rpm) .......... 350 

c). . .  

SUPPORT REQUIREMENTS: 
Fie ld  of V i e w  (deg).. ................ 0.03 x 17 
Point ing Accuracy (deg) .............. 0.31 
System Volume (CU. ft.) .............. 0.6 
Max . Roll/Yaw Rate (deg/sec) ......... 1000 
Operating Power (watts)  .............. 4 
Data Rate (b i t s / s ec )  ................. 410.  000 
System Weight ( lbs )  .................. 60 

COMMENTS : 
Sol id  neon coo l ing  system weighs 35 pounds. based on 

0.02 w a t t s  d i s s i p a t e d  for 400 days . 
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6.5 Passive Microwave Systems 

cedure and a s soc ia t ed  s c a l i n g  l a w s  f o r  pass ive  microwave imaging 
systems. The s c a l i n g  l a w s  are similar t o  $:hose f o r  u l t r a v i o l e t  
and i n f r a r e d  scanning systems, s ince  the  imagery i s  obtained by 
scanning ac ross  the  p l ane ta ry  su r face  normal t o  the d i r e c t i o n  
of f l i g h t ,  Rather than a scanning m i r r o r ,  a scanning antenna i s  
used. 
long scan t i m e s  are permit ted,  otherwise e l ec t r i ca l ly - scanned  
antennas should be used. Se lec t ion  of an opera t ing  frequency 
may be made on the b a s i s  of the  a v a i l a b l e  i n t e g r a t i o n  t i m e  p e r  
r e s o l u t i o n  element. A complete d iscuss ion  of the  design pro- 
cedure,  and d e r i v a t i o n  o f  the s c a l i n g  l a w s ,  i s  presented  i n  
Volume 1 V .  Only a design example i s  given here .  

image s p e c i f i c a t i o n s  f o r  imagery of atmospheric thermal anomalies 
at Venus on a r eg iona l  s c a l e .  The s p e c i f i c a t i o n s ,  as der ived  
from Table 4-1 and the appropr i a t e  worth curves ,  are shown i n  
Table 6-15 ,  along wi th  s e l e c t e d  o r b i t  parameters.  A s  with  the  
o the r  design examples, the  worth curves have been used t o  select  
va lues  far the  image s p e c i f i c a t i o n s  which would appear t o  r e s u l t  
i n  khe lease demanding support  requirements without  s i g n i f i c a n t l y  
degrading the s c i e n t i f i c  va lue  of  the imagery. The o r b i t  s e l e c t e d  
i s  more f u l l y  descr ibed by o r b i t  d a t a  s h e e t  $85 i n  Volume 111. 
From t h i s  o r b i t ,  t o t a l  coverage of  Venus can be achieved i n  
I 2 2  days;. 

Figure 6-14 and 6-15 presen t  a suggested design pro- 

Nechanically-scanned antennas may be employed i f  r e l a t i v e l y  

To i l l u s t r a t e  t h e  design procedure,  cons ider  the 

Step It 
r ad ians ,  or 6.3  degrees .  

The r equ i r ed  sensor system po in t ing  accuracy i s  5 0 / 4 5 4  

Step  2:  
one-half the  scan l eng th  i s  0.123 r a d i a n s ,  computation of the 
scan ha l f - ang le  should inc lude  the e f f e c t s  of p l a n e t  curva ture .  
The scan ha l f -angle  i s  then 56 degrees.  

Since Ehe ang le  subtended a t  the p l a n e t  c e n t e r  by 
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Table 6-15 

Image Spec i f i ca t ions  and O r b i t a l  Parameters 
f o r  Regional Atmospheric Thermal Anomalies (Venus) 

20 km Ground Resolut ion 
Minimum Image Ground Size 1500 km 
Temperature Resolut ion 5 deg R 
P o s i t i o n a l  Accuracy 50 km 
Maximum Acquis i t ion  T i m e  1 hr 
Grey Scale 6 b i t s  

Orb i t  Per iapse Al t i t ude  
Orbi t  Apoapse Al t i t ude  
Orbi t  I n c l i n a t i o n  
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Since r /ro changes r a p i d l y  w i t h  (6 i n  the v i c i n i t y  
should be computed using the formula given 

Step 3 :  
of 60 degrees ,  rd/ro 
i n  the s c a l i n g  l a w  c h a r t  r a t h e r  than obtained by i n t e r p o l a t i o n  
from Table 6-1. The formula y i e l d s  a va lue  of 4.41, hence the 
requi red  angular  r e s o l u t i o n ,  o r  scanning beam s i z e ,  i s  10 m i l l i -  
r ad i ans ,  o r  0.57 degrees.  It should be noted t h a t ,  con t r a ry  
t o  t h e  s i t u a t i o n  i n  the case of a f l a t  p l a n e t ,  i f  t he  sensor  
system were operated a t  a h igher  a l t i t u d e ,  - the requi red  angular  
r e s o l u t i o n  would a c t u a l l y  be less demanding since a more v e r t i c a l  
view angle  could be used a t  the  edge of the f ie ld-of-view.  

d 

Step 4 :  The sensor  system f ie ld-of -v iew i s  then 0.57 by 
112 degrees .  

S tep  5: The ground speed of t he  s u b s a t e l l i t e  p o i n t  i s  about 
6.55 km/sec. Therefore ,  d a t a  from a 1500 km l eng th  along the 
s u b s a t e l l i t e  t r a c k  w i l l  be acquired i n  about 230 seconds, which 
i s  cons iderably  less than the d e s i r e d  maximum of one hour. 

S tep  6: The cyc le  t i m e  i s  0.69 seconds. That i s ,  i n  o rde r  
t o  prevent  gaps between ad jacen t  scan l i n e s ,  each scan l i n e  
must be swept ou t  and the  antenna i n  p o s i t i o n  t o  s ta r t  the next  
scan w i t h i n  0.69 seconds. 

Step 7:  The maximum i n t e g r a t i o n  t i m e  p e r  r e s o l u t i o n  
element permi t ted  by a mechanically-scanned antenna 
has been es t imated  by assuming t h a t  the  d a t a  i n t e g r a t i o n  t i m e  
can only be one-half  o r  less of the  antenna dwell t i m e  pe r  
r e s o l u t i o n  element,  and the antenna f ly-back t i m e  has  been 
neglec ted .  Thus the i n t e g r a t i o n  t i m e  estimate i s  an upper 
l i m i t ;  i n  p r a c t i c e  something l i k e  one-half  the es t imated  t i m e  
i s  a v a i l a b l e  when one al lows f o r  a reasQnable  antenna f ly-back 
t i m e .  Very s h o r t  f ly -back  t i m e s  i nc rease  r a p i d l y  t h e  power 
requirement f o r  a mechanically-scanned antenna (Step #14).  The 
i n t e g r a t i o n  t i m e  estimate f o r  an e l e c t r i c a l l y - s c a n n e d  antenna 
i s  based on a beam-switching t i m e  o f  0 .1  mi l l i s econds  and a 
f ly-back o r  c a l i b r a t i o n  t i m e  of  0 .2  mi l l i seconds .  

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

286 



I 

I 

1 

i 

Step 8: Figure 6-16 shows the  i n t e g r a t i o n  t i m e  pe r  r e s o l u t i o n  
element r equ i r ed  t o  achieve a temperature r e s o l u t i o n  of one deg 
K a t  t he  Moon, two deg K a t  Mars o r  J u p i t e r ,  and five deg K a t  
Venus o r  Mercury as a func t ion  of the system opera t ing  frequency. 
The d a t a  given i n  the  f i g u r e  are based on a number of assumptions 
regarding the  receiver bandwidth, radiometer cons t an t ,  s i g n a l -  
to-noise  r a t i o ,  background temperature,  and a m p l i f i e r  no i se  
temperature which are discussed i n  Volume I V .  The f i g u r e  shows 
t h a t  5 mi l l i seconds  i n t e g r a t i o n  t i m e  i s  requi red  t o  achieve a 
5 deg K temperature r e s o l u t i o n  a t  Venus i f  t he  opera t ing  fre- 
quency i s  30 GHz. A l s o ,  i f  any o t h e r  frequency i s  used, t he  
i n t e g r a t i o n  t i m e  must be longer .  Even i f  an e l e c t r i c a l l y -  
scanned antenna i s  used, The a v a i l a b l e  i n t e g r a t i o n  t i m e  i s  only 
3,4 mil l i s econds ,  I n  o the r  words, t he  d e s i r e d  temperature re- 
s o l u t i o n  cannot be achieved. The d iscuss ion  i n  Volume I V  shows 
t h a t  the minimum i n t e g r a t i o n  t i m e  p l o t t e d  i n  the f i g u r e  i s  in -  
v e r s e l y  p ropor t iona l  t o  the  square of the temperature r e s o l u t i o n .  
Thus the  temperature r e s o l u t i o n  a f forded  by a 3.4 mil l i second 
i n t e g r a t i o n  t i m e  i s  (5 m sec/3.4 m sec)’ x (5 deg K) o r  about 
6 deg K. 

S t e p  9: Since f i g u r e  6-16 shows t h a t  f o r  atmospheric thermal 
emission a t  Venus, t he  minimum i n t e g r a t i o n  t i m e  occurs a t  30 
GHz,  t h i s  impl ies  t h a t  i f  the i n t e g r a t i o n  t i m e  i s  f i x e d ,  t he  
b e s t  temperature r e s o l u t i o n  i s  achieved a t  30 GHz. Thus the 
opera t ing  frequency should be about 30 GHz,  the  i n t e g r a t i o n  
t i m e  3.4 mil l i s econds ,  and the  fly-back o r  c a l i b r a t i o n  t i m e  
0.2 mi l l i s econds .  I n  s i t u a t i o n s  where the a v a i l a b l e  i n t e g r a t i o n  
t i m e  from Step 7 exceeds t h e  minimum i n t e g r a t i o n  t i m e  shown i n  
the f i g u r e ,  some f l e x i b i l i t y  i s  a v a i l a b l e  i n  the  s e l e c t i o n  of 
opera t ing  frequency. For example, i f  the r equ i r ed  ground re- 
s o l u t i o n  w e r e  on ly  40 km, i n s t e a d  of 20 km, the angular  re- 
s o l u t i o n  would be 20 m i l l i r a d i a n s .  The maximum i n t e g r a t i o n  
t i m e s  would then be 6,8 mi l l i seconds  f o r  a mechanically-scanned 
antenna and about 14 mil l i seconds  f o r  an e l ec t r i ca l ly - scanned  

P 

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

287 



IO' 

FREQUENCY ( G H z )  

FIGURE 6-16. MINIMUM INTEGRATION TIME 
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antenna. Then, f o r  an e l ec t r i ca l ly - scanned  antenna, the opera t -  
ing  frequency should l i e  i n  the range 15-66 G H z .  Se l ec t ion  of 
a low ope ra t ing  frequency w i l l  tend t o  decrease the  receiver 
support  requirements ,  whi le  s e l e c t i o n  of a high opera t ing  fre- 
quency w i l l  tend t o  decrease the antenna support  requirements.  

Step 10: For an opera t ing  frequency of 30 G H z ,  the  correspond- 
ing opera t ing  wavelength i s  0.01 meters, o r  one cent imeter .  

Step 11: For an e l e c t r i c a l l y - s c a n n e d  antenna,  t he  active length  
L i s  about  2 meters. Figure 6-17 shows t h a t  a t  30 G H z ,  the  c u r r e n t  
s t a t e - o f - a r t  l i m i t s  t he  antenna s i z e  t o  about 5 .5  meters, hence 
a 2 meter antenna i s  w e l l  w i th in  the c u r r e n t  s t a t e - o f - a r t .  I f  
the r equ i r ed  antenna s i z e  exceeds the  s ta te-of-ar t  c a p a b i l i t y ,  
the ope ra t ing  frequency should be increased ,  i f  p o s s i b l e .  This 
i terative loop i s  ind ica t ed  by the  dashed l i n e  i n  the l o g i c  
diagram. 

Step 12 :  F igure  6-18 i n d i c a t e s  t h a t  a 30 G H z  r e c e i v e r  weighs 
about 15 pounds. For an e l e c t r i c a l l y - s c a n n e d  antenna,  the ele- 
ments should be spaced at intervals of  about  0.55 cm, and hence 
t h e r e  should be about  370 elements.  The antenna mass i s  then 
about 40 kg, or 8 7  pounds. The t o t a l  imaging system weight i s  
then about  100 pounds 

Step 13:  The total i  antenna area i s  about  4 . 8  square meters, 
while t he  receiver volume i s  about  250 cubic  inches.  

Step 14: F igure  6-19 shows that a 30 G H z  receiver has an 
average power requirement o f ' abou t  t e n  w a t t s .  Since t h e r e  are 
370 elements ,  the anternna power requirement i s  about 70 w a t t s .  
The system average power requirement i s  then about 80 w a t t s .  

Step 15: For s i x  b ina ry  b i t s  p e r  r e s o l u t i o n  element,  the  d a t a  
a c q u i s i t i o n  rate i s  about  1700 b i t s / s e c .  

Step 16: The al lowable p i t c h ,  r o l l ,  o r  yaw rate i s  es t imated  
as 1.4 r a d i a n s l s e c ,  o r  80 deg/sec.  
image smear of one-half  a r e s o l u t i o n  element.  

This w i l l  r e s u l t  i n  an 
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Table 6-16 s u m a r i z e s  the  experiment support  r equ i r e -  
ments f o r  t h i s  i l l u s t r a t i v e  design example. 

6.6 Noncoherent Radar Systems 
Figure 6-20 p re sen t s  a l o g i c  diagram f o r  the  design 

of a noncoherent r ada r  imaging system, while  Figure 6-21 sum- 
marizes t h e  a s s o c i a t e d  s c a l i n g  l a w s .  The design procedure and 
sca l ing  laws are descr ibed i n  d e t a i l  i n  Volume I V .  To i l l u s -  
t ra te  the e s t ima t ion  of experiment support  requirements,  consider  
a r ada r  experiment f o r  the s tudy of  s t r u c t u r e  of  f e a t u r e s  on a 
r eg iona l  scale a t  Venus. Table 6-16 summarizes the  image 
s p e c i f i c a t i o n s  obtained from Table 4-1 and the appropr i a t e  worth 
curves.  The s e l e c t e d  o r b i t  i s  more f u l l y  descr ibed by o r b i t  
da t a  shee t  #95 i n  Volume 1x1 .  For a s ide- looking r ada r  system, 
the minimum image ground s i z e  i s  i n t e r p r e t e d  as the minimum 
ground swath width,  

Step 1: It i s  recommended t h a t  an opera t ing  wavelength of t en  
cent imeters  be i n i t i a l l y  s e l e c t e d  f o r  imaging experiments a t  
Venus. A t  t h i s  wavelength, t he  atmospheric a t t e n u a t i o n  i s  a 
minor e f f e c t ,  whi le  a t  longer  wavelengths the  antenna l eng th  
becomes unwieldy. 
cm wavelength, however the estimates of atmospheric absorpt ion 
a t  J u p i t e r  are u n r e l i a b l e .  I n  gene ra l ,  t he re  i s  a t r adeof f  
between system power requirement and antenna s i z e  which i s  
s e n s i t i v e  t o  the opera t ing  wavelength. Short  wavelengths tend 
t o  minimize the antenna s i z e  a t  the  expense of the  system 
average power requirement,  while  long wavelengths decrease the  
atmospheric absorp t ion  and power requirement but  may r e q u i r e  
l a r g e  antennas.  

S i m i l a r  comments apply t o  J u p i t e r  and a 30 

Step 2: Because the  f e a s i b i l i t y  of a noncoherent r ada r  
system i n  a given s i t u a t i o n  i s  l a r g e l y  c o n t r o l l e d  by the antenna 
l eng th ,  i t  i s  u s e f u l  t o  ob ta in  an e a r l y  e s t ima te  of the  length .  
I n  p a r t i c u l a r ,  a lower l i m i t  on the  antenna azimuth a p e r t u r e ,  
which i s  approximately equal  t o  the  antenna l eng th ,  i s  eas i ly  
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Table 6-16 

Sample Experiment Support Requirements for 
A Passive Microwave Imaging System. 

PLANET : Venus 
OBSERVABLE: Atmospheric Therma 1 Anomalies (regional) 
Family No. l a  

M E N N A  TYPE: Electrical scan 
ORBIT: Data Sheet Number........ .......... 85 

Periapse/Apoapse Alt. (km) ., e 4 5 4 / 4 5 4  
Inclination (deg)...O...o...O..OeQO 90 
Imaging Altitude Range (km)O.ee.O.. 454  
Imaging On-Time (min) .............. 96 

Minimum Scan Length (km) . e * .  . e e e e . a 1500  

Temperature Resolution (deg K) (I. e 5 
Positional Accuracy (km) ........... 50 

SE:%(4R: Operating Frequency (GHZ) e ,, a e.. * .  30 

IMAGE: 
Max. Ground Resolution (km) ........ 20 

htegration Time (sec) . a * . .  a e .  .o. 0034 

Fly-Back Time (sec)OOsOOOOOOOe.OeOP 0.0002 

SUPPORT REQUIREMENTS: 
Field of View (deg) e e . e . e e . . .0.57 x 112 
Pointing Accuracy (deg) ........... 06.3 
Max. Rotation Rate (deg/sec) .......81 
Antenna Size (ft)0..eOIOOOe..e...o.6.7 
Reeeiver VoZume (CU in). . e e ,250 
Opcreting Power (watts) a e 0 0  . .+ 4 2  
'Data Rate ~ b i t s / s e e ) . o ~ . . o ~ . e o ~ o ~ o . ~ 7 ~ ~  

Receiver Weight (lbs) . . e.. e e. . e e ., .15 
h t e n n a  Weight ,(lbS) e o e e e .  o e o a e a o a 47 

C Q r n h T  s : 
The minimum integration time required to achieve a 

temperature resolution of 5 deg K is 5 .2  m sec. Therefore, 
only a 6.2 deg K resolution is achieved. The entire planet 
may be mapped twice a year as desired. Orbit described on 
data sheet 1/86 affords only one coverage per year a t  poorer 
temperature resolution. 

2 94  



Table 6-17 

Image S p e c i f i c a t i o n s  and Orb i t  Parameters f o r  
S t ruc tu re  of  Fea tures  (Regional) a t  Venus 

Wavelength Range 1-100 c m  
Ground Hor izonta l  Resolut ion 3 km 
Ground Vert ical  Resolut ion 3 km 
Minimum Image Ground Size 
Grey Scale 6 b i t s  
P o s i t i o n a l  Accuracy 10 km 

1000 km 

Maximum Acqu i s i t i on  T i m e  - 

O r b i t  Per i a p  se A 1  t i tude 
Orb i t  Apoapse A l t i t u d e  
O r b i t  I n c l i n a t i o n  
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c a l c u l a t e d  as shown. For the design example, the estimate 
y i e l d s  a lower l i m i t  o f  about 22 meters f o r  the antenna l eng th ,  
Current s t a t e - o f - a r t  l i m i t a t i o n s  on the f a b r i c a t i o n  and a l i g n -  
ment of long antennas permit  antennas which are approximately 
one thousand t i m e s  a s  long a s  the wavelength, i n  t h i s  case 100 
meters f o r  a 10 em opera t ing  wavelength. However:, an upper 
l i m i t  of 500 fee t ,  o r  160 meters ,  has  r a t h e r  a r b i t r a r i l y  been 
app l i ed ,  I f  antennas i n  excess  of e i t h e r  1000 t i m e s  t he  wave- 
length  o r  160 meters a r e  requi red  f o r  a noncoherent system, the  
design should probably be abandoned and cons ide ra t ion  given t o  
a s y n t h e t i c  a p e r t u r e  r ada r  system (see following s e c t i o n  f o r  
design procedure and s c a l i n g  laws) ,  

Step 3:  A lower l i m i t  on the antenna depression angle  i s  
given by the depression angle  t o  the apparent  p l ane ta ry  horizon.  
The geometry i s  shown i n  Figure 6-22. That is, the  r ada r  beam 
should be d i r e c t e d  towards the  p l ane ta ry  su r face  r a t h e r  than 
above the horizon.  For  the example problem, the  depression 
angle t o  the  horizon i s  about 21 .5  degrees ,  hence the antenna 
should be depressed more than 21.5 degrees .  For %I given beam 
s i z e ,  t he  azimuth r e s o l u t i o n  ( the r e s o l u t i o n  p a r a l l e l  t o  the 
s u b s d t e l l i t e  t r a c k )  i s  enhanced by Parge depression ang le s ,  
while the range r e s o l u t i o n  ('perpendicular t o  the  s u b s a t e l l i t e  
t r ack )  i s  enhanced by s m a l l  depression angles .  Thus a de- 
press ion  angle  of about 45 degrees i s  o f t e n  a s u i t a b l e  eompromize. 

To ob ta in  a swath width of 1000 km, as measured along 
a g r e a t - c i r c l e  are9 the ha l f - ang le  6 subtended by the swath 
width a t  the c e n t e r  of Venus i s  0.082 r ad ians .  The p l a n e t a r y  
chord length  W' corresponding t o  a g r e a t - c i r c l e  a rc- length  of 
1000 km i s  then ve ry  n e a r l y  1000 km. 
the d i s t i n c t i o n  be%ween chord length  and are length  may be 
ignored ( i f  the  swath width i s  l e e s  than t e n  percent  of the  
p l a n e t  d iameter ) .  Assuming a depression angle  of  45 degrees ,  
the grazing angle  Y a t  t h e  fa r  edge of the swath width i s  

For most a p p l i c a t i o n s ,  
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FIGURE 6-22. SIDE-LOOKING RADAR GEOMETRY 
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about 4 0 . 6  degrees  or  0 .708  r ad ians .  
the antenna t o  the f a r  edge of the swath width i s  670 km. 
F i n a l l y ,  the  antenna range beamwidth requi red  t o  i n t e r c e p t  a 
g r e a t - c i r c l e  a rc- length  of 1000 km a t  an antenna depression 
angle  of 45 degrees i s  92.8 degrees.  Since the minimum azimuth 
beamwidth @ $  i s  n o t  less than (90-a) degrees ,  the swath width 
inc ludes  the  s u b s a t e l l i t e  t r ack .  I n  such a s i t u a t i o n ,  the  
ground range r e s o l u t i o n  approaches i n f i n i t y  i n  the v i c i n i t y  of 
the  s u b s a t e l l i t e  t r ack .  Thus the swath width must be moved o f f  
the s u b s a t e l l i t e  t r a c k  by reducing the antenna depression angle .  
By reducing the  depression angle  t o  25 degrees ,  the  grazing 
angle  a t  the far edge of the  swath width becomes 13.2 degrees ,  
the s l a n t  range t o  the f a r  edge of the  swath width 1380 km, and 
the minimum range beamwidth 35.4  degrees o r  0.618 r ad ians .  The 
near  edge of the  swath i s  then about 30 degrees  o f f  the sub- 
s a t e l l i t e  t r a c k .  

The s l a n t  range R2 from 

Step 5: 
s l a n t  range of 1380 km, the  requi red  antenna azimuth beamwidth 
i s  about 1 .89  m i l l i r a d i a n s .  

For a ground h o r i z o n t a l  r e s o l u t i o n  of 3 km a t  a 

The antenna range ape r tu re  corresponding t o  a range 
beamwidth of 0.618 r ad ians  i s  0.20 meters ,  while the antenna 
azimuth ape r tu re  corresponding t o  an azimuth beamwidth of  1.89 
m i l l i r a d i a n s  i s  66 meters ( fo r  a t en  cent imeter  wavelength). 
That i s ,  the antenna i s  about 0.20 meters wide and 66 meters 
Isng.  The antenna length  estimate used i n  Step 2 i s  based on 
a s l a n t  range equal  t o  the  o r b i t  a l t i t u d e ,  and i s  thus  a 
l o w e r  l i m i t  t o  t he  antenna l eng th .  I n  cases ,  such as the  desfgn 
example, when the s l a n t  range i s  considerably longer  than the 
o r b i t  a l t i t u d e ,  the  estimate given by Step 2 w i l l  be poor. Since,  
in the  design example, the a c t u a l  s l a n t  range i s  n e a r l y  th ree  
t i m e s  t he  a l t i t u d e ,  the a c t u a l  antenna length  requi red  i s  th ree  
t i m e s  t he  ear l ie r  estimate. 

For ve ry  small swath wid ths ,  ve ry  wide antennas are 
r equ i r ed .  However, by imaging l a r g e r  areas of ground than 
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demanded by the s c i e n t i f i c  requirements t he  antenna range 
beamwidth may be increased ,  and hence the  antenna width 
(and weight) decreased. O f  course ,  i f  the  beam s ize  i s  in-  
c reased ,  t he  t ransmi t ted  power, and hence the system average 
power requirement,  must a l s o  be increased .  A simil iar  t r adea f f  
i s  poss ib l e  wi th  the antenna l eng th ,  By increas ing  the  antenna 
l eng th ,  the t r ansmi t t ed  power i s  focused on a s m a l l  ground a r e a ,  
thus decreasing the power requirement and improving the system 
r e s o l u t i o n .  For imaging ground areas i n  excess  of on the  order  
of one hundred k i lometers ,  t he  system support  requirements are 
usua l ly  minimized by using an antenna width corresponding t o  
the minimum acceptable  swath width and an antenna length  cor-  
responding t o  t h a t  determined by the requi red  ground r e s o l u t i o n .  

Step 7: I f  i t  i s  decided t h a t  the antenna width should be 
decreased o r  the antenna length  should be increased ,  the  beam 
s i z e  should be ad jus t ed  accordingly.  I n  any event ,  the  azimuth 
beamwidth should s a t i s f y  the  i n e q u a l i t y  shown on the s c a l i n g  
l a w  c h a r t  i f  the r a d a r  r e t u r n  from the v i c i n i t y  of  the sub- 
s a t e l l i t e  p o i n t  i s  n o t  t o  i n t e r f e r e  wi th  the r e t u r n  from the 
swath width.  

S t e p  8: The sensor  system f ie ld-of-view i s  simply descr ibed 
by the  antenna beamwidth. That i s ,  i n  the design example, the 
f ie ld-of-view i s  1 .89  m i l l i r a d i a n s  by 0.618 rad ians .  

Step 9: The antenna area i s  approximately the azimuth aper-  
t u r e  t i m e s  the  range a p e r t u r e ,  while  the  weight estimate i s  
based on one pound pe r  square f o o t  of antenna area. To continue 
with the example, the antenna area i s  about 13 square meters 
with a mass of 6 5  kilograms. 

Step 10: 
i s  about 530 km. I f  the  l o c a t i o n  of the image i s  t o  be known 
wi th in  an accuracy of 10 km, the  implied antenna po in t ing  
accuracy i s  about t e n  m i l l i r a d i a n s .  

The s l an t  range t o  the near  edge of the swath width 
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Step 11: The requi red  range r e s o l u t i o n  depends upon whether 
o r  n o t  v e r t i c a l  he igh t  information i s  des i r ed .  I f  n o t ,  the 
range r e s o l u t i o n  may be taken a s  equal  t o  the des i r ed  ground 
r e s o l u t i o n .  V e r t i c a l  he igh t  d i f f e r e n c e s  can be deduced from 
measurements of shadow lengths  o r  s t e r e o  p a r a l l a x  i n  r ada r  
imagery, j u s t  as wi th  imagery obtained i n  the v i s i b l e  region of 
the spectrum. For shadowing, the grazing angle of the  r ada r  
beam i s  analogous t o  the solar e l e v a t i o n  angle .  F o r  s t e r e o  
coverage, the s t e r e o  p a r a l l a x  may be obtained by keeping the 
antenna depression angle f ixed  and overlapping swath widths by 
proper s e l e c t i o n  of the o r b i t  t o  provide s i x t y  percent  overlap 
from one swath width t o  the n e x t ,  o r  by imaging e s s e n t i a l l y  the 
same swath width on the ground f rom one s i d e  and then the o the r .  
These two modes , one-sided and two-sided, a r e  i l l u s t r a t e d  i n  
Figure 6-23. The two-sided mode r e q u i r e s  a c a r e f u l  adjustment 
of antenna po in t ing  with ground coverage and c l e a r l y  involves  
a more complicated command and c o n t r o l  sequence than the one- 
s ided mode. This added complexity i s  no t  f u l l y  r e f l e c t e d  i n  
the support  requirements es t imated  here  The o r b i t  s e l e c t e d  
f o r  the  design example i s  based on s i x t y  percent  overlap from 
one 1000 km s t r i p  t o  the nex t ,  hence the range r e s o l u t i o n  
should be computed using the One-sided s t e r e o  formula shown. 
That i s ,  f o r  d e t e c t i o n  o f  v e r t i c a l  he igh t  d i f f e r e n c e s  of 3 km, 
the range r e s o l u t i o n  should be 2,64 km. I f  a s i m i l a r  o r b i t  
were t o  be used t o  ob ta in  two-sided s t e r e o  coverage o r  he igh t s  
by r ada r  shadowing, the r equ i r ed  range r e s o l u t i o n s  would be 
5.37 and 1.88 km, r e spec t ive ly .  The range r e s o l u t i o n  should be 
equal  t o ,  o r  less than,  the d e s i r e d  ground h o r i z o n t a l  r e s o l u t i o n ,  
hence the range r e s o l u t i o n  provided f o r  i n  the two-aided s t e r e o  
mode should be 3 km. 

Step 12 :  To achieve the d e s i r e d  range r e s o l u t i o n  throughout 
the swath width and t o  avoid excessive frequency s h i f t s  i n  the 
pulse  r e t u r n  due t o  p l a n e t  ro ta t ion ,  the compressed pulse  length  
must be equal  t o ,  o r  less than,  both upper l i m i t s  shown on the 
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s c a l i n g  l a w  c h a r t ,  S imi l a r ly ,  the c u r r e n t  s t a t e - o f - a r t  l i m i t s  
the compressed pulse  length  t o  va lues  equal  t o ,  o r  l a r g e r  than, 
both lower l i m i t s .  Thus i n  the  design example, the compressed 
pulse  length  must l i e  between about t h ree  nanoseconds and 9.4 
microseconds, The support  requirements are usua l ly  least  
s t r i n g e n t  i f  the compressed pulse  length  i s  se l ec t ed  t o  be a s  
l a rge  as c o n s i s t e n t  wi th  the upper l i m i t s  shown. I n  o t h e r  words, 
the design compressed pulse  length  should be 9 .4  microseconds. 

Step 13:  The uncompressed:, o r  t r ansmi t t ed ,  pulse  length  can 
be as l a r g e  as 200 t i m e s  the  compressed pulse  length ,  To put  
it the more l o g i c a l  way4 the c u r r e n t  s t a t e - o f - a r t  i n  pulse  pro- 
cess ing  technology permits  compression r a t io s  of  200. That i s ,  
by pulse  compression techniques,  the range r e s o l u t i o n  obtained 
from the  processed da ta  i s  equiva len t  t o  a pulse  length  a f a c t o r  
of 200 s h o r t e r  than the pulse  length a c t u a l l y  t ransmi t ted ,  
Because the r e s o l u t i o n  depends d i r e c t l y  upon the compressed 
length ,  i t  i s  convenient t o  determine the compressed length  be- 
fo re  determining the  t ransmi t ted  l eng th ,  Since the  peak t r ans -  
mi t ted  power r equ i r ed  t o  achieve a s p e c i f i c  s igna l - to-noise  
r a t i o  i s  i n v e r s e l y  p ropor t iona l  $0 the pulse  l eng th ,  i t  i s  
usua l ly  good p r a c t i c e  t o  ruse as long a pulse  l e  g t h  as poss ib l e ,  
However, i n  some cases ,  a more d e s i r a b l e  mode of pulse  timing 
(Step 1%) can be a t t a i n e d  i f  the  pulse  length  i s  decreased. 
the i l l u s t r a t i v e  example, the compression r a t i o  may %e taken 
as 200, and hence the t ransmi t ted  pulse  length  i s  about 1 . 9  
rnil l iseeonds.  

I n  

S t e p  1 4 :  The o r b i t  semi-major a x i s  i s  6554 km. For Venus, 
the e f f e c t s  of  p l a n e t  r o t a t i o n  are n e g l i g i b l e ,  and hence the 
r ada r  system apparena: ground speed i s  6.55  km/sec. A s  with  any 
scanning system, the amount of  time requi red  t o  observe an a r e a  
W by W km, i s  simply the amount of time requi red  f o r  the sub- 
s a t e l l i t e  p o i n t  t o  t r a v e l  W km. I n  t h i s  case ,  the d a t a  from 
a 1000 x 1000 km area i s  c o l l e c t e d  i n  about 150 seconds, This 

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

304  



i 

t i m e  should be less than any maximum image a c q u i s i t i o n  time 
given i n  the image s p e c i f i c a t i o n s ,  

S tep  15: I f  the antenna i s  considered f ixed ,  and the observed 
scene i s  regarded as moving, the time requi red  f o r  a p o i n t  t a r g e t  
t o  move through the  r ada r  beam i s  the observat ion o r  travel 
time to. 
se rva t ion  t i m e  i s  computed f o r  the  s l a n t  range t o  the near  edge 
of the swath. I n  order  f o r  a l l  t a r g e t s  t o  be observed, a t  
l eas t  one pulse  must be t ransmi t ted  i n  each t i m e  i n t e r v a l  equal  
t o  the travel t i m e .  O f  course ,  more pulses  may be t ransmi t ted ,  
i f  des i r ed .  For the  design ezample, the travel, t i m e  i s  about 
0 e 15 seconds. 

Since t h i s  t i m e  i nc reases  wi th  s l a n t  range, the  ob- 

Step 16 :  The number of pu lses  t ransmi t ted  during the  travel 
t i m e ,  o r  the number o f  h i t s  per  t a r g e t ,  may be s e l e c t e d  by the 
system des igner ,  The peak t ransmi t ted  power decreases  as the  
square r o o t  of the  nulnber of pu l se s  m,  and heece t o  keep the  
peak power wi th in  f e a s i b l e  l i m i t s  i t  may be necessary t o  increase  
m. However, the average t ransmi t ted  power inc reases  wi th  the 
square r o o t  of m ,  hence m should be kep t  a t  a minimum t o  decrease 
the system average power requirement,  Thus, un less  h igh  peak 
powers are a n t i c i p a t e d ,  m should be chosen i n i t i a l l y  as one, 
The va lue  of  m i s  assumed n o t  t o  inf luence  the da t a  a c q u i s i t i o n  
r a t e ,  s i n c e  the d a t a  i s  i n t e g r a t e d  over the observat ion t i m e .  

Step 17: The pulse  r e p e t i t i o n  frequency must provide f o r  m 
pu lses  i n  the  t i m e  to, hence a lower l i m i t  on the  pulse  ra te  i s  
simply m / t o .  Thus f o r  the example design wi th  m equal  one, the 
pulse  r e p e t i t i o n  frequency i s  l/to o r  6.6 pu l se s  pe r  second. 

5 Pulse ra tes  on the o rde r  of 10 p e r  second are a t t a i n a b l e  wi th  
c u r r e n t  transmitter technology. However, t h e  pulse  rate i s  
a l s o  l i m i t e d  by timing c o n s t r a i n t s  connected wi th  pu l se  r e t u r n  
ambiguity and i n t e r f e r e n c e  be tween the t ransmi t ted  and received 
pulse .  The s c a l i n g  l a w  c h a r t  g ives  a p r e s c r i p t i o n  f o r  e s t ima t ing  
the maximum pulse  ra te .  The d e t a i l s  of the va r ious  pulse  timing 
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modes are discussed i n  Volume I V .  For the example design,  
R2 - R1 i s  about 850 km while H-C'P i s  negat ive so  t h a t  R2 - R1 
i s  n o t  less than H - C T ,  Also 20 c'i i s  about 11,000 km s o  t h a t  
R2 - R Therefore the parameter Q 

i s  equal  t o  R2 (1380 k m ) ,  and hence the maximum pu l se  r e p e t i t i o n  
r a t e  i s  about 90 pu l ses  per  second. That i s ,  the  design pulse  
r e p e t i t i o n  frequency must l i e  between 6.6 and 90 pu l ses  pe r  
second, There i s  n o t  much p o i n t  i n  puls ing  f a s t e r  than necessary ,  
o r  t r ansmi t t i ng  more pulses  than a r e  received and recorded. 
Thus, s ince  m i s  one, p is chosen as 6.6 pe r  second. I f  i t  i s  
des i r ed  t o  increase  m ,  i t  should be noted t h a t  m can be no 
g r e a t e r  than p t o e  Since p i s  l i m i t e d  t o  90 per  second, m can 
be no g r e a t e r  than about 13. This provides  a l i m i t  t o  how much 
the peak t r ansmi t t ed  power can be reduced by increas ing  m. 

i s  n o t  g r e a t e r  than 20 C T ,  1 

Step 18: The maximum permiss ib le  antenna r o l l  and yaw r a t e s  
a r e  es t imated by assuming t h a t  antenna r o t a t i o n  be l imi t ed  t o  
less than one beamwidth during the  time requi red  t o  t r a x m i t  
and r ece ive  m pu l ses .  I f  m i s  one and the parameter Q i n  
Step 1 7  has  been se t  equal  t o  R 2 9  the  computation i s  s impl i f i ed  
by no t ing  thea l lowable  r o t a t i o n  ra te  i s  simply the maximum pulse  
r e p e t i t i o n  frequency from Step 1 7  t i m e s  the  appropr ia te  beam- 
width,  Since t h i s  i s  the case i n  the design example, the allowable 
r o l l  ra te  i s  90 pe r  second t i m e s  0.618 rad ians  o r  about 56 
r ad ians  pe r  second (3200 degrees pe r  second),  while  the al lowable 
yaw rate i s  90 pe r  second t i m e s  1 .89  m i l l i r a d i a n s  o r  about 0.17 
rad ians  pe r  second ( 9 , 7  degrees per  second). 

S t e p  19: The da ta  a c q u i s i t i o n  ra te  r ep resen t s  the amount of 
da t a  c o l l e c t e d  during the travel t i m e  toe 
example, the d a t a  r a t e  i s  2 . 1  x 10 b i t s  pe r  second. 

Step 20: I t  i s  suggested t h a t  the  r ada r  system be designed 
f o r  a s igna l - to-noise  r a t i o  of  t en ,  a t a r g e t  backsca t t e r  co- 
e f f i c i e n t  of  0.0005, and an inpu t  no i se  temperature equiva len t  
t o  b lack  body thermal emission from a p l ane ta ry  su r face  a t  the 
temperatures given i n  the s c a l i n g  l a w  c h a r t .  

For the design 
4 
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Step 2 1 :  For the design example, the system noise  f i g u r e  i s  
about 20. I t  i s  e s s e n t i a l  t h a t  i n  the formula shown, the wave- 
length  be expressed i n  meters. 
t o  about 13 dB. This  includes about 7 dB loss  i n  the  r e c e i v e r  
and about 6 dB l o s s  from system degradat ion,  t ransmission l i n e  
l o s s e s ,  e tc .  The receiver loss  i s  asgumed t o  vary  wi th  opera t ing  
frequency, while the o the r  losses are independent of frequency, 
the r e s u l t  being the  formula shown. Thus from the s t m d p o i n t  
of no i se ,  long wavelength systems are more e f f i c i e n t  than s h o r t  
wavelength systems. For ten Centimeter wavelength a t  Venus, with 
$z equal  t o  1 3 . 2  degrees ,  the  atmospheric a t t e n u a t i o n  f a c t o r  i s  
1 . 3 3 .  That i s ,  t h e r e  i s  a 33 percent  s i g n a l  l o s s  due t o  atmos- 
pher ic  absorp t ion ,  hence the  t ransmi t ted  power must be increased  
by a f a c t o r  of 1 . 3 3  over the power requi red  i f  t h e r e  were no 
atmosphere. Again i t  i s  e s s e n t i a l  t h a t  the wavelength be ex- 
pressed i n  meters i n  the  formula given. There i s  no s i g n i f i c a n t  
atmospheric o r  ionospheric  absorp t ion  a t  the  Moon, Mercury, and 
Mars . 

A noise  f i g u r e  of 2 0  corresponds 

Step  2 2 :  The peak power i n  the t ransmi t ted  r ada r  pu l se  i s  
es t imated  using the r a t h e r  messy expression i n  the  s c a l i n g  l a w  
c h a r t ,  The numerical c o e f f i c i e n t  of 10 has  u n i t s  of (seconds) / 
(meter-deg K ) ,  hence t o  avoid e r r o r s  i n  computation, lengths  
should be expressed i n  meters (both the range and the wavelength). 
Fo r  the design example, the power i n  each t ransmi t ted  pulse  i s  
about four  k i lowa t t s .  This i s  w e l l  below the  c a p a b i l i t y  of 
t r a n s m i t t e r  technology, s ince  c u r r e n t  technology i s  on the verge 
of 4 0  megawatts a t  t e n  cent imeter  wavelength. I f  the design 
t ransmi t ted  power exceeds the s t a t e - o f - a r t  l i m i t ,  the  number of 
h i t s  pe r  t r a g e t  can be increased as pointed o u t  ear l ier .  This  
w i l l ,  however, a l s o  inc rease  the system average power r equ i r e -  
ment * 

-30 2 

Step 23:  The r ada r  mass (excluding the antenna) i s  est imated 
t o  be about  47 kilograms, o r  100 pounds, hence the t o t a l  system 
weight ( including the antenna) i s  about 240  pounds. 
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Step 2 4 :  An estimate of the r ada r  system volume (excluding 
the antenna) i s  based on a packing d e n s i t y  of 1 6  pounds p e r  
cubic f o o t .  I n  t h i s  ca se ,  the r ada r  volume i s  a l i t t l e  more 
than s i x  cubic f e e t ,  

Step 25: The average t r ansmi t t ed  power i s  quickly est imated 
from the  power i n  each pu l se ,  s ince  the re  a r e  m pu l se s  of length 
T during the time to, 

t ransmi t ted  power i s  4 9  watts ,  

S t e p  2 6 :  
t r a n s m i t t e r  power conversion e f f ec i ency  of 33 percent  and a 
r ece ive r  requirement of 100 w a t t s .  Thus the  inpu t  power i s  
es t imated  t o  be about 250 w a t t s .  

For the design example, the average 

The system average power requirement i s  based on a 

Table 6 - 1 8 ,  taken d i r e c t l y  from Volume V ,  summarizes 
the experiment support  requirement f o r  the  i l l u s t r a t i v e  design 
example e 

6.7 SYNTHETIC APERTURE RADAR SYSTEMS 
Figure 6-24 i s  a l o g i c  diagram which p resen t s  a 

suggested procedure f o r  the design of s y n t h e t i c  a p e r t u r e  s ide -  
looking r ada r  systems, Figure 6-25 i s  a s c a l i n g  l a w  c h a r t ,  
designed f o r  use wi th  the l o g i c  diagram, which summarizes the 
design equat ions  f o r  s y n t h e t i c  a p e r t u r e  systems and t h e  s c a l i n g  
l a w s  f o r  e s t ima t ion  of experimen support  requirements e The 
s y n t h e t i c  a p e r t u r e  technique involves  t r ansmi t t i ng  a number of 
pu l se s  and processing the pu l se  r e t u r n  d a t a  i n  such a manner 
t h a t  the  d a t a  appears  t o  r e p r e s e n t  a s i n g l e  pulse  r e t u r n  from 
a long antenna. That i s ,  i f  m pu l se s  are t ransmi t ted  and pro- 
cessed,  and the antenna moves the  d i s t a n c e  d between pu l se  
t ransmiss ions ,  the  d a t a  can be processed t o  appear as i f  a non- 
coherent  r ada r  antenna of length  md had been used. Thus, i n  
many r e s p e c t s ,  t he  s c a l i n g  l a w s  f o r  a s y n t h e t i c  a p e r t u r e  system 
are s i m i l a r  t o  those f o r  a noncoherent system except  t h a t  m is 
a design v a r i a b l e  a s soc ia t ed  wi th  the  azimuth r e s o l u t i o n  r a t h e r  
than the  antenna l eng th ,  
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Table 6-18 

Sample Experiment Support Requirements f o r  
Noncoherent Radar Imaging Systems 

PLANET: Venus 

OBSERVABLE : S t r u c t u r e  of r e a t u r e s  ( r eg iona l )  

Family N o .  6a 

RADAR TYPE: Noncoherent (one-sided s t e r e o )  

ORBIT: Data Sheet Number. ................... 95 . 
Periapse/Apoapse A l t .  (km). .......... 454/454 
I n c l i n a t i o n  (deg). ................... 90 
Imaging A l t i t u d e  Range (km) .......... 454 
Imaging On-Time (min) ................ 97 

IMAGE : Minimum Swath Width (km) ............. 1000 
Max. Ground Resolut ion (km) .......... 3 (2.6 range) 
P o s i t i o n a l  Accuracy (km) ............. 10 

RADAR: Operat ing Wavelength (cm). ........... 10 
Depression Angle (deg) ............... 25 
Compressed Pulse  Width (psec) ........ 9.4 
Pulse R e p e t i t i o n  Freq. (/sec). ....... 6.6 

Beamwidth Trave l  T%me (sec) .  ......... 0.15 
No. o f  I n t e g r a t e d  Pulses .  ............ 1 

SUPPORT REQUIREMENTS : 
F i e l d  of V i e w  (deg) .................. 
Antenna Shape ( f t )  ................... 
Poin t ing  Accuracy (deg). ............. 
Operating Power (watts) .............. 
Data Rate ( b i t s / s e c )  ................. 
Radar Volume (cu. Et.). .............. 

Max. Roll/Yaw Rate ( d e g / s e c ) . , e . ~ . u . ~  

Antc t iua  Weight ( l h s )  ................. 

0 e 12/35 
220/0.66 
0.50 
3200/110 
250 
21,000 
6.5 
140 

Radar Weight ( l b s ) .  .................. 100 
_I -- 

COMMFJITS : 
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To i l l u s t r a t e  the  design procedure,  consider  the 
image s p e c i f i c a t i o n s  and o r b i t a l  parameters shown i n  Table 6-18 ,  
These va lues  are appropr ia te  f o r  imagery of s t r u c t u r e  of f e a t u r e s  
on a l o c a l  s c a l e  a t  Venus, and have been obtained by using 
Table 4-1 and the appropr ia te  worth curves.  The experiment i s  
similar t o  t h a t  used i n  the preceeding s e c t i o n ,  except  t h a t  
l o c a l  s c a l e  r a t h e r  than r eg iona l  s c a l e  imagery i s  des i r ed .  I n  
p a r t i c u l a r ,  the minimum image s i z e  i s  100 km, r a t h e r  than 1000 
km, and the r e s o l u t i o n  r equ i r ed ,  both h o r i z o n t a l  and v e r t i c a l ,  
i s  0.2 km, r a t h e r  than 3 km. The s e l e c t e d  o r b i t  i s  more f u l l y  
descr ibed by o r b i t  d a t a  shee t  #113 i n  Volume 111, and i s  iden- 
t i c a l  t o  the  o r b i t  s e l e c t i o n  f o r  r eg iona l  s c a l e  s t r u c t u r e  of 
f e a t u r e s  imagery 

S t e p  1: A s  w i th  the  previous example, an opera t ing  wavelength 
of t e n  c m  i s  se l ec t ed .  The t r adeof f  between power requirement 
and antenna weight i s  somewhat d i f f e r e n t  than f o r  noncoherent 
systems. For s y n t h e t i c  a p e r t u r e  systems, the power requirement 
decreases  wi th  the  cube of the wavelength while  the antenna 
weight u sua l ly  inc reases  p ropor t iona l  t o  the wavelength, In  
the case of noneoherent systems, the  power requirement was less  
s e n s i t i v e ,  and the antenna weight more s e n s i t i v e ,  t o  the  wave- 
length  

S t e p  2 :  The antenna depression angle  t o  the horizon i s  about 
21.5 degrees ,  hence the depression angle  s e l e c t e d  should be 
g r e a t e r  then 21.5 degrees ,  A depression angle  of 4 5  degrees may 
be t e n t a t i v e l y  s e l e c t e d .  

S tep  3 :  The ha l f - ang le  8 subtended a t  the  c e n t e r  of Venus by 
a 100 km swath width i s  8.2 m i l l i r a d i a n s ,  and hence the  chord 
length  W' i s  e s s e n t i a l l y  100 km. The graz ing  angle  q 2  a t  the 
f a r  edge of the swath width i s  about 40.6  degrees ,  o r  0.708 
r ad ians ,  while  the  range R2 t o  the f a r  edge of the  swath width 
i s  670 km. The antenna range beamwidth requi red  t o  i l l umina te  
a 100 km swath width i s  then about 0-11 r a d i a n s ,  o r  6 , 3  degrees.  
This  va lue  i s  c l e a r l y  less  than n i n e t y  degrees minus the  de- 
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Table 6-19 

Image Spec i f i ca t ions  and O r b i t a l  Parameters 
f o r  Local Scale S t ruc tu re  of Fea tures  Imagery 
(Venus) 

Flaveleng t h  Range 1-100 cm 
Ground Hor izonta l  Resolut ion 0 , 2  km 
Ground V e r t i c a l  Resolution 0 .2  km 
Minimum Image Ground Size 100 km 

P o s i t i o n a l  Accuracy 2 b  
Maximum Acquis i t ion  T ime  - 

Grey Scale 6 b i t s  

Orb i t  Per iapse A l t i t u d e  
Orbi t  Apoapse A l t i t u d e  
Orb i t  Inc l i n a  t ion  

454 km 
454 km 
90 deg 
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press ion  angle ,  hence no i t e r a t i o n  i s  requi red  t o  ensure t h a t  
the swath width f i t s  between the s u b s a t e l l i t e  po in t  and the  
apparent  horizon.  

Step 4 :  The s l a n t  range to  the near  edge of the swath width 
i s  596 km. Thus t h e  antenna poin t ing  accuracy corresponding t o  
2 km on the ground i s  about 3.2 m i l l i r a d i a n s ,  o r  0 .2  degrees.  

Step 5: The order  of s t e p s  i n  the  design procedure now depa r t s  
r a d i c a l l y  from t h a t  appropr ia te  t o  noneoherent systems For 
s y n t h e t i c  a p e r t u r e  systems the  minimum antenna length  i s  usua l ly  
c o n t r o l l e d  by the pulse  r e p e t i t i o n  frequency. Since the maximum 
pulse  r e p e t i % i o n  frequency depends upon the  t ransmi t ted  pulse  
length., the  pu l se  length  must be determined before  the  antenna 
can be s i z e d ,  The o r b i t  s e l e c t e d  provides  s i x t y  percent  s i d e  
overlap ., hence opera t ing  i n  the one-sided s t e r e o  mode r e q u i r e s  
a ground range r e s o l u t i o n  of  19.6 meters. To achieve t h i s  range 
r e s o l u t i o n ,  a compressed pulse  length  of about 79 nanoseconds 
i s  requi red .  Since t h i s  va lue  i s  l a r g e r  than 10 X/c, as 
r equ i r ed ,  the system design may proceed using a 79 nanosecond 
compressed pu l se  length .  

Step 6: Using a compression r a t i o  of  200,  the t ransmi t ted  
pulse  l eng th  i s  about 16 microseconds, 

S t e p  7: 
(449 km)., the parameter Q has  the  va lue  94 km, 2nd the maximum 
permiss ib le  pulse  r e p e t i t i o n  frequency i s  about 1960 pu l ses  per  
second, Since both the  minimum antenna length  and t ransmi t ted  
power p e r  pu lse  are inve r se ly  p ropor t iona l  t o  the pu l se  r e p e t i -  
t i o n  frequency, the  design pulse  rate i s  usua l ly  the  maximum, 
i n  t h i s  case 1960 pe r  second. 

Step 8: A s  i n  the  previous example, the ground speed o f  the 
antenna i s  6.55 km/sec. 

Since R2 minus Rl (74 km) i s  less than H minus C T  

Step 9: The number of pu lse  r e t u r n s  which must be processed 
t o  provide an azimuth r e s o l u t i o n  of 0.2 km i s  50 f o r  a s l a n t  
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range of 670 he A t  c l o s e r  ranges in the  s w a t h . ,  a lesser number 
of pu lse  r e t u r n s  may be processed. 
focused system, t h a t  i s ,  phase d i f f e r e n c e s  i the pulse  r e t u r n s  
need n o t  be accounted f o r  i n  the processing,  s ince  as many as 
77 pulse  r e t u r n s  per  azimu 
by an unfocused system, and t h i s  va lue  i s  l a r g e r  than the 50 
pu l ses  requi red .  Thus m may e s e l e c t e d  as 5 0 ,  

The system need n o t  be a 

element can be accu ra t e ly  handled 

Step 10: The antenna azimuth a p e r t u r e ,  o r  l eng th ,  must l i e  i n  
the range 13.4  t o  502 meters. However, the  same s t a t e - o f - a r t  
c o n s t r a i n t s  as f o r  noncoherent systems apply he re ,  That i s ,  t he  

enna cannot be manufactured and kept  i n  alignment f o r  lengths  
l a r g e r  than the  smaller of one thsus d t i m e s  the  wavelength o r  
160 meters.  Thus, i n  %his case, the  minimum antenna l eng th  i s  
13.4 rneeers while  the maximum length  i s  s a t e - o f - a r t  l imi t ed  t o  

PO0 meters. A 13.4 meter a n ~ e ~ ~ a  m y be t e n t a t i v e l y  se l ec t ed .  

Step 11: The anten h azimuth beamwidth correspond 
ape r tu re  of h3,4 meters i s  9 . 3  m i l l i r a d i a n s  o r  about 0.5 degrees.  

: The t i m e  r equ i r ed  f o r  a ~ o i ~ t  a r g e t  to travel through 
a azimuth beamwidth i s  about 8.85 s ~ ~ ~ ~ d ~  f o r  t a r g e t s  

a t  the  near  edge of the swath. Since the  p u l s e  r e p e t i t i o n  fre- 
quency i s  1960 pu l ses  p e r  second, n e a r l y  1700 pulses  can be 
t ransmi t ted  during t h i s  t i m e  a I f  r e s o l u t i o n  r e q u i r e s  more than 
can be t r ansmi t t ed  during t e travel t i m e ,  some adjustment must 
be made i n  the system design parameters ,  I f  t e necessary ad- 
justment cannot be t o l e r a  ed by the  o the r  design c o n s t r a i n t s ,  
then no adequate system can be designed, A c a r e f u l  reader  w i l l  
note  t h a t  the minimum number of pu l se s  has  been f ixed  by the 
azimuth r e s o l u t i o n  requi red  a t  t h e  far  edge of the  swath, while  
the  travel t i m e  has  een computed f o r  t a r g e t s  a t  t he  nea r  edge 
of  the swath. This incons is tency  i s  n o t  u s u a l l y  troublesome 
s ince  i n  Chose cases  where s y n t h e t i c  aper  ure systems are 
appropr i a t e ,  the swath widths tend t o  be s m a l l ,  
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Step  13: Since the minimum antenna range beamwidth has been 
determined i n  Step #3 as 0,11 r a d i a n s ,  the  maximum antenna range 
a p e r t u r e ,  o r  width,  i s  1.04 meters. I f  i t  appears t h a t  use of 
the maximum value  f o r  the range ape r tu re  w i l l  r e s u l t  i n  an 
excess ive ly  massive antenna, t he  range a p e r t u r e  can be reduced 
a t  the expense of system opera t ing  power., I n  t h i s  case, i t  
appears t h a t  the  antenna i s  n o t  very  l a r g e ,  hence a range aper-  
t u r e  of 1,04 meters i s  s e l e c t e d ,  wi th  a corresponding range 
beamwidth of 0,ll r ad ians ,  

Step 14: The antenna f ie ld-of-view i s  9 , 3  m i l l i r a d i a n s  by 
0,11 r ad ians ,  o r  0 , 5  by 6.3 degrees ,  

S tep  15: The antenna area i s  13.4 by 1 ,04  meters, and hence 
the antenna mass i s  about 68 kilograms, o r  150 pounds, 

S t e p  16: A t i m e  i n t e r v a l  of about 25 mi l l i seconds  i s  requi red  
t o  t ransmi t  and r ece ive  50 pu l ses .  Assuming t h a t  the antenna 
should n o t  move more than one beamwidth during t h i s  time implies  
t h a t  the  antenna maximum al lowable r o l l  rate i s  about 20 deg/sec,  
while the maximum al lowable yaw rate  i s  about 250 deg/see,  

Step 17: 
assuming t h a t  50 pu l se  r e t u r n s  must be acquired from each re- 
s o l u t i o n  eleme t during 0.85 seconds, and t h a t  s i x  b ina ry  b i t s  
are requi red  t o  descr ibe  each resslut . fon element. 

The d a t a  acqu i s t ion  ra te  i s  about 2 , l  x l o 6  b i t s l s e c  

Step 18: This  s t e p  i s  the same as Step #20 i n  the previous 
example. That i s ,  the requi red  s igna l - to-noise  r a t i o  i s  taken 
as ten ,  the  t a r g e t  backsca t t e r  c o e f f i c i e n t  as 5 x lo-: and the 
input  no i se  temperature as ’700 deg K,  

’ Step  19: This  s t e p  i s  a l s o  the  same a s  Step #21 i n  the previous 
example , s ince  t h e  opera t ing  wavelength i s  the same. That i s  
the  system no i se  f i g u r e  i s  20 and the  atmospheric a t t e n u a t i o n  
f a c t o r  i s  1.33. 

Step 20: The power t ransmi t ted  by the  antenna i s  est imated t o  
be 0,56 megawatts pe r  pu l se ,  A s  with  the previous example, t h i s  
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value i s  well w i t  e s t a t e - o f - a r t  l h i t  of 40 megawatts. 
I f  the s t a t e - o f - a r t  c o n s t r a i n t  i s  exceeded,the system des igner  
may, among o the r  t h ings  increase t h e  opera t ing  wavelength (which 

the s t a t e - o f - a r t  l i m i t  as w e l l  as the  antenna s i z e )  o r  decrease 
the  antenna azimuth a p e r t u r e  by making the antenna longer .  

w i l l  n o t  on y decrease the  transmitted power bu t  w i l l  i nc rease  

:: For the  example design,  the r ada r  weight (excluding 
the ~ n t e ~ n a ~  i s  about 92 kilograms, o r  about 200 pounds. Thus 

i r e  system, fncPuding he antenna, weighs about 350 

S tep  22:  The r ada r  system volume (excluding the  antenna) i s  
est imated to be 0.36 cu5ic meters, o r  about 12 cubic f e e t .  

: The average t ransmi t ted  power i s  525 w a t t s .  This 
inc ludes  the dead t i m e  during which the antenna i s  n o t  

pvilslng a t  the  design ra te .  That i s ,  t he  antenna t ransmi ts  50 
p u l s e s ,  each of 0,56 megawatts, a t  a pulse  rdpetition ra te  of 
1960 pu l ses  per  second, The a n t e  na thus t ransmi ts  all the  re- 
qaifred p u l s e s  in. a 25 mi l l i seconds .  T e average power 

w a t t s ,  However, e t r a n s m i t t e ~  i s  now turned o f f  and w a i t s  

is repeated.  

~ a ~ s m i ~ t e d  during the  transmi t i n g  cyc le  i s  then about 18 k i l o -  

825 ~ i l ~ ~ ~ ~ ~ o ~ ~ s  u n t i l  new a r g e t a  come i n t o  v i e w ,  and the  cyc le  

: The system average power requirement i s  about 1700 

Table 6-20 summarizes the  experiment suppor 
ments f o r  this i l l u s t r a t i v e  design example, A s  po in ted  o u t  
ear l ier ,  t he  s p e c i f i c  va lues  ge e r a t e d  by the  s c a l i n g  l a w s  should 
be regarded as r e p r e s e n t a t i v e  of a s p e c i f i c  experiment. A s  should 
be c l e a r  by t h i s  t i m e ,  s u f f i c i e n t  design f l e x i b i l i t y  e x i s t s  t h a t  
one type of support  requirement can usua l ly  be made less (or 
more) demanding a t  t h e  expense o r  ga in)  of some o the r  type of  
support  requirement,  This  i s  p r t i c u l a r l y  the case wi th  r ada r  
imaging systems The follswi g s e c t i o n  summarizes t h e  t y p i c a l  
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Table 6-20 

Sample Experiment Support Requirements 
for Synthetic Aperture Radar Imaging Systems 

PLANET : Venus 
OBSERVABLE: Structure of Features (local) 
FAMILY No. 18 

TYPE: Synthetic Aperture (one-sided stereo) 
ORBE'I": Data Sheet N~m~e~~...ooeo.oo.o..o 113 

Periapse/Apsapse A l t o  (km) ., . . e 4541454 

Imaging Altitude Range Qkm) o .  e . 454 
Imaging On.-Time (min) e . e 97 

Inclination (deg) . e .. .. ., . e ., 90 

IMAGE: Minimum Swath Width (km) . e m 0 0 100 

Positional. A C C U ~ ~ C ~  ( 1 C m ) e o e o ~ m e e o  2 
Max. Ground Resdut ior r  (km) m e . .0.2 (0.02 range) 

W A R :  Operating Wavelength (cm) . m e . 10 
Depression Angle (deg)a.m..e..aOO 45 
Compressed Pulse Width 4Vsec) ,.. .0.079 
PuLse Repetition Freq. (/see) . . 2000 

Beamwidth Travel Time (see )  e . a . 0.85 
No. of Integrated P u l s e s o a e e e e o e a  50 

SUPPORT REQUIREMENTS: 
0.516.3 Field of View (deg)O...~eo..me..D 

Antenna Shape (ft) e ., . . . . . e . .44x3.4 
Pointing Accuracy (deg) .,..,..... 0 .2  
Max. Rol,L/Yaw Rate (deg/se@) e e e .20/250 

Data Rate Gbfts/sec) .o..o...o....2.1x10 
Radar Volume (eu.feo) ..........e.12 
Antenna Weight (lbs) . a . . e . . . .150 
Radar Weight (lb~)e.a...00.0.....200 

Operating Power (watts) ......... ml700 
6 
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experiment support  requirements obtained by applying the 
imaging system s c a l i n g  l a w s  t o  s p e c i f i c  sets of image s p e c i f i c a -  
t i ons  and s p e c i f i c  o r b i t  s e l e c t i o n s ,  
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7 .  EXPERIMENT SUPPORT REQUIREMENTS 
This  s e c t i o n  summarizes, f o r  each s p e c t r a l  reg ion ,  

t y p i c a l  imaging experiment support  requirements f o r  p l ane ta ry  
exp lo ra t ion .  These support  requirements are based upon a 
d e t a i l e d  a n a l y s i s  of the  goa l s  of space exp lo ra t ion  and the  
s c i e n t i f i c  o b j e c t i v e s  which s a t i s f y  these  goa ls .  An imaging 
experiment has  been def ined  f o r  each observable  proper ty  f o r  
which o r b i t a l  imagery i s  u s e f u l .  Each measurement d e f i n i t i o n  
has  l e d  t o  a conceptual  experiment. An experiment i s  regarded 
a s  a s p e c i f i c  sensor  system opera t ing  i n  a s p e c i f i c  mode from 
a s p e c i f i c  o r b i t .  The experiment support  requirements are 
es t imated  by use of the sensor  system s c a l i n g  l a w s ,  toge ther  
wi th  an o r b i t  d e s c r i p t i o n  and a set  of image s p e c i f i c a t i o n s  
appropr i a t e  t o  t h e  experiment. The sensor  system s c a l i n g  laws 
have been summarized i n  Sect ion 6 ,  the o r b i t  s e l e c t i o n  process  
descr ibed  i n  Sect ion 5 ,  and the  image s p e c i f i c a t i o n s  given i n  
Sect ion 4 .  

v a r i a b l e s  which inf luence  the  requirements must be s p e c i f i e d .  
For example, i n  the case of a t e l e v i s i o n  camera experiment t o  
determine su r face  topography, a s p e c i f i c  image ground s i z e  must be 
chosen on the  b a s i s  of t h e  sc ience  requirements.  An acceptab le  
range of image s p e c i f i c a t i o n  va lues  a r e , p r o v i d e d  f o r  each experiment 
by the  worth curves of Sec t ion  4 .  I n  determining the  support  
requirements ,  t he  va lue  s e l e c t e d  has  been t h a t  va lue  which 
would appear t o  r e s u l t  i n  the  least  demanding support  
requirements without  degrading t h e  s c i e n t i f i c  va lue  of  the  
experiment. In g e n e r a l ,  t h e r e  i s  n o t  a unique set  of  support  
requirements which can be a s s o c i a t e d  wi th  a s p e c i f i c  
p l a n e t a r y  observable ,  o r b i t ,  and type of sensor  system. That 
i s ,  t he  sensor  system des igner  has  some freedom i n  designing a 
sensor  system t o  procure s p e c i f i e d  imagery from a s p e c i f i e d  
o r b i t ,  a l though t h e  image s p e c i f i c a t i o n s ,  t h e  o r b i t  parameters ,  
and t h e  c u r r e n t  sensor  system s t a t e - o f - a r t  tend t o  c o n s t r a i n  
t h e  amount of  design f l e x i b i l i t y .  For example, the t e l e v i s i o n  

In  o rde r  t o  estimate t y p i c a l  support  requirements ,  a11 
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system designer may elect t o  use a relatively large optical 
system to permit a short scene exposure time, 
in a heavier optical system than necessary, but nay ease the 
platf~rm stability requir ments. Because of this flexibility 

This may result 

5.n system d gn, the @ x ~ ~ r i m e ~ ~  support requirements summarized 
here are pr rly regard d as representative, rather than 
definitive, 

~ e ~ ~ ~ ~ e ~  support r quirements for each experiment are 
ed in Volume V (Support ~ e ~ u i ~ ~ m e ~ ~ s  for Planetary 

Orbital Imaging), and are sumarized here in order of spectral 
region, S~~~~~~ r e ~ ~ i ~ e ~ e n ~ ~  are given for ultraviolet, visual, 
infrared, passive m i c r  ve, and radar imaging experiments in 
o r b i t  about Mars, Venus, Mercury and Jupiter. Since no orbits 
h been selecte Moon, no support requirements have 
Been ~ s ~ ~ m ~ ~ @ d  for lunar missions. 
quirements are presented for radio frequency and multiband 

Similarly no support re- 

specerometers, may indeed play 

er flyby e x p e r ~ ~ ~ n ~ ~  have already provided useful information 

ionospheres, less orbital imagtng experiments 
appear to be useful only in th 
processes at Venus and Mars. An assessment of the potential 
scientific value of orbital imaging experiments is 
sumarfzed in Table 9-1, Only three types of planetary 
obsemables can be even ~ a ~ ~ ~ ~ a ~ ~ y  studied by imagers. The 
blank circles in the t a b l e  indicate that orbital W imaging 

sitfsn of p ~ ~ ~ ~ ~ ~ r y  atmospheres and 

study sf cloud formation 

experiments are expected to provide information which is not 
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very useful in the study of the appropriate planetary observable, 
Similarly, the half-dark circles indicate that such experiments 
nay be expected to provide useful data. The analysis presented 
in Volume IT identified no cases in, which orbital UV imagery 
could be expected to provide very useful data. 
spectral regions, the analysis indicated that imagery could be 
expected to provide very useful data for the study of at least 
one type of planetary observable. 

Table 7-1 

For all other 

Utility of O r b i t a l  Ultraviolet Imagery 
MARS MERCURY 

VENUS JUPITER 

Observable 

Contacts 

Global Cloud Coverage 

Cloud Formation 

0 = not very useful 
= useful 

Experiment support requirements have been estimated 

These support requirements are listed in full by 
for all the planet-observable combinations identified in 
Table 7-1, 
the data sheets in Volume V, and are summarized here in Table 
7 - 2 .  In each case shown in the table, the sensor system design 
was predicated upon minimal achievement of the desired image 
specifications, For global cloud coverage experiments at Mars, 
for example, the image specifications provide nominal values 
for image ground size and resolution of 1200 and 10 km, respec- 
tively. The image worth curves for these specifications show 
that decreasing the image ground size to 1000 km and degrading 
the ground r e s o l u t i o n  t o  20 km will not materially affect: the 
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scientific value of the imagery. Therefore, the sensor system 
design is based upon these less stringent image specifications, 
and these relaxed values appear in the table. The support 
requirement non-entries in the table indicate that the sensor 
system design requires companents which are beyond the current 
state-of-art. The striking conclusian from Table 7-2 is that 
virtually all ‘UV scanning systems which are within reach of 
the current state-of-art make rather modest demands upon the 
spacecraft support subsystems. 
by the more complete list of experiment support requirements 
given in Volume V. That is, the volume, pointing accuracy, and 
platform stability requirements of these experiments are equally 
lenient. The only feasible experiment with substantial support 
requirements is the Mercury experiment desired for study of 
lithologic contacts on a local scale. The detailed scale 
contacts experiment at Mercury, and the Jupiter experiments, 
a11 require optical systems of greater than one meter in 

eter, which is considered to be the limit of current 
technological pability. In these cases, unreasonably large 

a1 systems are required to collect sufficient detectable 
energy durfng the tfme available for observing each scene 
resolution e ement, The situation could be improved by develop- 
ing more sensitive detectors with fast response times, and by 
operating at lower altitudes so that a moderately-sized optical 
system would intercept a larger fraction of the ultraviolet 
energy reflected by the planetary surface. 

suitable, in principle, than currently available solid-state 
detectors for each experiment studied. At the low scanning 
mirror rotation rates permitted by the relatively coarse 
resolution experiments, use of a photomultiplier detector 
permitted a smaller optical system than required by a solid- 
state detector, 
required by the finer resolution experiments, the solid-state 

This conclusion is substantiated 

Photomultiplier detectors were found to be more 

At the high scanning mirror rotation rates 
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detectors do not have a suff ic ient  y f a s t  response time. 
However, for  most of the experiments, i n  which s t ructural  
integri ty  and electronics dominate the system weight, solid- 

! 

a te  detectors could be used without increasing the experiment 
support requirements. 

Only the Mercury local-scale contacts experiment sat is-  
f ies ,  i n  all respects, the measurement achievement standards 
implied by the image specifications and the associated w o r t h  
curves, A t  Mars, i m  ging experimen s for  determining the ex- 
tent  of global c oud coverage should cover a% leas t  70 percent 
of the planet i n  one planetary day, and these coverages should 
be r?peated twenty times per planetary year, with particular 
attention to the polar areas. The 931 km a l t i tude  circular  
orbit indicated i n  Table  7-2 resul  s i n  95 percen planetary 
coverage every three days, but the poles  are not included i n  
the coverage9 while the e l l i p t i c  polar orbi t  affords only 58 

Only one pole i s  i n  daylight 
a t  any t i m e .  The dat 

coverage every s i x  d ys.  
acquisition ra te  i s  higher for the 

I f i p t i c  o rb i t  bee use the smaller angular resolution, lower 
pse a l t i tude,  and fas te r  orbita speed while imagi 

r scanning mfr ror  r o t  tion ra te .  

formation, but each imag should be acquired i n  less than one 

be imaged again i n  %e 

Only ten percent 
Mars i s  required for  study of cloud 

t e  and the s e area (or  cloud formation process) should 
or  f i f t een  minutes. Since the ground 

orbiting spacecraft i s  about two or three km/sec, 
hree t o  f ive minutes are required to  traverse 

600 'ksn on the ground, Therefore, sc nning systems require 
l y  more than one minute t o  col lect  data from an 

Very nearly the same are  rea 600 by 600 km. can be  imaged 
on the next orb i ta l  pass, which occurs i n  about 2.4 hours. Use 
of an u l t rav io le t  television camera would tend t o  solve these 
timing problems, since an image of the en t i re  desired ground 

could be acquired i ~ s t ~ n t a n e o u s l y  and an image of nearly 
the same area could be procured o e or t w o  minutes l a t e r .  Of 
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course, a standard television camera could, and undoubtedly, 
should, also be used, 

Planetary coverage problems are even more severe at 
Venus, since Venus rotates only once in 120 Earth days. For 
global cloud coverage imagery at Venus, at least 70 percent 

should be repeated ten times per planetary year (240 Earth days). 
Unless the orbit is changed during the mission, only 50"/, daylight 
planetary coverage is possible and requires 112 days. Section 
5.5.2 has indicated thae an impulse on the order of three km/sec 
is required for a suitable orbit change, and has also shown that 
sun-synchronous orbits (which would permit 100 percent coverage 
in 916 days) are prob bly not feasible for Venus. For study of 
cloud  tion on 
be acquired in no more than one minute, and the same area should 

netary cover ge is desired in 100 hours, and this coverage 

x 600 km ground size image should 

be viewed again in ten or fifteen minutes. 
placed upon subsol 

Emphasis should be 
r areas. Use of the 454 km altitude 

ar orbit indicated in Table 7-2 requires 1.5 minutes 
d image of a 600 x 600 km area by using a 

anning sensor sys The orbital period is 1-6 hrs. so the 
s ame a could be in 96 minutes. The elliptic 

affords a f ster spacecraft velocity 
during imaglng operations, henc single image c n be acquired 
in one minute as required, but orbital period is now 17 hours. 
As with Mars, a television sensor sys em would alleviate these 
problems 

Mercury also has a slow rotation rate, and similar 
coverage problems are e ountered. These are especially 
severe in the case of imagery for the study of lithologic 
contacts, since a solar zenith angle of less than twenty degrees 
is desired for proper image interpretation, Only 34 percent of 
Mercury's surface is ever illuminated in this manner. Sfnce at 
least 70 percent planetary coverage is desired for imagery of 
conkacts on a regional scale, the desired experiment cannot be 
performed with a passive imaging system. However, f o r  study of 
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contacts on a local scale, only ten percent coverage is required, 
and the desfred ekrsper9men can be performed, As mentioned 

rlier, this is only ultraviolet imaging experiment, using 
a s ~ ~ ~ ~ i ~ ~  systxm, which completely satisfies a l l  the image 

fnCended to ~~~p~~~~~~~ raeher than compete with, visual imaging 
experiments in support of the sa Qectives 0 None- 

support requirements 
%maging exper n t a  to eho ual s ~ s ~ ~ ~ ~  in support 

irnent support requirements 
mparison with the W sup- 
that, in general, the BTV 

are less ~ ~ ~ ~ ~ d i ~ g  than the corresponding 
sensor system design is with- 

e For example, a visual imaging 
cloud coverage 

i tsjsec,  compared with 
*e" the w experiment, 

of a universal 

1 systems if one 
This I s  not the 
ill in fact 

to be rather 

t the current 
pounds, csri3ume 

6 
Q I I ~  watt of power, and collect data at rates OP less than 10 
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b i t s l s e c .  Some d i f f i c u l t y  i s  encountered i n  providing the  
necessary p l ane ta ry  coverages,  both i n  the e x t e n t  of coverage 
and the t i m e s  permit ted t o  achieve and r e p e a t  the coverage, bu t  
these problems a r e  n o t  unique t o  u l t r a v i o l e t  imaging systems. 
Occasional ly ,  the  images cannot be acquired o r  repea ted  a t  the 
des i r ed  t i m e  i n t e r v a l s .  These d i f f i c u l t i e s  are common t o  a l l  
optical-mechanical o r b i t a l  scanning sys  t e m s  

7 .2  Visua l  Imaging Systems 

Imagery i n  the v i s i b l e  po r t ion  of the spectrum i s  
more u s e f u l  than imagery i n  any o the r  s i n g l e  s p e c t r a l  region,  i n  
the sense t h a t  v i s u a l  imagery c o n t r i b u t e s  t o  the  s tudy of more 
observables than any o the r  type of imagery. This i s  p a r t l y  be- 
cause v i s u a l  imagery i s  usua l ly  easy t o  i n t e r p r e t  and p a r t l y  
because both atmospheric and sur face  phenomena can be observed 
v i s u a l l y ,  a t  least  i f  the atmosphere i s  n o t  impenetrable. Table 
7-3  l i s t s  the d i f f e r e n t  p l a n e t a r y  phenomena which might be ob- 
served v i s u a l l y  a t  the  d i f f e r e n t  p l a n e t s .  The degree of usefu l -  
nes s  i s  ind ica t ed  by the  blackness  of t he  c i r c l e s ;  the  f u l l y  
black c i rc le  s i g n i f i e s  t h a t  v i s u a l  imagery i s  expected t o  be ve ry  
u s e f u l ,  the  ha l f -b lack  c i r c l e  s i g n i f i e s  t h a t  v i s u a l  imagery i s  
expected t o  be u s e f u l ,  while  the  empty o r  white  c i r c l e  s i g n i f i e s  
t h a t  v i s u a l  imagery i s  expected t o  be n o t  ve ry  u s e f u l ,  The assess- 
ments shown i n  the t a b l e  are s u b s t a n t i a t e d  i n  Volume 91, which 
dea l s  w i th  the  p l a n e t a r y  phenomena ind iv idua l ly .  
of v i s u a l  imagery i n  f n v e s t i g a t i n g  both su r face  and atmospheric 
phonomena i s  shown q u i t e  c l e a r l y  i n  the  case of Mars. Mercury 
does n o t  possess  as many phenomena f o r  which v i s u a l  imagery i s  
appropr ia te  because of i t s  v i r t u a l l y  non-exis tent  atmosphere 
and presumed l ack  of b i o l o g i c a l  substances.  Thus, a t  Mercury, 
the emphasis i n  the v i s i b l e  region i s  upon su r face  phenomena. 
A t  Venus and J u p i t e r ,  the emphasis i s  upon atmospheric phenomena, 
s ince  both p l a n e t s  e x h i b i t  a c t i v e  atmospheres, and the  sur face  
can probably n o t  be seen v i s u a l l y  from o r b i t .  

The usefu lness  
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Table 7-3 

U t i l i t y  of  O r b i t a l  Visual  Imagery 

Observable 

Surf ace E leva t ions  

Layering 

Con t a c  t s 

S t ruc tu re  of Fea tures  

Surface Topography 

Surface Appearance 

Variable  Surface Appearance 

Surface Winds 

Topographic Changes 

Global Cloud Coverage 

Convective C e l l s  and Turbulence 

Cloud Forma t i o n  

Cyclone Formations 

Surface t o  Atmosphere Transfer  

Auroras 

Animal L i f e  

P l a n t  L i f e  
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Experiment support  requirements have been est imated 
f o r  experiments suggested by a l l  the observable /p lane t  coEbina- 
t i o n s  ind ica t ed  i n  Table 7 - 3 .  These support  requirements are 
repor ted  i n  d e t a i l  by Volume V ,  and a r e  summarized h e r e  f o r  each 
p l a n e t .  The support  requirements are based on o r b i t  s e l e c t i o n s  
descr ibed i n  Volume I I , a n d  on the  image s p e c i f i c a t i o n s  given i n  
Table 4-1 of t h i s  volume. I n  each case ,  the  appropr ia te  worth 
curves have been u t i l i z e d  t o  s e l e c t  those image s p e c i f i c a t i o n s  
which would appear t o  r e s u l t  i n  the least  demanding support  re- 
quirements without  apprec iab ly  degrading the  s c i e n t i f i c  u t i l i t y  
of the imagery. That i s ,  t he  experiment support  requirements 
are based on sensor  system designs which w i l l  minimally s a t i s f y  
the s c i e n t i f i c  requirements f o r  imagery. 

7.2 .1  Mars 
P 

Because of the l a r g e  number of v i s u a l  imaging exper i -  
ments considered a t  Mars, i t  i s  convenient t o  organize the ex- 
periment support  requirements on the  b a s i s  of the image s c a l e :  
r eg iona l ,  l o c a l ,  and d e t a i l e d ,  A s  shown e a r l i e r  i n  Table 4-1, 
the image s p e c i f i c a t i o n s  r e f l e c t ,  f o r  many observables ,  a h i e r -  
archy of i n v e s t i g a t i o n  commencing wi th  f i r s t - o r d e r ,  r eg iona l  
s t u d i e s  , u s u a l l y  covering seventy percent  of  the p l a n e t ,  
con t r ibu t ing  t o  a genera l  i d e n t i f i c a t i o n  o r  understanding of the 
phenomenon, and i t s  l a r g e  s c a l e  d i s t r i b u t i o n  i n  l o c a t i o n  o r  time. 
Second-order, o r  l o c a l ,  s t u d i e s  are aimed a t  developing a more 
d e t a i l e d  understanding, u sua l ly  by more accu ra t e  i n v e s t i g a t i o n s  
over t en  t o  twenty percent  of the p l a n e t .  F i n a l l y ,  t h i rd -o rde r ,  
o r  d e t a i l e d  s c a l e ,  imagery usua l ly  covers less than one percent  
of the  p l a n e t  and i s  expected t o  focus on observed anomalies o r  
dev ia t ions .  The minimum ground, o r  scene, area which should be 
covered i n  a s i n g l e  image, o r  frame, i s  r e l a t e d  t o  the  s c a l e  of  
the  imagery. I n  p a r t i c u l a r ,  f o r  Mars, the worth curves of Sect ion 
4 show t h a t  the minimum scene area i s  600 x 600 km, o r  l a r g e r ,  
f o r  r eg iona l  s c a l e  imagery, 100 x 100 km f o r  l o c a l  scale imagery, 
and about 0.5 x 0.5 km f o r  d e t a i l e d  s c a l e  imagery. For example, 
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imagery procured f o r  the  study of l i t h o l o g i c  con tac t s  on a r e -  
g iona l  scale should c o n s i s t  of imaged areas no smaller than 
600 x 600 km i n  a s i n g l e  image. With some except ions,  a l l  v i s u a l  
imaging experiments which c o l l e c t  imagery o f  the  same s c a l e  
( reg iona l ,  l o c a l ,  o r  d e t a i l e d )  tend t o  have s imilar  support  re- 
quirements a Fur the r ,  the support  requirements tend t o  p l ace  
more demands upon the  s p a c e c r a f t ,  i n  terms of experiment weight,  
power, e t c . ,  as one goes f rom reg iona l  s c a l e  experiments t o  l o c a l  
s c a l e  experiments,  o r  from l o c a l  scale experiments t o  d e t a i l e d  
s c a l e  experiments 

Regional Scale Experiments 

Table 7-4  summarizes t h e  weight ,  power, and d a t a  ac- 
q u i s i t i o n  rate support  requirements f o r  r eg iona l  s c a l e  v i s u a l  
imaging experiments a t  Mars. The va lues  given i n  the t a b l e  f o r  
t he  image ground s i z e  and the h o r i z o n t a l  r e s o l u t i o n  have been 
obtained from the  appropr i a t e  worth curves and r ep resen t  t he  
minimum acceptab le  va lues .  Thus f o r  g loba l  cloud coverage exper i -  
ments, t he  minimum ground, o r  scene, area which should appear i n  
a s i n g l e  image i s  1000 x 1000 km, while the  l i n e a r  s i z e  of a 
r e s o l u t i o n  element i n  the processed imagery should correspond t o  
a l i n e a r  e x t e n t  on the ground, o r  scene, of no l a r g e r  than 20 km. 
I n  each c a s e ,  the  imaging system design sat isf ies ,  o r  even exceeds, 
these  s p e c i f i c a t i o n s .  That i s ,  ground s i z e  and r e s o l u t i o n  va lues  
i n  the  t a b l e  refer t o  the  image s p e c i f i c a t i o n s  and no t  t o  the 
va lues  a c t u a l l y  achieved by the imaging experiment design. 

systems weighing from 10 t o  30 pounds, consuming 10 t o  35 w a t t s  
(average) and c o l l e c t i n g  d a t a  a t  l o 3  t o  10 
64 shades of grey  i n  the  processed imagery. For similar expe r i -  
ments, use of s te reoscopic  coverage inc reases  the  support  re- 
quirements,  while  use of a 3-color  f i l t e r  wheel may o r  may not  
inc rease  the  d a t a  a c q u i s i t i o n  ra te .  Film systems are n o t  r equ i r ed ,  
b u t  may be u s e f u l ,  and may even r e s u l t  i n  less  demanding support  
requirements than TV systems. The support  requirements have been 
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Regional s c a l e  v i s u a l  imagery a t  Mars r e q u i r e s  sensor  

6 b i t s / s e c ,  assuming 
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est imated using s c a l i n g  l a w s  based on the c u r r e n t  s t a t e - o f - a r t .  
Advances i n  microminia tur iza t ion  could e a s i l y  lead  t o  a four - fo ld  
reduct ion  i n  weight and a two-fold reduct ion  i n  power, b u t  would 
have no e f f e c t  on the d a t a  r a t e s .  With few except ions,  a l l  the  
s c i e n t i f i c  requirements pe r t a in ing  t o  r eg iona l  s c a l e  imagery can 
be m e t .  The except ions a r i s e ,  n o t  from s t a t e - o f - a r t  l i m i t a t i o n s  
on the sensor  system, b u t  from b a s i c  i n c o m p a t i b i l i t i e s  between 
the o r b i t  s e l e c t i o n s  and the image s p e c i f i c a t i o n s ,  most no tab ly  
the coverage a c q u i s i t i o n  t i m e  and the image r e p e t i t i o n  ra te .  

The t h r e e  groupings i n  Table 7-4 r ep resen t  d i f f e r e n t  
combinations of scene s i z e  and h o r i z o n t a l  r e s o l u t i o n .  The f i r s t  
grouping c o n s i s t s  of a l l  those experiments designed t o  provide 
20 km r e s o l u t i o n  over a minimum a r e a  of 1000 x 1000 km. Only 
experiments f o r  s tudy of g loba l  cloud coverage r e q u i r e  such 
l a rge  image ground s i z e s .  Neglecting curva ture  of t he  p l ane ta ry  
scene, n o t  much more than 70 TV l i n e s  are requi red  t o  achieve 
the necessary r e s o l u t i o n .  However, f o r  low-contrast  t a r g e t s ,  
even a %-inch v id icon  system w i l l  provide 275 TV l i n e s .  This 
excess r e s o l u t i o n  c a p a b i l i t y  can be used t o  increase  the imaged 
a r e a  and improve the r e s o l u t i o n  t o  the nominal va lues  given i n  
Table 4-1. 
o r b i t  o f  931 km a l t i t u d e  w i l l  a c t u a l l y  provide 10 km ground re- 
s o l u t i o n  over an imaged area of 1200 x 1200 km. Use of a 3- 
f i l t e r  c o l o r  wheel t o  provide pseudo-color coverage does n o t  
increase  s i g n i f i c a n t l y  the  support  requirements , except f o r  the  
t o t a l  d a t a  1oad.For the  non-color experiment, images are acquired 
approximately every 400 seconds, For the c o l o r  experiment, 
th ree  images are acquired i n  the same t i m e ,  hence the  image i n -  
terval t i m e  i s  approximately 130 seconds. I n  e i t h e r  case, the 
image i n t e r v a l  t i m e  i s  less than the maximum acceptable  image 
tube s to rage  t i m e  (100 sec)  e That i s ,  the  d a t a  a c q u i s i t i o n  rate 
i s  determined n o t  by the  image i n t e r v a l  t i m e ,  b u t  by the  need 
t o  remove the d a t a  from the tube f a c e p l a t e  before  s i g n i f i c a n t  
charge leakage occurs .  I n  t h i s  s i t u a t i o n ,  t he  d a t a  ra te  i s  n o t  

Thus a %-inch v id icon  system opera t ing  i n  a c i r c u l a r  
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a f f e c t e d  by employment of a 3-color f i l t e r  wheel. 

l ength  system, an excess  r e s o l u t i o n  c a p a b i l i t y  must be provided 
a t  pe r i apse ,  while a l a r g e r  than necessary imaged area must be 
provided o f f -pe r i apse .  For a f i x e d  o r b i t  l i f e t i m e ,  an e l l i p t i c  
o r b i t  w i l l  permit  a t  l e a s t  same imagery from lower a l t i t u d e s  
than would be p o s s i b l e  wi th  a c i r c u l a r  o r b i t .  However, t h i s  may 
be a d i s t i n c t  disadvantage when l a r g e  imaged a r e a s  are requi red ,  
I n  viewing a 1000 x 1000 km area from an a l t i t u d e  of only 440 
km wi th  a f i x e d  angular  r e s o l u t i o n ,  the e f f e c t s  of p l a n e t a r y  
curva ture  and obl ique viewing angles  near  the edge of  the f i e l d -  
of-view r e s u l t  i n  a ground r e s o l u t i o n  which varies by a f a c t o r  
of  t h r e e  ac ross  the  imaged area. Thus about 200 TV l i n e s  a r e  
requi red  f o r  imagery of cloud coverage from a per iapse  a l t i t u d e  
of 440 km. Since the camera system f ie ld-of -v iew i s  determined 
by the n e c e s s i t y  of observing a 1000 x 1000 km a r e a  from a 
pe r i apse  a l t i t u d e  of 440 km, t h e  same f ie ld-of-view w i l l  r e s u l t  
i n  an unnecesm4rilylarge imaged area from 2568 km, Indeed, t o  
ob ta in  a ground r e s o l u t i o n  of 20 km throughout the c e n t r a l  
1000 x 1000 km area, 430 TV l i n e s  are requi red  f o r  a low-contrast  

I f  an e l l i p t i c  o r b i t  i s  used, wi th  a f ixed  f o c z l  

scene and a l$-inch v id icon  system i s  necessary,  as compared t o  
a %-inch v id icon  system, when e s s e n t i a l l y  the same experiment i s  
performed from a cons t an t  931 km a l t i t u d e .  A %-inch v id icon  
system wi th  a zoom lens  could be u t i l i z e d  f o r  imagery from a l -  
t i t u d e s  of 440 t o  2568 km, b u t  i f  a r ada r  altimeter i s  used t o  
c o n t r o l  the  f o c a l  length ,  t he  zoom l ens  imaging system would 
weigh more than a l%-inch v id i con  system wi th  a f ixed  f o c a l  
length .  A s  wi th  t h e  c i r c u l a r  o r b i t ,  use of a 3-color  f i l t e r  
wheel does n o t  i nc rease  the  d a t a  a c q u i s i t i o n  ra te  because of 
the l a r g e  imaged a r e a h u t  does inc rease  the  d a t a  load. 

s e l e c t e d  f o r  g loba l  cloud coverage imagery provides t h e  des i r ed  
70 percenk p l a n e t  coverage i n  one day, The 931 km c i r c u l a r  o r b i t  
with the  %-inch v id icon  system a f f o r d s  95 percent  d a y l i g h t  

Nei ther  t he  c i r c u l a r  o r b i t  nor the  e l l i p t i c  o r b i t  
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p lane ta ry  coverage every th ree  days,  while the e l l i p t i c  o r b i t  
wi th  the  l%-inch v id i con  a f f o r d s  only 60 pe rcen t  day l igh t  
p l ane ta ry  coverage every s i x  days, By using a 2-inch RBV ( r e tu rn  
beam vid icon)  system on a 931 km c i r c u l a r  o r b i t ,  the  f ie ld-of -v iew 
could be increased  t o  cover an area of about 2200 x 2200 km per  
image, and 95 pe rcen t  day l igh t  p l ane ta ry  coverage could be 
achieved d a i l y .  Such a system would provide a ground r e s o l u t i o n  
of about 5 km, b u t  would weigh about 32 pounds, consume about 
32 w a t t s  o f  average power, and acqui re  data  a t  about 3.8 x 10 
b i t s / s e c .  

c o n s i s t s  of a l l  those v i s u a l  experiments r equ i r ing  a ground 
r e s o l u t i o n  of 20 km over a t  l eas t  a 600 x 600 km area. Except 
f o r  t he  su r face  e l e v a t i o n s  experiment, a l l  these  experiments can 
be performed from a c i r c u l a r  969 km a l t i t u d e  o r b i t  by a %-inch 
v id icon  system of modest support  requirements.  I n  f a c t ,  f o r  t h e  
f i r s t  four  experiments l i s t e d  i n  t h i s  group (surface winds, 
convective ce l l s ,  cyclone formations,  and au ro ras ) ,  a %-inch 
v id icon  system provides  a ground r e s o l u t i o n  of 7.3 km over a 
1000 x 1000 km imaged area, For these  image s i z e s ,  and the  slow 
o r b i t a l  speed a s s o c i a t e d  wi th  a c i r c u l a r  o r b i t ,  c o l o r  imagery 
can be obtained without  an inc rease  i n  the  d a t a  a c q u i s i t i o n  r a t e ,  
A s  w i th  the  g loba l  cloud coverage experiments, use of an e l l i p t i c  
o r b i t  w i l l  gene ra l ly  r e s u l t  i n  increased  support  requirements.  
A 2-inch RBV system w i l l  provide 1 , 6  km ground r e s o l u t i o n  over 
a 1000 x 1000 km area from a per iapse  a l t i t u d e  of 425 km, bu t  
t h i s  degrades to 8 .3  km r e s o l u t i o n  (which i s  s t i l l  more than 
adequate) from 6481 km a l t i t u d e .  The h igher  ground speeds 
a s soc ia t ed  wi th  the  e l l i p t i c  o r b i t  mean t h a t  use of c o l o r  f i l t e r  
wheels w i l l  s l i g h t l y  inc rease  t h e  d a t a  a c q u i s i t i o n  ra te ,  even 
though l a r g e  imaged areas are s t i l l  involved, 

For s tudy of su r face  winds and au ro ras ,  t ime-lapse 
imagery i s  d e s i r e d ,  i . e . ,  t h e  same area should be imaged again 
af ter  an i n t e r v a l  of two hours o r  less. Although o r b i t  per iods  
as s h o r t  as n e a r l y  two hours can be achieved wi th  a f i f t y  year 

5 

The nex t  experiment grouping shown i n  Table 7-4 
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l i f e t i m e  o r b i t ,  Mars rotates  about 2000 km under the o r b i t  
during t h i s  time,hence the  same area cannot be observed every 
o r b i t ,  By increas ing  the image overlap along the o r b i t  ground 
t r a c e  t o  60 pe rcen t ,  r a t h e r  than 20 percent ,  a t  least  more than 
h a l f  t he  same area can be imaged again i n  two o r  t h r e e  minutes. 
This type of t ime-lapse imagery may be adequate f o r  t he  sur face  
winds experiment, b u t  w i l l  probably n o t  r evea l  any temporal 
v a r i a t i o n s  sf auroras .  On the  o the r  hand, i t  i s  un l ike ly  t h a t  
auroras  w i l l  be observed a t  Mars anyway. Such time-lapse 
imagery w i l l  no t  increase  the  d a t a  a c q u i s i t i o n  r a t e ,  which i s  
c o n t r o l l e d  by the  v id icon  s to rage  t i m e  r a t h e r  than t h e  image 
overlap e 

s t r i n g e n t  ground r e s o l u t i o n  c a p a b i l i t y  than i s  apparent  from a 
20 km h o r i z o n t a l  ground r e s o l u t i o n  requirement. I n  t h i s  ca se ,  
t he  necessary r e s o l u t i o n  i n  the  imagery i s  con t ro l l ed  by t h e  
d e s i r e  t o  d e t e c t  one km d i f f e r e n c e s  i n  v e r t i c a l  he igh t s .  The 
non-stereo su r face  e l eva t ions  experiment u t i l i z e s  low sun 
angles  and long sur face  shadows t o  i n f e r  he igh t  d i f f e rences .  
I f  the sun i s  30 degrees above the horizon,  a one km high sur-  
face  f e a t u r e  w i l l  c a s t  a shadow 1 . 7  krn i n  length .  Thus the  
ground r e s o l u t i o n  requi red  i s  a c t u a l l y  1 . 7  km, r a t h e r  than 20 
km, and a 2-inch v id icon  system i s  necessary.  This assumes a 
low-contrast  scene, and may n o t  be the case  f o r  shadow measure- 
ments, hence the est imated support  requirements may be unduly 
conservat ive.  A 2-inch RBV system could a l s o  be used, providing 
a much b e t t e r  ground r e s o l u t i o n  a t  an increased d a t a  ra te ,  
s t e r e o  coverage i s  obtained wi th  an area of 600 x 600 km p e r  
image, t he  d i s t a n c e  between camera s t a t i o n s  i s  360 km, and the 
image r e s o l u t i o n  must be equiva len t  t o  0.24 km i f  s t e r e o  p a r a l l a x  
i s  t o  i n d i c a t e  h e i g h t  d i f f e rences  of one km. Doubling the 
d i s t ance  between camera s t a t i o n s  permits  a r e s o l u t i o n  twice a s  
crude,  b u t  s ince  t h e  l i n e a r  e x t e n t  of the  imaged area i s  a l s o  
doubled, the same number of r e s o l u t i o n  elements per  image i s  

The su r face  e l e v a t i o n s  experiments demand a more 

I f  
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requi red .  I n  fac t ,  i f  p l ane ta ry  curva ture  i s  accounted f o r ,  
somewhat more r e s o l u t i o n  elements pe r  image are requi red  a t  
l a r g e r  image ground s i z e s .  Thus s t e r e o  imagery f o r  su r face  
e l eva t ions  experiments from the  lowest f e a s i b l e  c i r c u l a r  o r b i t  
r e q u i r e s  a TV system of 4000 l i n e  c a p a b i l i t y ,  which i s  beyond 
the c u r r e n t  s t a t e - o f - a r t .  Therefore  a 70 mm f i l m  system has  
been s e l e c t e d  wi th  the  support  requirements summarized i n  the  
t a b l e .  The system weight shown inc ludes  t h e  weight of the f i l m ,  
on-board f i l m  process ing ,  and r a d i a t i o n  sh ie ld ing .  The increased 
r e s o l u t i o n  c a p a b i l i t y  of t he  f i l m  system permits  image ground 
s i z e s  of 2300 x 2300 km and ground r e s o l u t i o n s  of s l i g h t l y  b e t t e r  
than one km, which i s  requi red  t o  d e t e c t  the necessary amount 
of s t e r e o  p a r a l l a x .  An a l t e r n a t i v e  mode i s  t o  use an e l l i p t i c  
o r b i t ,  imaging only i n  the v i c i n i t y  of pe r i apse ,  I n  t h i s  ca se ,  
a 3-inch RBV system i s  adequate and provides  0.6 km ground re- 
s o l u t i o n  over an imaged area of 600 x 600 km a t  per iapse .  The 
support  requirements are n o t  r a d i c a l l y  d i f f e r e n t  from the  f i l m  
system, and e s s e n t i a l l y  the same amount of t i m e  i s  requi red  t o  
achieve 70 pe rcen t  p l ane ta ry  coverage, The s t e r e o  experiment 
support  requirements shown i n  the  t a b l e  are based on 60 percent  
image overlap i n  a d i r e c t i o n  normal t o  the  o r b i t  ground t r a c e .  
That i s ,  each s t e r e o  image p a i r  c o n s i s t s  of an image obtained 
from one o r b i t  pass  and an image obtained from a l a t e r  o r b i t  
pass .  Use of 60 pe rcen t  forward over lap ,  r a t h e r  than s i d e  
overlap,  would double the  d a t a  a c q u i s i t i o n  rates,  bu t  a s t e r e o  
p a i r  would be obtained i n  a f e w  minutes r a t h e r  than one day as 
f o r  s i d e  overlap.  

t i o n s  experiment r e s u l t s  i n  74 percen t  p l a n e t a r y  coverage a t  
s o l a r  e l e v a t i o n  angles  of 15-30 degrees  i n  f ive  Martian days. 
For s t e r e o  coverage, a much d i f f e r e n t  i l l umina t ion  regime i s  
des i r ed  ( s o l a r  z e n i t h  angles  of 5-20 degrees) and, i n  a s i n g l e  
Mars day, t h e  area i l lumina ted  p rope r ly  i s  s m a l l  compared t o  
t h a t  i l lumina ted  a t  l a r g e r  z e n i t h  angles .  I n  one day, on ly  35 

, 

1 

The o r b i t  s e l e c t e d  f o r  t he  non-stereo su r face  eleva- 
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percent  of the  Martian su r face  is i l lumina ted  a t  z e n i t h  angles  
of less than 2 0  degrees ,  hence t o  ob ta in  70 percent  p l ane ta ry  
coverage, one must w a i t  f o r  t he  Sun t o  move from one hemisphere 
t o  t h e  other., I n  f a c t ,  i f  the  Mars a x i s  of r o t a t i o n  w e r e  normal 
t o  the e c l i p t i c  p lane ,  only 35 percent  p l ane ta ry  coverage could 
ever  be obtained under the des i r ed  l i g h t i n g  condi t ions .  However, 
the subsolar  p o i n t  on Mars moves from about 25 degrees South 
l a t i t u d e  t o  25  degrees North l a t i t u d e  i n  one-half a Martian year ,  
o r  about 340 Ear th  days. I f  s t e r e o  imaging opera t ions  are s t a r t e d  
a t  w in te r  s o l s t i c e ,  approximately 335 days w i l l  be requi red  t o  
ob ta in  the  d e s i r e d  70 percent  coverage. This i s  the  minimum 
mission du ra t ion ,  and i s  independent of the  o r b i t  parameters and 
sensor system design as long as s o l a r  z e n i t h  angles  of less than 
20 degrees  are des i r ed ,  Thus i n  comparing mission modes of 
ob ta in ing  topographic information, 70  percent  coverage r e q u i r e s  
f i v e  days f o r  shadowing experiments and a minimum of 335 days 
f o r  s t e r e o  experiments. 

The l a s t  grouping i n  Table 7 - 4  c o n s i s t s  of those 
imaging experiments r equ i r ing  a three  km h o r i z o n t a l  r e s o l u t i o n  
over an a rea  of a t  l e a s t  600 x 600 km pe r  image. 
the s t r u c t u r e  of f e a t u r e s  experiments and the sur face  topography 
experiments r equ i r e  v e r t i c a l  r e s o l u t i o n s  of  t h ree  and one km , 
r e spec t ive ly .  The f i r s t  subse t  i n  the t a b l e  ( con tac t s ,  s t r u c t u r e  
of f e a t u r e s ,  su r f ace  topography, sur face  appearance, and v a r i -  
ab le  su r face  appearance) i s  designed f o r  solar e l e v a t i o n  angles  
of 15 t o  30 degrees ,  f a c i l i t a t i n g  image i n t e r p r e t a t i o n  o r  
measurement of shadow lengths .  With a ground r e s o l u t i o n  of 
th ree  km , shadow measurements may be used t o  i n f e r  v e r t i c a l  
he igh t  d i f f e r e n c e s  of about 1 . 7  km, This i s  inadequate f o r  
su r face  topography experiments, which r e q u i r e  a 1,7 km ground 
r e s o l u t i o n  t o  i n f e r  he igh t  d i f f e r e n c e s  of one km from measurement 
of shadow l eng ths ,  Therefore ,  a one-inch v id icon  system i s  n o t  
adequate f o r  the  sur face  topography shadow experiments. A two- 
inch v id icon  would provide adequate r e s o l u t i o n  over a 600 x 600 

I n  t h i s  grouping, 
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km a r e a ,  b u t  by using a two-inch RBV considerably b e t t e r  reso lu-  
t i o n  o r  l a r g e r  imaged a reas  can be obtained a t  the expense o f  

an increased d a t a  ra te .  The same o r b i t  may be used f o r  a11 these 
experiments, a f fo rd ing  74 percent  p l ane ta ry  coverage every f i v e  
days. However, t h i s  does no t  q u i t e  s a t i s f y  the s c i e n t i f i c  re- 
quirements f o r  the v a r i a b l e  sur face  appearance experiments, which 
demand 70 pe rcen t  coverage i n  100 hours (about four  Martian days) 
and d a i l y  observat ion of s e l ec t ed  areas. Note however t h a t  any 
a rea  wi th in  the 7 4  percent  coverage can be imaged a t  least  once 
every five days,  By using a two-inch RBV system providing s i n g l e  
image areas of 2300 x 2300 km, over 70 percent  coverage could be 
achieved d a i l y .  

Imagery f o r  study of cloud formation processes  can be 
performed during d a y l i g h t ;  only t en  percent  p l ane ta ry  coverage 
i s  r equ i r ed ,  This implies  t h a t  the necessary coverage can be 
obtained ir; less  th.an one day, except  t h a t  t ime-lapse imagery 
with an i n t e r v a l  of about t e n  minutes i s  d e s i r e d ,  A s  noted 
e a r l i e r ,  un less  n e a r l y  f u l l  d i s k  imagery i s  provided, image i n t e r -  
v a l s  of less than one day cannot be a t t a ined ,excep t  f o r  high 
forward overlap s i t u a t i o n s  wi th  r e l a t i v e l y  s h o r t  image i n t e r v a l  
t i m e s ,  I n  p a r t i c u l a r ,  w i th  an image s i z e  covering 600 x 600 km 
from a 969 km c i r c u l a r  o r b i t ,  60 percent  forward overlap permits  
more than h a l f  the same a r e a  t o  be p i c tu red  again i n  about 1 . 5  
minutes. This  image i n t e r v a l  may be adequate f o r  cloud formation 
experiments. The image i n t e r v a l  could be lengthened t o  about 
s i x  minutes by using a four- inch RBV system and an imaged area 
of about 2500 x 2500 km. This would, o f  course,  g r e a t l y  in-  
c rease  the experiment support  requirements @ 

formed when the su r face  i l l umina t ion  r e s u l t s  from a l a t e  morning 
o r  e a r l y  af ternoon sun. Thus the d i f f i c u l t i e s  i n  obta in ing  70 
percent  p l ane ta ry  coverage i n  a s h o r t  t i m e  are s i m i l a r  t o  those 
descr ibed above i n  connection with the s t e r e o  sur face  e l e v a t i o n s  
experiments e Since the l i g h t i n g  condi t ions  des i r ed  f o r  su r face  

Color su r face  appearance experiments a r e  b e s t  per -  
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co lo r  imagery are n o t  q u i t e  as severe as f o r  s t e r e o  ( s o l a r  z e n i t h  
angles  of less than 4 0  degrees a r e  acceptab le  f o r  c o l o r ,  while  
s t e r e o  coverage should be obtained a t  z e n i t h  angles  less than 
20 degrees) ,  the s i t u a t i o n  i s  n o t  as bleak.  Even without  the 
propuls ive investment requi red  t o  e n t e r  a sun-synchronous o r b i t ,  
very  n e a r l y  60 percent  coverage can be achieved i n  ten days from 
the p o l a r  e l l i p t i c  o r b i t  r e f e r r e d  t o  i n  the  t a b l e .  However, 
because imaging opera t ions  are conducted over an a l t i t u d e  range 
from 425 t o  952 km,  the  one-inch v id icon  system used on the 969 
km c i r c u l a r  o r b i t  i s  inadequate,  a two-inch RBV system i s  re- 
quired.  A two-inch v id icon  system i s  adequate from a l t i t u d e s  
near  pe r i apse ,  but  w i l l  n o t  provide the necessary r e s o l u t i o n  from 
952 km. On the o t h e r  hand, a two-inch RBV system has an excess 
r e s o l u t i o n  c a p a b i l i t y  which inc reases  the  imaged a rea  t o  1250 x 
1250 km a t  per iapse  while maintaining a th ree  km ground r e s o l u t i o n  
from 952 !a. Daily observat ion of i d e n t i c a l  a r e a s ,  as des i r ed  
f o r  s tudy of v a r i a b l e  su r face  appearance, cannot be provided by 
the s e l e c t e d  o r b i t ,  

F i n a l l y ,  s t e r e o  coverage f o r  s t r u c t u r e  of f e a t u r e s  
and su r face  topography experiments can be obtained from e i t h e r  
c i r c u l a r  o r  e l l i p t i c  o r b i t s  a These experiments a r e  s i m i l a r  t o  
the su r face  e l eva t ions  experiments discussed above. The support  
requirements shown i n  the t a b l e  i n d i c a t e  t h a t  use of an e l l i p t i c  
o r b i t  need n o t  r e s u l t  i n  more demanding support  requirements than 
f o r  a s i m i l a r  experiment on a c i r c u l a r  o r b i t .  I f  the a l t i t u d e  
from which imaging i s  performed does n o t  va ry  more than a f a c t o r  
of two o r  so ,  an e l l i p t i c  o r b i t  may a c t u a l l y  decrease the support  
requirements,  This i s  f e a s i b l e  wi th  v i s u a l  s t e r e o  experiments 
because the sur face  a rea  which i s  proper ly  i l lumina ted  i s  r e l a -  
t i v e l y  s m a l l  and the spacec ra f t  a l t i t u d e  does n o t  change g r e a t l y  
while f l y i n g  over t h i s  small a r e a .  
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Local Scale ExDeriments 

Table 7-5 summarizes t y p i c a l  support  requirements f o r  
v i s u a l  imagery of Mars on a l o c a l  s c a l e ,  t h a t  i s ,  when an imaged 
a r e a  100 x 100 km (per image) sat isf ies  the s c i e n t i f i c  r equ i r e -  
ments. Atmospheric imaging experiments r e q u i r e  ground r e s o l u t i o n s  
of t h ree  km, while su r face  imaging experiments r e q u i r e  ground 
r e s o l u t i o n s  of 200 meters, Stereo sur face  experiments may r equ i r e  
ground r e s o l u t i o n s  b e t t e r  than 200 meters, depending upon the . 
v e r t i c a l  r e s o l u t i o n  des i r ed  and the d i s t ance  between camera 
s t a t i o n s .  The su r face  t o  atmosphere energy t r a n s f e r  imaging 
experiments r e q u i r e  70 percent  p l ane ta ry  coverage; a l l  the o the r  
experiments l i s t e d  i n  the t a b l e  can be s a t i s f i e d  with only t en  
percent  p l ane ta ry  coverage 

f o r  all. the experiments i n  the f i r s t  grouping i n  the t a b l e .  
Dai ly  coverage o f  s e l e c t e d  areas i s  des i r ed  f o r  szudy of convee- 
t ive c e l l s  and a b o s p h e r i e  turbulence,  and i s  provided by using 
an e l l i p t i c  o r  i t  having a per iod  equal  t o  one Mars day. Since 
local  s c a l e  imaging experiments w i l l  presumably be preceeded by 
r eg iona l  scale coverage on an ear l ier  mission,  the r e s u l t s  of 
the r eg iona l  scale experimen 8 can be u t i l i z e d  t o  s e l e c t  areas 
f r u i t f u l .  f o r  l o c a l  s c a l e  imagery. The l o c a l  s c a l e  cyclone 
formations experiment i s  i d e n t i c a l  t o  the  convective ce l l s  exper i -  
ment, b u t  the s c i e n t i f i c  requirements a r e  n o t  s a t i s f i e d  i n  t h i s  
case because images of the same area cannot be obtained a t  i n t e r -  
vals on one hour o r  so ,  a t  least  n o t  un less  n e a r l y  f u l l  d i s k  
imagery i s  provided, The su r face  o atmosphere energy t r a n s f e r  
experiments provide 75 percent  p l a n e t a r y  coverage i n  about 27  
days,  while  70 pe rcen t  coverage i n  one day, ten t i m e s  per  year ,  
i s  demanded by the s c i e n t i f i c  requirements.. For the non-color 
experiment, where solar  z e n i t h  angles  of 30 t o  60 degrees a r e  
d e s i r e d ,  n e a r l y  90 percent  of Mars i s  proper ly  i l lumina ted  each 
day., By using a 70 awn SO-243 f i l m  system, i t  should be poss ib l e  
t o  acqu i r e  more than 70 percent  coverage d a i l y  wi th  image ground 

A one-half-inch v id icon  system i s  more than adequate 
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s i z e s  of about 2500 x 2500 km. The experiment support  r equ i r e -  
ments would then be similar t o  those of the  r eg iona l  s c a l e  s t e r e o  
sur face  topography experiment. The co lo r  experiment could be 
done i n  the  same manner, bu t  only about 65 percent  d a i l y  coverage 
could be achieved a t  the  s o l a r  i l l umina t ion  des i r ed  f o r  co lo r  
imagery 

The second grouping i n  Table 7-5 a c t u a l l y  conta ins  
th ree  f a m i l i e s  of experiments which d i f f e r  i n  the su r face  l i g h t i n g  
condi t ions  des i r ed ,  The su r face  winds and p l a n t  l i f e  experiments 
should be conducted a t  sobar  z e n i t h  angles  of 30 t o  60 degrees ,  
the c01or experiments a t  z e n i t h  angles  of 10 t o  40 degrees ,  and 
the remaining experiments a t  z e n i t h  angles  of 60 t o  75 degrees.  
The su r face  winds and p l a n t  l i f e  experiments are ve ry  s i m i l a r ,  
and can be performed wi th  the  s a m e  imaging system from the  same 
o r b i t ,  To achieve a ground r e s o l u t i o n  of 200 meters over a 
100 x 100 km area, a t  l e a s t  700 l i n e s  are requi red .  For low- 
contrast:  t a r g e t s ,  t h i s  exceeds t h e  ope ra t iona l  r e s o l u t i o n  of 
a two-inch v id icon  system, A two-inch RBV system has excess 
c a p a b i l i t y  which may be u t i l i z e d  by f l y i n g  on an e l l i p t i c  o r b i t  
and r e s u l t s  i n  a less c o s t l y  capture  manuever than would be 
requi red  f o r  a c i r c u l a r  o r b i t ,  
i s  a t t a i n e d  a t  pe r i ap  
a l t i t u d e  (1115 km) the ground r e s o l u t i o n  i s  170 meters. For 
the  su r face  winds experiment, the image s p e c i f i c a t i o n s  s t i p u l a t e  
t h a t  the same ground area should be observed again a f t e r  an 
i n t e r v a l  of no more than two minutes,  Wi th  a 20 percent  image 
overlap a t  pe r i apse ,  the  image i n t e r v a l  t i m e  i s  20 seconds, and 
thus image i n t e r v a l  t i m e s  on the order  of one minute are n o t  
poss ib l e  e However, t he  i n t e r v a l  t i m e  des i r ed  i s  dependent upon 
the ground r e s o l u t i o n  i f  wind v e l o c i t i e s  are being measured. 
Since 60 m e t e r  r e s o l u t i o n  i s  provided, increas ing  the  overlap 
t o  60 percent  (and hence inc reas ing  the  da t a  r a t e  t o  3 . 8  x 10 
b i t s l s e c )  would permit  measurement of wind v e l o c i t i e s  i n  excess 
of  about 20 km/hour, d thereby s a t i s f y  the s c i e n t i f i c  r equ i r e -  
ments d 

A ground r e s o l u t i o n  o f  60 meters 
383 h), while  a t  t he  maximum imaging 

6 
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The low-sun-angle family i s  designed f o r  ease of image 
i n t e r p r e t a t i o n  (contac ts  and sur face  appearance) and measurement 
of shadow lengths  ( s t r u c t u r e  of f e a t u r e s  and sur face  topography). 
The s t r u c t u r e  of f e a t u r e s  experiments r equ i r e  de t ec t ion  of  200 
meter h e i g h t  d i f f e r e n c e s ,  t h e  su r face  topography experiments 
100 meters. This  d i f f e r e n c e  does n o t  a f f e c t  the  support  r equ i r e -  
ments, s ince  the  requi red  h o r i z o n t a l  r e s o l u t i o n  of 200 meters w i l l  
permit in ference  of 100 meter h e i g h t  d i f f e rences  throughout n e a r l y  
a l l  of t he  imaged areas. Both e l l i p t i c  o r b i t s  s e l ec t ed  provide 
about 75 percent  p l ane ta ry  coverage i n  50 days. The e f f e c t  of 
imaging over an apprec iab le  a l t i t u d e  range i s  c l e a r l y  seen as 
imaging over the a l t i t u d e  range 340 t o  976 km can be performed 
s a t i s f a c t o r i l y  wi th  a two-inch RBV system, while imaging over a 
range of  383-2117 km r e q u i r e s  a 70 mm SO-243 f i l m  system with 
image motion compensation, Nearly 50 fee t  of f i lm  i s  requi red  
f o r  t en  pzrcent, p l ane ta ry  coverage. 

l i f e )  designed t o  procure c o l o r  imagery i s  shown i n  t h i s  
grouping i n  the t a b l e ,  Since a two-inch RBV system provides 
adequate r e s o l u t i o n  over a 100 x LOO km area, the support  r equ i r e -  
ments a r e  similar t o  those of  the  experiments i n  the low-sun-angle 
family.  Because a three-color  f i l t e r  wheel i s  used, the d a t a  
a c q u i s i t i o n  ra tes  are approximately t r i p l e  those of the  co r re s -  
ponding non-color experiments. The f a c t o r  i s  n o t  e x a c t l y  t h r e e ,  
because s l i g h t l y  d i f f e r e n t  o r b i t s  and apparent  ground speeds a r e  
involved. For a l l  l o c a l  s c a l e  experiments,  where the  imaged a r e a  
i s  on the  order  of LOO x 100 km, the  image i n t e r v a l  t i m e  i s  
c o n t r o l l e d  by the  ground speed, image over lap ,  and image ground 
s i z e ,  r a t h e r  than the d e s i r e  t o  avoid excessive r e s o l u t i o n  de- 
grada t ion  due t o  long s to rage  times on the  image tube f a c e p l a t e ,  
Thus c o l o r  imagery r e s u l t s  i n  a da ta  ra te  th ree  times t h a t  of a 
non-color experiment, and 60 percent  forward overlap (which would 
be used t o  obta in  stereo coverage along the f l i g h t  l i n e )  r e s u l t s  
i n  twice the d a t a  r a t e  of 20 percent  forward overlap imagery. 

A high-sun-angle family ( sur face  appearance and p l a n t  
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The only l o c a l  scale experiments i n  which t h e  imagery 
is  intended t o  provide v e r t i c a l  he ight  information a r e  su r face  
topography and s t r u c t u r e  of f e a t u r e s ,  
by measurement of shadow leng  hs o r  s t e r e o  pa ra l l ax .  
shadowing experiments have been discussed b r i e f l y  above; t h e  
s t e r e o  experiments form t h e  l a s t  grouping i n  Table 7-5, The 
o r b i t  s e l e c t i o n  i s  based on an imaged area  of 100 x 100 k m  w i t h  
a 68 percent  s i d e  overlap of ad jacent  o r b i t a l  imaged swaths. A 
r e t rog rade  o r b i t  of 8.2 hour per iod  a f fo rds  t h e  opportuni ty  of 
observing a p ~ ~ p e r l y  i l lumina ted  ground area  from an a l t i t u d e  
which does no t  change g r e a t l y  (383 %O 485 km) during imaging 
opera t ions .  The s t r u c t u r e  of f e a t u r e s  experiment has t h e  more 
modest suppor 
r e s o l u t i o n  i s  demanded, Approximately 7000 TV lines a r e  re- 
qui red ,  and hence a f i l m  system has been used. 
f i l m  camera w i l l  provide adequa e s t e r e o  p a r a l l a x  and ground 
r e s o l u t i o n  (125 meters a t  per iapse)  over an a rea  of 600 x 600 km 
pe r  image. 
ground r e s o l u t i o n  over a smal le r  ground a rea ,  bu t  th is  would 
decrease t h e  image i n t  r v a l  o r  cyc le  t i m e ,  and inc rease  t h e  da ta  
a c q u i s i t i o n  r te ,  
one Mars day a f t e r  t h e  f i r s t  h a l f ,  bu a t  e s s e n t i a l l y  the same 
l i g h t i n g  condi t ions .  A 60 percent  overlap along t h e  o r b i t  t r a c e  
would provide s t e r e o  coverage i n  the forward d i r e c t i o n ,  w i t h  

da ta  acquis i t i o  r a t e  would inc rease  %O 8.6 x 10 b i t s l s e c .  The 
su r face  topography experiment r equ i r e s  a b e t t e r  ground r e so lu t ion ,  
t o  i n f e r  3-00 meter v e r t i c a l  he ight  d i f f e rences ,  and a more capable 
imaging system is necessary.  A f ive - inch  SO-243 f i l m  system w i t h  
image motion compensation provides t h e  necessary r e s o l u t i o n  
(60 meters a t  pe r i apse )  over an  area of 550 x 550 km per  image. 
For ten percent  coverage, about 60 feet  of f i l m  a r e  requi red ;  t h e  
s t r u c t u r e  of f e a t u r e s  experiment r equ i r e s  only about 30 feet 
(of smal le r  f i l m ) ,  
t h e  da ta  r a t e .  

This may be accomplished 
The 

requirements because only a 200 meter v e r t i c a l  

A 70 m SO-243 

The experiment cou d a l s o  be  designed f o r  a b e t t e r  

The seco d half of each s t e r e o  p a i r  i s  obtained 

ch  s t e r e o  p a i r  being obtained i n  about two minutes, b u t  t h e  
6 

Forward s t e r e o  could be used, b u t  would double 
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A s t r u c t u r e  o f  f e a t u r e s  s t e r e o  experiment could be 
included i n  the  l o c a l  s c a l e  co lo r  family descr ibed above, a l -  
though the i l l umina t ion  provided i s  n o t  q u i t e  t h a t  d e s i r e d  f o r  
s t e r e o  coverage, t h a t  i s ,  t h e r e  w i l l  be more shadows i n  the 
imagery than des i r ed .  Furthermore, because the  c o l o r  family 
opera tes  over a wider range o f  imaging a l t i t u d e s , a  f ive - inch  
f i lm  system i s  requi red .  The d a t a  ra te  of 4 , 9  x 10 b i t s / s e c  
i s  based on obta in ing  a s t e r e o  p a i r  i n  each of  the primary c o l o r s ,  
and i s  probably an upper l i m i t .  It may prove f e a s i b l e  t o  use 
the  c o l o r  t r i p l e t s  as two s t e r e o  p a i r s ,  o r  co lo r  t r i p l e t s  need 
n o t  be obtained a t  a l l .  

7 

Deta i led  Scale Experiments 

Table 7-6 summarizes the  weight ,  average power, and 
da ta  a c q u i s i t i o n  ra tes  f o r  d e t a i l e d  s c a l e  v i s u a l  imagery a t  Mars. 
There are four  n a t u r a l  groupings,  which are based on the su r face  
i l l umina t i an  des i r ed ,  The f i r s t  family i s  f o r  co lo r  imagery a t  
solar z e n i t h  angles  of 10-40 degrees ,  the second i s  f o r  s t e r e o  
imagery a t  z e n i t h  angles  of 5-30 degrees ,  the t h i r d  i s  f o r  l o w  
-sun-angle imagery a t  z e n i t h  angles  of 60-75 degrees ,  and the 
l a s t  i s  f o r  mid-morning o r  mid-afternoon imagery a t  z e n i t h  angles  
of 30-60 degrees., Except f o r  layer ing  and animal l i f e  experiments, 
the d e t a i l e d  s c a l e  experiments are presumed t o  have been preceeded 
by l o c a l  s c a l e  experiments i n  support  of the same s c i e n t i f i c  
ob jec t ives  e These d e t a i l e d  s c a l e  experiments r equ i r e  something 
l e s s  than one pe rcen t  p l ane ta ry  coverage, the exac t  p l ane ta ry  
l o c a t i o n  of the  coverage being determined by s tudy of the l o c a l  
s c a l e  imagery obtained ear l ie r .  Even the l aye r ing  and animal 
l i f e  experiments are p a r t  of t he  exp lo ra t ion  he i r a rchy ,  s ince  
those areas of  i n t e r e s t  f o r  s tudy  of l aye r ing  w i l l  depend upon 
the r e s u l t s  of the  l o c a l  scale s t r u c t u r e  of f e a t u r e s  and su r face  
appearance experiments,  while  areas most promising f o r  animal 
l i f e  searches might be s e l e c t e d  from l o c a l  s c a l e  p l a n t  l i f e  and 
v a r i a b l e  su r face  appearance experiments. 
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The two co lo r  sur face  appearance experiments, which 
c o n s t i t u t e  the  f i r s t  family i n  Table 7-6, have i d e n t i c a l  
support  requirements,  For study of v a r i a b l e  sur face  appearance, 
both d a i l y  and seasonal  r e p e t i t i o n s  a r e  des i r ed  (and e a s i l y  
obtained f o r  one percent  coverage). The sensor  system weight 
i s  dominated by the  o p t i c a l  subsystem, which weighs about 300 
pounds f o r  the  36-inch ape r tu re  system, A need f o r  image motion 
compensation adds s l i g h t l y  t o  the weight requirement and s i g n i -  
f i c a n t l y  t o  the  power requirement. Although the r e s o l u t i o n  re- 
quirement could be m e t  by a one-inch v id icon  system, an e i g h t  
meter f o c a l  l eng th  would r e s u l t ,  It i s  the re fo re  convenient t o  
use the r e s o l u t i o n  c a p a b i l i t y  of a two-inch RBV system, inc reas ing  
the s i z e  of the  imaged area t o  n e a r l y  4 x 4 km, and reducing the 
f o c a l  length  t o  about two  meters.  Fur ther  movement i n  t h i s  
d i r e c t i o n  i s  no t  u s e f u l ,  s ince  f o r  a s p e c i f i c  type of image tube,  
the  imagc format s i z e  on the  tube f a c e p l a t e  i nc reases  fas ter  
than the  s i z e  on the  ground of the  imaged scene. That i s ,  a 
three- inch RBV system, for example, would n o t  have a s h o r t e r  
f o c a l  length .  Even with a 4 x 4 km scene a r e a ,  t h r e e  c o l o r  
p i c t u r e s  must be taken in  less than one second, before  new a reas  
come i n t o  view, and the da t a  a c q u i s i t i o n  r a t e  i s  2,4 x 10 b i t s /  
s ee ,  For nsn-color  imagery, the da t a  ra te  would decrease t o  
5 .6  x '10 b i t s / s e c ,  

of s t e r e o  experiments f o r  s tudy of s t r u c t u r e  of f e a t u r e s ,  sur face  
topography, and topographic changes. Since the image s p e c i f i c a -  
t i o n s  f o r  t hese  d e t a i l e d  s c a l e  experiments are ve ry  n e a r l y  iden- 
t i c a l ,  as shown i n  Table 4-1 and the a s soc ia t ed  worth curves ,  
the experiment support  requirements are n e a r l y  i d e n t i c a l .  The 
only d i f f e r e n c e  i n  the  support  requirements i s  a more s t r i n g e n t  
po in t ing  accuracy requirement f o r  su r face  topography and topo- 
graphic  changes than f o r  s t r u c t u r e  of f e a t u r e s .  The d i f f e rence  
i s  n o t  apparent  i n  Table 7-6. The o r b i t  s e l ec t ed  f o r  t h i s  family 
provides  an oppor tuni ty  f o r  a second coverage of i d e n t i c a l  areas 

8 

7 

The second family o r  grouping i n  Table 7-6 c o n s i s t s  
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one day a f te r  the f irst  coverage and hence permit  d e t e c t i o n  of 
changes i n  the  su r face  topography.. To d e t e c t  ver t ica l  he igh t  
d i f f e r e n c e s  of 50 meters, an imaging system must provide e i t h e r  
28,000 TV l i n e s  o r  19,000 f i l m  l i n e s  and the re fo re  a 9%-inch 
f i l m  system has  been chosen f o r  these  experiments, Even with 
an IMC-equipped system, the  exposure t i m e  must be less than about 
t h r e e  mi l l i seconds  t o  prevent  an unacceptable degree of image 
smear. To achieve such a s h o r t  exposure t i m e  wi th  the slow 
speed of SO-243 f i l m ,  an f / 1 , 3  o p t i c a l  system i s  r equ i r ed ,  
using the  f a s t e r  SO-230 f i lm ,  an f / 1 , 9  o p t i c a l  system of 15-inch 
ape r tu re  may be employed, However, more r a d i a t i o n  sh ie ldfng  i s  
requi red  by the fas ter  f i lm ,  the  n e t  r e s u l t  i s  t h a t  the t o t a l  
system weight i s  ve ry  n e a r l y  the same whether SO-243 o r  SO-230 
f i l m  i s  used. I n  e i t h e r  event ,  230 f e e t  of f i l m  i s  requi red  f o r  
s t e r e o  coverage of one percent  of Mars su r face  area. Since 9%- 
inch SO-230 f i l m  provides  about 32,000 l i n e s  pe r  frame, the 
excess r e s o l u t i o n  c a p a b i l i t y  has  been used t o  broaden the ground 
area per  image t o  125  x 125 km. This  permits  the procurement of 
s t e r e o  p a i r s  e i t h e r  along o r  ac ross  the o r b i t a l  ground t r a c e ,  
Forward s t e r e o  (along the ground t r a c e )  r e s u l t s  i n  a d a t a  ac- 
q u i s i t i o n  ra te  of 5.0 x LO8 b i t s / s e c ,  while  s i d e  s t e r e o  (across  
the ground t r a c e )  r e s u l t s  i n  a da t a  a c q u i s i t i o n  ra te  of  2.5 x 10 
b i t s l s e c  ., 

By using a fas ter  f i l m  (SO-102) i t  i s  p o s s i b l e  t o  
ob ta in  s t e r e o  c o l o r  imagery. Because of the  reduced r e s o l u t i o n  
c a p a b i l i t y  of t he  faster f i l m ,  the maximum area pe r  image i s  
105 x 105 km (at  per iapse)  and a ver t ical  r e s o l u t i o n  of  46 
meters i s  p o s s i b l e ,  The imaging system weight i s  dominated by 
180 l b s  of  r a d i a t i o n  sh ie ld ing  and the 160 l b  14-inch a p e r t u r e  
camera system. The d a t a  a c q u i s i t i o n  ra te  inc reases  somewhat 
t o  1 . 2  x 10 
elements per  frame being more than compensated by the reduced 
image cyc le  t i m e .  

During t h i s  s tudy,  o r b i t s  were s e l e c t e d  t o  s a t i s f y  

By 

8 

9 b i t s / s e c ,  the decrease i n  the number of r e s o l u t i o n  

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

349 



the  image s p e c i f i c a t i o n s  w i t h  regard  t o  proper l i g h t i n g  condi- 
t i ons  image over lap ,  p l ane ta ry  coverage, and mission du ra t ion  
(time requi red  t o  achieve the des i r ed  p l ane ta ry  coverage) No 
d e t a i l e d  e f f o r t  w a s  made t o  minimize the experiment support  
requirements by varying the  o r b i t a l  parameters,, al though such 
cons idera t ions  d i d  p l ay  a r o l e  i n  o r b i t  s e l e c t i o n ,  I n  some 
cases ,  the  o r b i t  s e l e c t e d  w a s  a poor one, i n  the sense t h a t  the 
r e s u l t i n g  imaging system design conf igura t ions  w e r e  c l e a r l y  be- 
yond the c u r r e n t  s t a t e - o f - a r t .  It i s  important t o  d i s t i n g u i s h  
between two d i f f e r e n t  s i t u a t i o n s ,  I n  the  f i r s t ,  an o r b i t  may 
be s e l e c t e d ,  and an at tempt  made t o  design the imaging system. 
The system designer  may note  t h a t  although system c a p a b i l i t i e s  
render the  experiment unfeas ib le  from one o r b i t ,  a somewhat 
d i f f e r e n t  o r b i t  would r e s u l t  i n  system conf igura t ions  wi th in  the 
s t a t e - o f - a r t ,  This  i s  the case with the t h i r d  family i n  Table 
7-6, f o r  vJhich no support  requirements are l i s t e d .  De ta i l ed  
sca l e  v i s u a l  imagery a t  Mars r equ i r e s  imaging systems which push 
c u r r e n t  technologies  t o  t h e i r  l i m i t s ,  and hence adequate exper i -  
ment design o f t e n  depends upon a c l o s e  communication between the 
imaging system designer  and the  o r b i t  mechanicis t ,  u sua l ly  i n -  
volving design i t e r a t i o n .  
performed only wi th in  the  context  of a s p e c i f i c  mission,  where 
t radeoff  c r i t e r i a  can be c l e a r l y  def ined ,  and consequently i s  
beyond the  scope of the r e sea rch  e f f o r t  repor ted  here .  The 
second s i t u a t i o n  which ar ises  i s  t h a t  no amount of i t e r a t i o n  
w i l l  r e s u l t  i n  imaging systems wi th in  the c u r r e n t  state-of-art .  
This i s  the  case f o r  t he  l a s t  group of experiments given i n  
Table 7-6,  This type of s i t u a t i o n  can o f t e n  be recognized with- 
ou t  an undue amount of i t e r a t i o n ,  and t h i s  study at tempts  t o  
p o i n t  o u t  such b a s i c  i n c o m p a t i b i l i t i e s  between s c i e n t i f i c  re- 
quirements,  o r b i t a l  mechanics, and imaging system design.  

consider  the remaining two f ami l i e s  of experiments l i s t e d  i n  
Table 7-6. The low-sun-angle family uses an e l l i p t i c  sun- 

Such d e t a i l e d  design can be adequately 

With t h i s  ph i losophica l  background, i t  i s  u s e f u l  t o  
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synchronous o r b i t  on which the  spacec ra f t  a l t i t u d e  v a r i e s  from 
383 t o  2117 km a s  the spacec ra f t  passes  over the proper ly  i l l u -  
minated a r e a  on Mars. I n  a t tempting t o  achieve 5 meter ground 
r e s o l u t i o n  from an a l t i t u d e  of  2117 km under ope ra t iona l  condi t ions ,  
a t e l e v i s i o n  system w i l l  r equ i r e  an o p t i c a l  subsystem of  g r e a t e r  
than 2 meter a p e r t u r e  - c l e a r l y  beyond the c u r r e n t  s t a t e - o f - a r t .  
A f i l m  system, on the o the r  hand, because of a somewhat b e t t e r  
system modulation t r a n s f e r  func t ion ,  r e q u i r e s  only a 1.5 meter 
ape r tu re  , buk the o p t i c a l  system would then weigh about 900 pounds. 
Even wi th  t h i s  massive o p t i c a l  system, a f a s t  E i l m  (AEI g r e a t e r  
than 40)  i s  r equ i r ed ,  and no c u r r e n t l y  a v a i l a b l e  f a s t  f i l m  pro- 
voides  the  necessary r e s o l u t i o n .  A slower f i l m  could be used, 
b u t  only i f  the o p t i c a l  sys t em diameter i s  increased t o  beyond 
2 meters. 

A n  a l t e r n a t i v e  design approach would be t o  s e l e c t  a 
d i f f e r e n t  o r b i t  w i th  l e s s  a l t i t u d e  v a r i a t i o n  over the i l lumina ted  
sur face  area,  o r  t o  r e s t r i c t  the a l t i t u d e  range o f  imaging 
opera t ion  on the  o r i g i n a l l y  s e l e c t e d  o r b i t .  For example, the 
orbit s e l e c t e d  f o r  t h i s  family of experiments using the a r r i v a l  
cond i t ions  appropr i a t e  t o  the  1988 launch opportuni ty  i s  a 1027 

8 one meter ape r tu re  o p t i c a l  subsystem, weighing about 400 l b s ,  
i s  requi red .  A one-half- inch v id icon  tube could be employed, 
b u t  the s m a l l  f ie ld-of-view would n e c e s s i t a t e  a seven n e t e r  f o c a l  
length .  By using a two-inch RBV system, wi th  an image ground 
s i z e  of 9 x 9 krn> %he f o c a l  length i s  reduced t o  2.5 meters.  
With an image cyc le  time of  2.9 seconds, the da t a  a c q u i s i t i o n  
r a t e  i s  1,4 x EO b i t s / s e c ,  The t o t a l  system weight would be 
about 480 pounds, and the  system average power consumption would 
be about 30 wa t t s .  For t h i s  family of experiments,  t he re  i s  
no bas i c  incompa t ib i l i t y  between s c i e n t i f i c  requirements,  o r b i t a l  
mechanics cons ide ra t ion ,  and imaging system design.  However, 
experiment design i t e r a t i o n s  must be performed t o  keep the system 

lern c i r c u l a r  s -synchronous o r b i t ,  From t h i s  cons tan t  a l t i t u d e ,  

7 
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design w i t h i n  f e a s i b l e  l i m i t s  e 

For the fou r th  family of experiments i n  Table 7-6,  an 
order  of magnitude improvement i n  the ground r e s o l u t i o n  i s  
requi red .  
ape r tu re  i s  w e l l  i n  excess of two meters, i f  allowance i s  made 

Even from an a l t i t u d e  of 383 km, the requi red  o p t i c a l  

f o r  image degradat ion i n  the non-opt ical  system components, 
That i s ,  the c l a s s i c a l  d i f f r a c t i o n  l i m i t  i s  ve ry  n e a r l y  one meter 
o p t i c s ,  and i t  has  been shown i n  Volume I V  t h a t  any real  system 
must use o p t i c a l  systems wi th  a p e r t u r e s  on the  order  of f ive 
t i m e s  t he  c l a s s i c a l  d i f f r a c t i o n  l i m i t .  Since a 383 km o r b i t  
per iapse  i s  the lowest poss ib l e  per iapse  from the s tandpoin t  of 
o r b i t  decay, t h i s  family e x h i b i t s  a b a s i c  incompa t ib i l i t y  between 
s c i e n t i f i c  requirements and o r b i t  mechanics I) Visual  imaging 
experiments f o r  t he  s tudy of su r face  l aye r ing  o r  animal l i f e  
cannot be performed from o r b i t  about Mars. 

f,n summary, a l l  non-color v i s u a l  imaging experiments 
f o r  t he  s tudy of atmospheric phenomena a t  Mars can be performed 
from o r b i t  by a one-half-inch v id icon  system (e igh t  pounds, 
e i g h t  w a t t s ,  5000 - 25000 b i t s / s e c ) ,  except  f o r  cloud formation 
experiments, Because of the  combination of l a r g e  imaged areas 
and h igh  r e s o l u t i o n ,  cloud formation experiments r e q u i r e  a one- 
inch v id icon  system (16 l b s ,  16 w a t t s ,  7500 b i t s l s e c ) .  Color 
atmospheric experiments,  performed by using a three-color  f i l t e r  
wheel, have similar support  requirements t o  the  non-color 
experiments, except  t h a t  the  da t a  ra te  may be increased by a 
f a c t o r  of two., The support  requirements f o r  su r face  imagery 
experiments tend t o  f a l l  w i th in  one of t h ree  groups, depending 
upon the  s i z e  of the  imaged area and the  requi red  ground r e so lu -  
t i o n .  Thus v i s u a l  imaging systems capable of ob ta in ing  r eg iona l  
s c a l e  su r face  imagery weigh about 15 t o  30 pounds, consume about 
15 t o  30 watts of power, and acqui re  da t a  a t  the  ra te  of 5,000 
t o  500,000 b i t s / s e c ,  Imaging systems f o r  l o c a l  s c a l e  imagery 
weigh 30 t o  60 pounds, consume 30 t o  100 w a t t s ,  and acqu i re  
da t a  a t  10 t o  10  b i t s j s e c .  Imaging systems f o r  d e t a i l e d  s c a l e  6 7 
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imagery weigh 300 t o  500 pounds, consume 30 t o  300 w a t t s ,  and 

groups, co lo r  experiments have s i m i l a r  support  requirements a s  
non-color experiments, except  t h a t  the d a t a  r a t e  may be increased 
a f a c t o r  o f  two, Also low-sun-angle experiments tend t o  have 
support  requirements near  the  low end of the  ranges given above, 
while s t e r e o  experiments tend t o  have support  requirements near  
the high end, 

quirements and o r b i t a l  mechanics c o n s t r a i n t s  have been i d e n t i f i e d  
by the experiment design a n a l y s i s  performed here .  It i s  d i f f i -  
c u l t  t o  ob ta in  v i s u a l  imagery of l a r g e  a reas  of Mars i n  a s h o r t  
time, Daylight coverage o f  70 percent  of the  p l a n e t  can only be 
achieved i n  one day by l a r g e  f ie ld-of-view systems a t  low a l t i -  
tudes o r  by high r e s o l u t i o n  systems a t  high a l t i t u d e s .  I n  e i t h e r  
case ,  the silpport requirements must be increased over those 
given above. The s i t u a t i o n  i s  aggravated when c o n s t r a l n t s  a r e  
a l s o  imposed upon the des i r ed  su r face  i l lumina t ion .  Thus when 
sa l a r  z e n i t h  angles  of less than 20 degrees are requi red ,  a s  i s  
the  case f o r  s t e r e o  coverage, a minimum o f  approximately 335 days 
a r e  requi red  f o r  i l l umina t ion  of 70 percent  of the p l a n e t ,  When 
the same a r e a  of Mars i s  t o  be observed a second time t o  discover  
temporal v a r i a t i o n s  i n  the su r face  o r  atmospheric phenomena, the 
second observat ion must fol low quickly  on the same o r b i t a l  pass  
xr  must w a i t  a t  least  u n t i l  the next  pass  one o r b i t  per iod  l a t e r  
(a minimum of 2-3 h r s .  l a t e r ) .  That i s ,  image r e p e t i t i o n  times 
longer than a few minutes and s h o r t e r  than a few hours a r e  no t  
poss ib l e  f o r  s i n g l e  spacec ra f t  o r b i t a l  missions e However, no 
severe d i f f i c u l t i e s  are encountered i n  obta in ing  seasonal  coverage 
as i s  des i r ed  f o r  many imaging experiments a t  Mars, 

8 acquire  d a t a  a t  l o 7  t o  10 b i t s l s e c ,  Within each o f  these 

Some b a s i c  i n c o m p a t i b i l i t i e s  between s c i e n t i f i c  r e -  
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7 . 2 . 2  Venus 

A s  p rev ious ly  ind ica ted  by Table 7 - 3 ,  v i s u a l  imagery 
from o r b i t  about Venus i s  expected t o  be use fu l  only i n  the s tudy 
of atmospheric phenomena. I t  i s  h ighly  u n l i k e l y  t h a t  the sur face  
of Venus can be observed i n  the v i s i b l e  po r t ion  of the spectrum 
from o r b i t a l  a l t i t u d e s .  Table 7-7 summarizes the weight,  power, 
and da ta  a c q u i s i t i o n  r a t e s  f o r  v i s u a l  imaging experiments a t  
Venus. A s  with Mars, the support  requirements f o r  atmospheric 
imagery are r e l a t i v e l y  modest. O r b i t a l  imaging experiments a t  
Venus are g r e a t l y  inf luenced by the s l o w  p l ane ta ry  r o t a t i o n  
r a t e .  The d iscuss ion  i n  Sect ion 5 , 2 . 2  has shown t h a t  from an 
i n e r t i a l  o r b i t  only 50  percent  day l igh t  coverage can be achieved, 
un less  a c o s t l y  plane change i s  made sometime during the  mission. 
Furthermore, more than 100 days i n  o r b i t  a r e  requi red  t o  achieve 
the a v a i l a b l e  50  percent  coverage. Sun-synchronous o r b i t s  could 
provide an opportuni ty  f o r  complete day l igh t  coverage, bu t  such 
o r b i t s  do not  appear f e a s i b l e  f o r  Venus. Thus, with the  excep- 
t i on  o f  cloud formation experiments, none of the r eg iona l  s c a l e  
experiments can be adequately performed a t  Venus, un less  an 
expensive plane change manuever i s  performed. 

of the p l a n e t s ,  Venus being n e a r l y  twice the diameter of Ma 
Thus f o r  g loba l  cloud coverage experiments, the minimum scene 
a rea  which i s  u s e f u l  i s  l a r g e r  f o r  Venus than f o r  Mars. An 
at tempt  t o  image such l a r g e  a reas  from low a l t i t u d e s  i s  somewhat 

s e l f - d e f e a t i n g ,  s ince  near the edges of the  imaged a r e a  
the l i n e - o f - s i g h t  i s  n e a r l y  ho r i zon ta l .  For t h i s  reason,  a 1%- 
inch v id i con  system must be used i n  obta in ing  g loba l  cloud 
coverage imagery from a 4 5 4  km a l t i t u d e  c i r c u l a r  o r b i t .  Increas ing  
the o r b i t  a l t i t u d e  t o  about 1000 km would permit use of a one- 
ha l f - inch  v id icon  system wi th  decreased support  requirements,  
With t h i s  i n  mind, the increase  i n  support  requirements,  r e s u l t i n g  
from imaging over a l a r g e  range of o r b i t  a l t i t u d e s  i s  more 
apparent  than i s  immediately obvious from study of the  f i r s t  

Another d i f f e r e n c e  between Mars and Venus i s  the  s i z e  
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grouping i n  Table 7-7. A s  i s  the  case a t  Mars, co lo r  imagery 
wi th  t e l e v i s i o n  systems may o r  may n o t  i nc rease  the d a t a  r a t e  
by a f a c t o r  of t h ree  over the non-color r a t e ,  depending upon 
the image cyc le  t i m e .  Of course,  the  t o t a l  mission o r  o r b i t  
d a t a  load would increase  by a f a c t o r  of t h r e e ,  

show t h a t  the support  requirements have t h i s  s a m e  dependence 
upon the a l t i t u d e  range from which the  imagery i s  obtained and 
the use of a three-color  f i l t e r  wheel., It may be noted t h a t  no 
v i s u a l  imaging experiment a t  Venus r e q u i r e s  the use of  f i l m  
systems. I n  f a c t ,  except  f o r  cloud formation imagery, a l l  the 
experiments a r e  wi th in  reach of a one-half inch v id icon  system. 
This w a s  a l s o  the case  a t  Mars, f o r  atmospheric experiments, 

I n  summary, v i s u a l  imaging experiments a t  Venus have 
approximately the  same support  requirements a s  similar exper i -  
ments a t  Mars. The e s s e n t i a l  d i f f e r e n c e s  are t h a t  more than 
h a l f  of Venus cannot be observed without changing the  o r b i t ,  t h i s  
coverage cannot be obtained more than twice per  Venus yea r ,  bu t  
the same a reas  can be overflown many times a t  i n t e r v a l s  g r e a t e r  
than 1 , 6  hours ,  This  f a c i l i t a t e s  t ime-lapse imagery which i s  
use fu l  f o r  s t u d i e s  of convective c e l l s  and turbulence,  cyclone 
formations,  and au ro ras ,  For cloud formation s t u d i e s ,  these 
image i n t e r v a l  t i m e s  a r e  longer than des i r ed ,  b u t  i n t e r v a l  t i m e s  
of less than one minute can be achieved on the same o r b i t a l  pass  
by increas ing  the amount of forward overlap.  

The o t h e r  experiment groupings i n  Table 7-7 a l s o  

7 . 2 . 3  Mercury 

Table 7-8 summarizes weight,  power, and da ta  acqu i s i -  
t i o n  ra te  requirements f o r  v i s u a l  imaging experiments a t  Mercury. 
A s  w i th  a l l  the  support  requirements summarized i n  t h i s  s ec t ion ,  
a more d e t a i l e d  l i s t  i s  given i n  Volume V f o r  each experiment. 
Since Mercury has  no atmosphere, only sur face  imaging experiments 
a r e  l i s t e d .  The support  requirements a t  Mercury are ve ry  s i m i l a r  
t o  those found a t  Mars f o r  analogous experiments. For example, 
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l o c a l  s c a l e  s t e r e o  experiments f o r  study of sur face  topography 
can be performed a t  Mercury using a f ive- inch  SO-243 f i l m  system 
j u s t  a s  a t  Mars, However, the f i l m  systems tend t o  weigh more 
a t  Mercury than a t  Mars because more massive amounts of r ad ia -  
t i o n  sh ie ld ing  i s  requi red .  Also,  the  s a m e  t rends  are p resen t  
i n  the support  requirements - co lo r  experiments have support  
requirements similar t o  non-color experiments except  the da t a  
r a t e  i s  usua l ly  h ighe r ,  stereo experiments weigh more,  consume 
more power, and acqu i re  d a t a  more r a p i d l y  than non-stereo exper i -  
ments, and experiments performed from a range of a l t i t u d e s  have 
more demanding support  requirements than analogous experiments 
performed from a c i r c u l a r  o r b i t .  

There are no i n c o m p a t i b i l i t i e s  between the s c i e n t i f i c  
requirements and the  o r b i t a l  mechanics c o n s t r a i n t s  f o r  l o c a l  and 
d e t a i l e d  s c a l e  experiments. (The layer ing  experiment r equ i r e s  
o p t i c a l  system o f  g r e a t e r  than two meters ape r tu re  and i s  thus 
n o t  f e a s i b l e )  However, f o r  r eg iona l  s c a l e  experiments involving 
n e a r l y  noon-time s o l a r  i l l umina t ion ,  the des i r ed  amounts of 
Mercury are n o t  proper ly  i l lumina ted .  Thus f o r  co lo r  imagery, 
f o r  which the s o l a r  z e n i t h  angle  should be less than 40 degrees,  
on ly  64 percent  of Mercury8s sur face  i s  proper ly  i l lumina ted ,  
and only about h a l f  of Mercury can be imaged from an i n e r t i a l  
o r b i t ,  S imi l a r ly ,  f o r  s t e r e o  coverage, f o r  which the  s o l a r  z e n i t h  
angle should be less than 20  degrees ,  only 34 percent  of  Mercury's 
sur face  i s  proper ly  i l lumina ted ,  and thus only 15 percent  of the 
sur face  can be proper ly  imaged from o r b i t .  A t  t h a t ,  n e a r l y  two 
Mercury years  (about 180 Ea r th  days) are requi red  t o  a t t a i n  the 
a v a i l a b l e  coverage, Time-lapse imagery, w i th  image i n t e r v a l s  of 
about two o r  more hours ,  i s  e a s i l y  achieved, bu t  i s  requi red  
f o r  only a few of the experiments, 

7 . 2 . 4  J u p i t e r  

Atmospheric phenomena can be u s e f u l l y  imaged i n  the 
v i s i b l e  po r t ion  of t he  spectrum from o r b i t  about J u p i t e r .  
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Table 7-9 summarizes t y p i c a l  weight,  power, and da ta  ra te  re- 
quirements f o r  such experiments.  The most obvious conclusion 
i s  t h a t  a two-inch RBV system i s  adequate f o r  v i s u a l  imagery a t  
J u p i t e r ,  High o rb i t a l .  a l t i t u d e s  have been chosen t o  minimize 
the  hazard from t h e  Jovian r a d i a t i o n  b e l t s ,  hence the  o p t i c a l  
systems used wi th  the  RBV tend t o  be l a rge .  For those experiments 
r equ i r ing  20 km "gyound" r e s o l u t i o n ,  the  o p t i c a l  system has  a 
f o c a l  length  from 20 t o  60 ern and a l ens  ape r tu re  from 10 to  20  
cm. For t h e  th ree  km ground r e s o l u t i o n  experiments,  a 90 cm 
l e n s  wi th  a 2 meter f o c a l  l eng th  i s  used. Var i a t ions  i n  exper i -  
ment weight ar ise  s o l e l y  from v a r i a t i o n s  i n  the  o p t i c a l  system, 
I n  a11 cases ,  more than 100 seconds i s  requi red  t o  f l y  from one 
a r e a  t o  a new area, and hence the use of a three-color  f i l t e r  
wheel has  no e f fec t  on the d a t a  r a t e ,  Z t  does,  of course ,  
increase  the  t o t a l  amount of da t a .  Because of J u p i t e r ' s  East 
r o t a t i o n  ras'e, a l l  the  coverage and image in t e rva l  t i m e  r eqv i r e -  
ments can be achieved by proper o r b i t  s e l e c t i o n .  

7 . 3  I n f r a r e d  Scanning Systems 

The usefu lness  of o r b i t a l  i n f r a r e d  imagery i n  the 
exp lo ra t ion  of Mars, Mercury, Venus and J u p i t e r  i s  ind ica t ed  i n  
Table 9-10. The blackness  of each c i r c l e  i s  p ropor t iona l  t o  the  
usefu lness  of t he  imagery; a completely b lack  c i r c l e  i n d i c a t i n g  
t h a t  imagery from o r b i t  i s  expected t o  be ve ry  u s e f u l ,  a completely 
white c i r c l e  i n d i c a t i n g  t h a t  imagery from o r b i t  i s  n o t  ve ry  
use fu l .  For d e t a i l s  of t hese  assessments,  t he  reader  i s  r e f e r r e d  
t o  Volume 11 (Def in i t ions  of S c i e n t i f i c  Objec t ives) .  A t  Venus 
and J u p i t e r ,  i n f r a r e d  imagery i s  expected t o  be ve ry  u s e f u l  i n  the  
s tudy of n e a r l y  a l l  atmospheric phenomena, whi le  a t  Mars and 
Mercury, i n f r a r e d  imagery i s  expected t o  be ve ry  u s e f u l  i n  the 
d e t e c t i o n  thermal anomalies on the  su r face  and u s e f u l  i n  the 
study of l i t h o l o g i c  con tac t s .  Although no d i s t i n c t i o n  i s  apparent  
i n  t h e  t a b l e ,  d e t e c t i o n  of both r e f l e c t e d  s o l a r  and thermally 
emit ted i n f r a r e d  energy i s  use fu l .  I n  p a r t i c u l a r ,  r e f l e c t e d  
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i n f r a r e d  energy i s  expected t o  be use fu l  i n  imagery of con tac t s ,  
g loba l  cloud coverage, cloud formation, and cyclone formations,  
while thermally emi t ted  i n f r a r e d  imagery i s  use fu l  f o r  a l l  the 
phenomena l i s t e d  i n  the t a b l e  except con tac t s .  

Table 7-10 

U t i l i t y  of  O r b i t a l  I n f r a r e d  Imagery 

MARS VENUS 

Contacts - 

Surface Thermal Anomalies 

Atmospheric Therma 1 Anomalies 

Global Cloud Coverage 

Convective C e l l s  & Turbulence 

Cloud Formation 

Cyclone Formations 

Surf ace - to-A tmosphere Trans fer 

Mars 

Weight, power, and da ta  rate requirements f o r  o r b i t a l  

- 7.3.1 

i n f r a r e d  - imaging experiments a t  Mars are shown i n  Table 7-11, 
The experiments i n  the t a b l e  are grouped according t o  minimum 
acceptable  image ground s i z e ,  o r  scan length  on the p l ane ta ry  
sur face .  These groupings correspond t o  r eg iona l ,  l o c a l ,  and 
d e t a i l e d  s c a l e  experiments. There i s  a ve ry  c l o s e  c o r r e l a t i o n  
between the support  requirements and the  s i z e  of the scanning 
beam (system angular  r e s o l u t i o n ) .  The scanning beam s i z e  i n  
turn  i s  d i r e c t l y  r e l a t e d  t o  the imaging a l t i t u d e  and the  re- 
quired ground r e s o l u t i o n  and i n d i r e c t l y  t o  the  scan length.  
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The r eg iona l  s c a l e  experiments show s u r p r i s i n g l y  
small  weight,  power, and da ta  ra te  requirements.  The convective 
c e l l s  and turbulence- experiment design uses a thermis tor  opera t ing  
i n  e i t h e r  the  6-14 1 ~ .  band o r  the 20-40 1 ~ .  band, avoiding the 
s t rong  C02 absorp t ion  band a t  about 1 7  
ments are the  same i n  e i t h e r  case ,  and are based on a requi red  
temperature r e s o l u t i o n  of two deg K (appropr ia te  f o r  a l l  thermal 
imagery experiments a t  Mars). The 969 km a l t i t u d e  c i r c u l a r  p o l a r  
o r b i t  s e l e c t e d  f o r  t h i s  experiment a f f o r d s  complete p l a n e t a r y  
coverage every f ive days.  Seasonal coverage i s  des i r ed  and 
e a s i l y  obtained,  Two su r face  thermal anomalies experiments are 
l i s t e d  i n  the  t a b l e ,  both using a thermis tor  d e t e c t o r  over a 
broad band from 2 t o  50 p. The f i r s t  uses an e l l i p t i c  o r b i t  
wi th  imaging performed only i n  the  immediate v i c i n i t y  of per iapse  
a t  425 km,  the  second a c i r c u l a r  o r b i t  of 969 km a l t i t u d e  wi th  
imaging performed over h a l f  the o r b i t .  The h igher  ground speed 
of the  e l l i p t i c  o r b i t  r e s u l t s  i n  a h igher  d a t a  r a t e ,  bu t  a f f o r d s  

The support  r equ i r e -  

imagery of the  same a r e a  a f t e r  25  hours a s  des i r ed .  The second 
provides an image i n t e r v a l  of f i v e  days ( a c t u a l l y  complete 
p l ane ta ry  coverage every f ive days) w i th  a less expensive capture  
manuever and a lower da t a  ra te ,  because of  the lower  ground 
speed. The con tac t s  experiment uses  a PbS d e t e c t o r  opera t ing  a t  
295 deg K f r o m  a sun-synchronous c i r c u l a r  o r b i t  providing 74 
percent  coverage every f i v e  days. A one-faced scanning mir ror  
has  been used. The d a t a  ra te  could e a s i l y  be reduced a f a c t o r  
of two by using a two-sided scanning mir ror  wi th  a ve ry  small 
increase  i n  the system weight.  Again, t h i s  emphasizes the  amount 
of design f l e x i b i l i t y  a v a i l a b l e  t o  the  experiment des igner ,  and 
the support  requirements given he re  must be regarded as t y p i c a l  
r a t h e r  than optimized i n  any sense,  

A s  wi th  the  r eg iona l  s c a l e  experiment, t he  l o c a l  scale 
convective c e l l s  experiment u t i l i z e s  a thermis tor  opera t ing  
e i t h e r  i n  the 6-14 1 ~ .  band o r  i n  the  20-40 P band. For l o c a l  
s c a l e  t h e m a l  anomalies, a b e t t e r  ground r e s o l u t i o n ,  and hence 
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a more s e n s i t i v e  d e t e c t o r  i s  requi red .  An aluminum-doped s i l i c o n  
d e t e c t o r  opera t ing  a t  23 deg K has  been chosen. 
cool ing system accounts f o r  most of the sensor  system weight. 
The d e l e t e r i o u s  e f f e c t s  of acqui r ing  imagery over an appreciable  
range of a l t i t u d e s  i s  shown by the  l o c a l  s c a l e  con tac t s  exper i -  
ment, The angular  r e s o l u t i o n  i s  set  by the ground r e s o l u t i o n  
which must be achieved even from an a l t i t u d e  of 976 km. The 
r e s u l t i n g  s m a l l  scanning beam s i z e  r e q u i r e s  a l a r g e  c o l l e c t i n g  
ape r tu re  (31 cm) t o  c o l l e c t  enough energy when used wi th  a l i n e a r  
a r r a y  of 50 PbS d e t e c t o r s  a t  295 deg K.  By opera t ing  the l i n e a r  
a r r a y  a t  195 deg K and using a r a d i a t i o n  cool ing system, the 
system weight could be reduced t o  about 100 pounds and the 
c o l l e c t o r  diameter t o  about 15 cm.  The requi red  opera t ing  power 
and d a t a  rate would remain unchanged. 

The s o l i d  neon 

The d e t a i l e d  s c a l e  experiments involve angular  r e -  
s o l u t i o r s  leading t o  d i f f r a c t i o n - l i m i t e d  o p t i c a l  sys tem g r e a t e r  
than one meter a p e r t u r e ,  and hence beyond the c u r r e n t  (and fore-  
seeable)  s t a t e - o f - a r t .  For Mars, t he  peak of the b lack  body 
s p e c t r a l  emission curve occurs a t  about 15 1-1, and a t  t h i s  wave- 
length  the  c o l l e c t i n g  system must be a t  l eas t  1 . 3  meters i n  
diameter t o  achieve a f i v e  meter r e s o l u t i o n  from 370 km. Even 
i f  a s u f f i c i e n t l y  s e n s i t i v e  d e t e c t o r  were a v a i l a b l e  and the 
requi red  o p t i c a l  system could be cons t ruc ted ,  the  sensor  system 
would weigh w e l l  over 400 pounds. For the con tac t s  experiment, 
a s i m i l a r l y  s i zed  o p t i c a l  system i s  necessary,  the  inc rease  i n  
o r b i t  a l t i t u d e  counterbalancing the  decrease i n  opera t ing  
wavelength t o  about two microns 

ground r e s o l u t i o n s  of 3 krn weigh about f i v e  pounds, consume 
about t h ree  watts of power, and c o l l e c t  d a t a  a t  10,000 b i t s l s e c ,  
o r  less.  For ground r e s o l u t i o n s  of about 200 meters, a t y p i c a l  
i n f r a r e d  imaging system might weigh 50-100 pounds, consume 5-30 
watts,  and c o l l e c t  da t a  a t  10 o r  10 b i t s / s e c .  Deta i led  s c a l e  
experiments a t  five meter r e s o l u t i o n  appear t o  be unfeas ib le .  

I n  summary, i n f r a r e d  scanning experiments providing 

5 6 
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I n  comparison wi th  v i s u a l  imaging experiments,  i n f r a r e d  exper i -  
ments appear t o  have support  requirements roughly comparable t o  
visual. experiments on the  r e g i o n a l  and l o c a l  s c a l e ,  bu t  the 
technology i s  n o t  as w e l l  developed as f o r  v i s u a l  systems and 
thus d e t a i l e d  s c a l e  imagery i s  impossible a t  the c u r r e n t  level 
of development. O f  course,  i n f r a r e d  systems can provide d a t a  
on the thermal environment of the  imaged scene, while  v i s u a l  
systems cannot,except q u i t e  i n d i r e c t l y .  Furthermore, a freedom 
from s t r i n g e n t  i l l umina t ion  c o n s t r a i n t s  permits  g r e a t e r  l a t i t u d e  
i n  o r b i t  s e l e c t i o n ,  f a c i l i t a t i n g  achievement of coverage and 
t ime-lapse imagery requirements. 

7 .3 ,2  Venus 

Table 7-12 summarizes some of the  support  r equ i r e -  
ments f o r  urbi-ta-l i n f r a r e d  scanning imagery a t  Venus. 
thermal imaging experiments have been based on a requi red  tempera- 
t u r e  r e s o l u t i o n  of f ive deg K. A l l  the  experiments des i r ed  a t  
Venus are q u i t e  f e a s i b l e ,  and have r a t h e r  modest support  r equ i r e -  
ments, This  i s  because ground r e s o l u t i o n s  of only t h r e e  km and 
temperature r e s o l u t i o n s  of only f i v e  deg K (compared t o  two deg K 
a t  Mars) are necessary.  A s  wi th  o the r  imaging experiments, the 
support  requirements a r e  increased  when imagery i s  obtained over 
a s i g n i f i c a n t  a l t i t u d e  v a r i a t i o n ,  as compared t o  cons t an t  a l t i t u d e  
imaging opera t ions .  Detector  cool ing  i s  n o t  necessary a t  Venus. 
Reflected s u n l i g h t  imagery i s  obtained by PbS d e t e c t o r s ,  thermal 
imagery by thermis tors .  V i r t u a l l y  a l l  the s c i e n t i f i c  requirements 
are m e t  , except  t h a t  complete p l ane ta ry  coverage cannot be achieved 
i n  less than about 120 Ea r th  days. 

The 

7.3.3 Mercury 

Table 7-13 summarizes the  weight,  power, and da ta  
ra te  requirements of o r b i t a l  i n f r a r e d  imagery a t  Mercury. The 
support  requirements f o r  r eg iona l  scale imagery (3 km ground 
r e s o l u t i o n )  are s i m i l a r  t o  those a t  Mars and Venus. The r eg iona l  
con tac t s  experiment does n o t  q u i t e  s a t i s f y  the s c i e n t i f i c  r equ i r e -  
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ments i n  t h a t  only 63 percent  ( r a t h e r  than 70 percent )  p l ane ta ry  
coverage i s  achieved, which i s  t h e  most which can be attaizled 
wi th  an i n e r t i a l  o r b i t ,  The support  requirements f o r  sur face  
thermal anomalies are based on a five deg K temperature reso lu-  
t i o n ,  The weight of the  l o c a l  scale con tac t s  experiment can 
probably be reduced t o  t h a t  of  the l o c a l  s c a l e  su r face  thermal 
anomalies experiment by opera t ing  the  PbS de tec to r  a t  195, 
r a t h e r  than 295, deg K. The l o c a l  scale thermal anomalies 
experiment employs a boron-doped s i l i c o n  d e t e c t o r  opera t ing  a t  
23 deg K. The cool ing system i s  r e l a t i v e l y  s m a l l  because of a 
s h o r t  mission du ra t ion  (60 days).  The d e t a i l e d  s c a l e  experiments 
are n o t  f e a s i b l e  a t  the  c u r r e n t  s t a t e - o f - a r t .  The con tac t s  
experiment r e q u i r e s  an order  of magnitude increase  i n  d e t e c t o r  
s e n s i t i v i t y ,  the  thermal anomalies experiment,(which demands a 
longer wavelength) has  a d i f f r a c  t ion- l imi ted  c o l l e c t i n g  system 
i n  excess  of one meter ape r tu re .  Disregarding the  d e t a i l e d  
s c a l e  experiments, a l l  the  s c i e n t i f i c  requirements f o r  i n f r a r e d  
imagery a t  Mercury can be s a t i s f i e d ,  except  f o r  the  r eg iona l  
s c a l e  con tac t s  experiment as noted above. 

7 . 3 . 4  J u p i t e r  

Table 7- 13 a l s o  surrpnarizes the support  requirements 
implied by i n f r a r e d  imagery a t  J u p i t e r .  I n  add i t ion  t o  the  
s tagger ing  support  requirements n e i t h e r  of the two f e a s i b l e  (?) 
experiments l i s t e d  completely s a t i s f y  the  s c i e n t i f i c  requirements.  
I n f r a r e d  imagery o f  J u p i t e r  i s  d i f f i c u l t  t o  ob ta in  from o r b i t  
because of t he  high o r b i t a l  a l t i t u d e s  requi red  t o  reduce exposure 
t o  the r a d i a t i o n  b e l t s ,  t he  small  amount of both r e f l e c t e d  
s o l a r  and thermally emi t ted  energy, and the two deg K temperature 
r e s o l u t i o n  r equ i r ed ,  Even using the  b e s t  a v a i l a b l e  d e t e c t o r  
(PbS a t  195 deg K ) ,  the g loba l  cloud coverage experiment involves  
a l a r g e  c o l l e c t i n g  a p e r t u r e  (80 cm) and a correspondingly massive 
scanning system. Furthermore, about 15 minutes i s  requi red  t o  
scan an area 15000 x 15000 km, exceeding the des i red  a c q u i s i t i o n  
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t i m e  by n e a r l y  an order  of magnitude. 
l o w  temperature,  thermal imagery should be obtained a t  about 
30 IJ. wavelength. Using the b e s t  a v a i l a b l e  d e t e c t o r s ,  a c o l l e c t o r  
ape r tu re  of two meters i s  requi red  f o r  imagery of thermal 
anomalies. The cyclone formations experiment i s  similar t o  t h e  
g loba l  cloud coverage experiment, except  t h a t  t he  image acqu i s i -  
t i o n  t i m e  i s  reduced t o  about f ive minutes - one minute i s  re- 
quired by the image s p e c i f i c a t i o n s  of  Table 4-1. 

Because o f  J u p i t e r ' s  

7.4 Passive Microwave Scanning Systems 

The a n a l y s i s  of p l ane ta ry  exp lo ra t ion  s c i e n t i f i c  
ob jec t ives  presented i n  Volume II i n d i c a t e s  t h a t  pass ive  micro- 
wqve imaging systems are p o t e n t i a l l y  u s e f u l  f o r  t he  observat ion 
of both su r face  and atmospheric thermal anomalies convective 
c e l l s  and turbulence,  and su r face  t o  atmosphere t r a n s f e r .  This 
assessment i s  summarized i n  Table 7-14, where i t  i s  seen t h a t  
pass ive  microwave systems are of mast va lue  a t  Venus and J u p i t e r .  
This i s  p r i m a r i l y  because Mars and Mercury have no s i g n i f i c a n t  
atmosphere, hence the s tudy of atmospheric s t r u c t u r e  and dynamics 
does n o t  c o n t r i b u t e  m a t e r i a l l y  t o  an understanding o f  these  
p lane ts , ,  

Table 7-14 

U t i l i t y  of O r b i t a l  Passive Microwave Imagery 

Qbservab l e  

Surface Thermal Anomalies 

Atmospheric Thermal Anomalies 

Convective Cells and Turb 

Surface t o  Atmosphere Transfer  
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Experiment support  requirements have been est imated 
f o r  all. those planet-observable  combinations i d e n t i f i e d  i n  
Table 7 - 1 4  as u s e f u l  o r  ve ry  use fu l .  These support  requirements 
a r e  summarized i n  Table 7 - 1 5 ,  more d e t a i l e d  r e s u l t s  are provided 
f o r  these  experiments i n  Volume V.  For each experiment shown 
i n  the  t a b l e ,  t he  support  requirements are based upon minimal 
achievement of t he  appropr ia te  image s p e c i f i c a t i o n s ,  as d e t e r -  
mined by the var ious  worth curves.  I n  some cases, i t  i s  n o t  
p o s s i b l e  t o  achieve the necessary  temperature r e s o l u t i o n  because 
of s t a t e - o f - a r t  c o n s t r a i n t s  on the sensor system design. These 
cases  are i d e n t i f i e d  i n  the t a b l e  by the a s t e r i s k  placed upon 
the des i r ed  temperature r e s o l u t i o n  va lues .  The t a b l e  shows t h a t  
only a t  Venus can any of the des i r ed  imagery be obtained,  w i th in  
the c o n s t r a i n t s  imposed by the o r b i t a l  s e l e c t i o n s  and cu r ren t  
microwave system technology. 

A t  Msrs, only r eg iona l  s c a l e  microwave experiments 
are a t  a l l  f e a s i b l e ,  Two a l t e r n a t e  o r b i t s  have been chosen f o r  
the r eg iona l  su r f ace  thermal anomalies experiment. The f i r s t  
i s  a c i r c u l a r  p o l a r  o r b i t  providing complete coverage of Mars 
every f ive  days. The second i s  an e l l i p t i c  po la r  o r b i t  on which 
imagery i s  obtained only i n  the immediate v i c i n i t y  of the 425 
km pe r i apse ,  thus s a c r i f i c i n g  mission dura t ion  f o r  a lower 
imaging a l t i t u d e  and a more economical cap ture  manuever. 
mately 120 days i s  requi red  t o  achieve 70 percent  p l ane ta ry  
coverage., The lower imaging a l t i t u d e  r e s u l t s  i n  a dramatic 
decrease i n  antenna weight,  al though the two experiments are n o t  
q u i t e  comparable. The f i r s t  experiment provides a temperature 
r e s o l u t i o n  of 4 . 6  deg K,  t he  second 7.4  deg K. A temperature 
r e s o l u t i o n  of two deg K cannot be achieved, even by a no i se - f r ee  
r e c e i v e r .  An e l ec t r i ca l ly - scanned  antenna has been used i n  both 
cases .  The l o c a l  and d e t a i l e d  s c a l e  experiments cannot be per-  
formed because the  requi red  antenna s i z e  and beam switching t i m e  
exceeds the  c u r r e n t  s ta te-of-ar t  by orders  o f  magnitude. It would 
appear t h a t  su r f ace  thermal anomalies a t  Mars are much e a s i e r  

Approxi- 
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t o  observe i n  the i n f r a r e d  po r t ion  of the spectrum than i n  the 
microwave. 

The su r face  of Venus cannot be adequately observed 
from o r b i t  by any pass ive  microwave system which i s  wi th in  reach 
of the c u r r e n t  s t a t e - o f - a r t .  I n  order  t o  pene t r a t e  the atmosphere, 
f requencies  of l e s s  than t e n  GHz are necessary,  implying antenna 
diameters of about 100 f e e t  f o r  th ree  km r e s o l u t i o n ,  Su rp r i s ing ly  
enough, the d e t a i l e d  s c a l e  atmospheric thermal anomalies exper i -  
ment has  less demanding support  requirements than the  corresponding 
r eg iona l  s c a l e  experiment. This i s  because the r eg iona l  s ca l e  
experiment a c t u a l l y  conta ins  more r e s o l u t i o n  elements per  scan 
l i n e ,  s eve re ly  l i m i t i n g  the i n t e g r a t i o n  time per  r e s o l u t i o n  
element. The opera t ing  frequency must t he re fo re  be chosen t o  
reduce the bandwidth r a t h e r  than the antenna s i z e .  The r eg iona l  
s ca l e  experiment t he re fo re  opera tes  a t  30 GHz and an antenna 
s i z e  of 7 x 7 f t ,  while the d e t a i l e d  s c a l e  experiment u t i l i z e s  
a 2 x 2 f t  antenna a t  65 GHz. Even a t  t h a t ,  the r eg iona l  s ca l e  
experiment provides  a temperature r e s o l u t i o n  of s l i g h t l y  more 
than s i x  deg K ,  while f i v e  deg K i s  des i r ed ,  This design pe- 
c u l i a r i t y  does no t  occur f o r  the convective c e l l s  experiments 
s ince  the r eg iona l  s c a l e  experiment r e q u i r e s  scan lengths  of 
only 600 km. This l a t t e r  experiment i s  the only passive micro- 
wave experiment found f o r  which a mechanically-scanned antenna 
i s  f e a s i b l e .  The sur face  t o  atmosphere energy t r a n s f e r  exper i -  
ment doe n o t  s a t i s f y  the s c i e n t i f i c  requirements i n  t h a t  120 days 
i s  requi red  t o  ob ta in  f u l l  p l ane ta ry  coverage, r a t h e r  than 100 
hours as des i r ed .  A s  noted wi th  o the r  imaging systems, t h i s  i s  
a bas i c  incompa t ib i l i t y  between o r b i t a l  opera t ions  and s c i e n t i f i c  
requirements a t  Venus. Comparison of microwave t o  i n f r a r e d  
imaging a t  Venus sugges ts ,  as a t  Mars, t h a t  f o r  similar s c i e n t i f i c  
ob jec t ives  i n f r a r e d  imagery can be obtained more e a s i l y  than 
passive microwave. However, d i f f e r e n t  information i s  obtained 
and may be worth the increased support  requirements. 
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A t  Mercury and J u p i t e r ,  no pass ive  microwave imagery 
which completely sat isf ies  the  s c i e n t i f i c  requirements can be 
obtained by imaging systems wi th in  reach of t he  c u r r e n t  state- 
o f - a r t .  The only f e a s i b l e  experiment i s  s tudy of su r face  thermal 
anomalies on a r eg iona l  s c a l e  a t  Mercury. Even opera t ing  a t  t he  
optimum frequencycfrom the  s tandpoin t  of the  temperature re- 
solution) produces imagery from which temperature d i f f e r e n c e s  of 
only seven deg K can be deduced, while  f ive deg K r e s o l u t i o n  i s  
required.  A t  t h a t ,  the  r e l a t i v e l y  long wavelength r e q u i r e s  an 
antenna 2 1  x 2 1  f t  i n  s ize .  By inc reas ing  the  opera t ing  f r e -  
quency, t he  antenna s i z e  could be reduced a t  the  expense of 
temperature r e s o l u t i o n .  Enormous antennas are necessary a t  
J u p i t e r  t o  achieve the des i r ed  s p a t i a l  r e s o l u t i o n s  from the 
orbi ta l ,  a l t i t u d e s  considered,  The b e s t  t h a t  can be done with 
reasonably s i zed  antennas i s  about 200 km "ground" r e s o l u t i o n .  

7.5 Radar Imaging Sys tems 

An eva lua t ion  of the e f f i c a c y  of r ada r  imagery i n  
explor ing  the p l a n e t s  f rom o r b i t  i s  shown i n  Table 7-16. The 
t ab le  i s  based on d a t a  presented i n  Volume I1 o f  t h i s  r e p o r t  
series.  The b lack  c i r c l e s  i n  the t a b l e  s i g n i f y  t h a t  r ada r  imagery 
i s  very  u s e f u l ,  the  ha l f -b l ack  c i r c l e s  u s e f u l ,  the  empty c i r c l e s  
n o t  ve ry  u s e f u l ,  Radar imagery a t  Venus i s  considered t o  be 
very u s e f u l ,  s ince  i t  o f f e r s  t he  only reasonable chance of 
observing the  su r face  from o r b i t .  The atmosphere a t  J u p i t e r  i s  
presumed t o  be so  t h i c k ,  and the presence of a sur face  s o  un- 
known, t h a t  r ada r  imagery i s  regarded as n o t  very  u s e f u l ,  
Experiment support  requirements have been est imated f o r  a l l  the 
use fu l  experiments suggested by the  t a b l e .  Only the  weight ,  
power, and d a t a  r a t e  requirements are repor ted  here .  A complete 
se t  o f  support  requirements f o r  each u s e f u l  experiment i s  given 
i n  Volume V ,  Because r ada r  imagery i s  most important a t  Venus, 
a depar ture  i s  made i n  the usua l  p l ane ta ry  o rde r ,  and Venus 
experiments are discussed f i r s t  here .  
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Table 7-16 

U t i l i t y  of O r b i t a l  Radar Imagery 

MARS VENUS 

Surf ace E leva t i o n s  

Layering 

Contacts -- 
St ruc tu re  of Fea tures  

Surface Topography 

Surface Appearance 

Topographic Changes 

P r e c i p i t a t i o n  Rate 

Animal L i f e  

P lan t  L i f e  
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Table 7-17 p re sen t s  t he  weight,  power, and da ta  r a t e  
requirements f o r  va r ious  r ada r  experiments a t  Venus, along with 
the antenna s i z e  and type o f  r a d a r .  Here NC s i g n i f i e s  noncoher- 
e n t  r a d a r ,  while SA i n d i c a t e s  a s y n t h e t i c  ape r tu re  system. Non- 
coherent: systems were used whenever poss ib l e ,  t h a t  i s ,  un less  the  
necessary antenna s i z e  exceeded the  s t a t e - o f - a r t  l i m i t a t i o n s .  
V e r t i c a l  he igh t  information can be obtained by s t e r e o  coverage o r  
by measurement of r ada r  shadow lengths .  Only s ide- looking r ada r  
systems were considered. For such systems, s t e r e o  coverage can 
be obtained by passing by the same a r e a  t w i c e ,  t h a t  i s ,  by using 
two o r b i t a l  passes .  I f  both passes  are on the  same s i d e  of the 
imaged area, the s t e r e o  imagery i s  r e f e r r e d  t o  as one-sided 
coverage and i s  i d e n t i f i e d  i n  the t ab le  by a 1 i n  the s t e r e o  
column. I f  the two passes  are on opposi te  s i d e s  of the imaged 
a r e a ,  the opera t ion  i s  r e f e r r e d  t o  as two-sided s t e r e o  and iden- 
t i f i e d  by a 2 i n  the s t e r e o  column o f  the t a b l e .  Two-sided s t e r e o  
coverage provides  super ior  v e r t i c a l  r e s o l u t i o n ,  bu t  r e q u i r e s  a 
r e o r i e n t a t i o n  of the  antenna during the mission and hence g r e a t l y  
increased command and c o n t r o l  requirements.  
t i o n  has  been given t o  the  f e a s i b i l i t y  of such s t e r e o  coverage 
during a p lane ta ry  mission,  

i n t o  similar s c i e n t i f i c  requirements as t o  minimum u s e f u l  image 
ground s i z e  (swath width) and h o r i z o n t a l  ground r e s o l u t i o n .  A 
glance a t  the  t a b l e  shows t h a t  r ada r  imaging experiments a r e  
gene ra l ly  heavier  and more t h i r s t y  f o r  power than any o the r  
imaging system considered. On the o the r  hand, they o f f e r  the 
only p o s s i b i l i t y  f o r  pene t r a t ing  t h i c k  atmospheres. The power 
requirements re f lec t  the f a c t  t h a t  r ada r  systems are active re- 
mote sensors ,  A l l  t he  o the r  imaging systems considered i n  t h i s  
study r e l y  upon s o l a r  o r  thermal energy. It should a l s o  be 
emphasized t h a t  a g r e a t  amount of design f l e x i b i l i t y  e x i s t s  i n  
the design of a r ada r  system f o r  t h i s  ve ry  reason. The support  
requirements given he re  are r e p r e s e n t a t i v e  values and do n o t  reflect 

No d e t a i l e d  considera-  

The t a b l e  l i s t s  experiment support  requirements grouped 
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an optimized design i n  any sense. 

h o r i z o n t a l  ground r e s o l u t i o n ,  hence antenna lengths  of only 
about 30 f e e t  are required,, The two-sided s t e r e o  mode a f f o r d s  
a lower average power requirement and a decreased da ta  r a t e  as 
compared t o  the one-sided mode. A s  w i th  a11 o the r  Venus o r b i t a l  
imagery experiments,  a t  l e a s t  120  Ea r th  days are requi red  t o  
achieve 70 percent  p l ane ta ry  coverage, Three km h o r i z o n t a l  
r e s o l u t i o n  i s  provided by noncoherent systems with antenna 
lengths  of about 200 f e e t .  Table 7-17 i n d i c a t e s  t h a t  r e g i o n a l  
s cq le  r ada r  imagery a t  Venus can be provided by noncoherent 
systems weighing 200-300 pounds, consuming 300-500 w a t t s  of 
power, and c o l l e c t i n g  d a t a  a t  a ra te  of  roughly 10,000 b i t s / s e c .  
All l o c a l  s c a l e  imagery r e q u i r e s  s y n t h e t i c  ape r tu re  systems of 
300-400 pounds wi th  antenna lengths  of about 50 feet .  Power 
requirements range from about 200 t o  3000 w a t t s  depending uj+i 
the  requi red  v e r t i c a l  r e s o l u t i o n  and the mode of coverage. I f  
the one-sided mode of s t e r e o  coverage i s  r e j e c t e d ,  the power 
requirements reduce t o  200-300 wa t t s .  Data ra tes  f o r  l o c a l  
s c a l e  experiments are i n  the range of l o 5  - 10 

formed between the weight and power requirements by a d j u s t i n g  
the antenna s i ze .  By using a l a r g e  antenna t o  focus the  t r a n s -  
mi t ted  power upon the d e s i r e d  ground a r e a ,  t he  power requirement 
nay be reduced a t  the expense of  antenna weight.  For example, 
con tac t s  and su r face  appearance experiments r equ i r e  e s s e n t i a l l y  
the same imagery. By using a ten f o o t  wide antenna, the system 
weight may be reduced t o  600 pounds, but  20 k i lowa t t s  of  power 
a r e  requi red .  A l t e r n a t i v e l y ,  by increas ing  the  antenna width a 
f a c t o r  of t e n ,  the power requirement i s  reduced by a f a c t o r  of 
100, while  t he  system weight i s  increased  n e a r l y  a f a c t o r  of t en .  
A reasonable  compromise might r e s u l t  i n  system weights about 
1000 pounds and power requirements of about one k i lowa t t .  I n  
any even t ,  t he  d a t a  a c q u i s i t i o n  r a t e  i s  about l o 6  b i t s / s e c .  

Surface e l e v a t i o n s  experiments r e q u i r e  only 20 km 

6 b i t s / s e c .  
For  d e t a i l e d  s c a l e  imagery, t r a d e o f f s  may be per -  
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Experiments r e q u i r i n g  less than one meter ground r e s o l u t i o n  a r e  
e i t h e r  p r o h i b i t i v e l y  expensive (1000 pounds and 100 k i lowa t t s )  
o r  a r e  beyond the s t a t e - o f - a r t .  

a t  Mars and Mercury are s i m i l a r  t o  those a t  Venus. Noncoherent 
systems can be used f o r  r eg iona l  s c a l e  experiments, bu t  l o c a l  and 
d e t a i l e d  experiments demand s y n t h e t i c  ape r tu re  systems i f  the 
antenna length  i s  t o  be kept  w i th in  reasonable bounds. The 
s c i e n t i f i c  ob jec t ives  f o r  which r ada r  imagery i s  u s e f u l  a t  Mars 
and Mercury can a l s o  be achieved by v i s u a l  imaging systems and 
a t  considerably reduced support  requirements. Regional s t e r e o  
coverage i s  the  except ian t o  t h i s  r u l e .  That i s ,  s t e r e o  v i s u a l  
coverage of 70 percent  of Mars r e q u i r e s  a mission du ra t ion  of 
about 330 days, while  s t e r e o  r ada r  coverage o f  70 percent  of 
Mars can be acquired i n  less than t en  days. S imi l a r ly  a t  Mercury 
only 34 percent  D f  the  p l a n e t ' s  sur face  i s  ever proper ly  i l l umi -  
nated f o r  v i s u a l  s t e r e o  imagery, Radar s t e r e o  imagery of  the  
e n t i r e  su r face  can be achieved i n  30 Ear th  days,  

Support requirements f o r  r ada r  imaging experiments 

Radar imagery of J u p i t e r  from the o r b i t a l  a l t i t u d e s  
considered i n  t h i s  study (higher than 2 , 5  J u p i t e r  r a d i i )  does 
n o t  appear f e a s i b l e .  Wavelengths of  a t  least  30 cm w i l l  be 
requi red  t o  pene t r a t e  the v i s i b l e  atmosphere t o  any apprec iab le  
depth. From an a l t i t u d e  of about 200,000 km, a noncoherent 
r ada r  system w i l l  r e q u i r e  an antenna n e a r l y  one ki lometer  i n  
length  t o  achieve a "ground" r e s o l u t i o n  of even 100 km. I n  
a d d i t i o n ,  whether a noncoherent o r  s y n t h e t i c  ape r tu re  system i s  
employed, the  requi red  t r a n s m i t t e r  powers a r e  orders  of magnitude 
beyond the  foreseeable  s t a t e - o f - a r t .  
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8. CONCLUSIONS AND RECOMMENDATIONS 
The study has provided a wealth of quantitative 

data on the subsystem requirements implied by an ongoing pro- 
gram of planetary orbiters. This data permits the mission 
analyst to define effective exploration plans and identify 
advanced technology needs., The results give the general 
subsystem support requirements and show the overall experimental 
trends, rather than the specific needs of an individual mission. 

The research program has developed and implemented 
a method which yields meaningful subsystem requirements for a 
broad range of objectives, at many targets, and extending 
over a long period of planetary exploration. The very complex 
interrelationships between objectives, measurements, orbital 
operating conditions, instrument specifications, and spacecraft 
subsystem requirements have been understood and simplified 
effectively. 
fundamental logic and the relative simplicity of the method.. 

Significant contributions have been made in each o f  

the task areas. This is the first time that such detailed 
measurement specifications have been defined over so broad a 
spectrum of scientific disciplines. These specifications are 
unique in their depth, breadth, and freedom from mission or 
spacecraft design cmstraints., They bridge the chasm between 
the enunciated policies and goals of the scientific explora- 
tion of space and the detailed information required by the 
mission analyst in his planning of future planetary missions. 

of spacecraft orbits about Venus, Mercury, and Jupiter than 
previously existed, The first order motions and perturbations 
are now quite well defined. Of even greater importance is 
the understanding that has been obtained in selecting orbits 
to meet given measurement requirements. 

This has been possible only because of the 

The study has provided a much better understanding 
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The s c a l i n g  l a w s ,  i n  most cases, provide the f i r s t  
formal syn thes i s  of the c r i t e r i a  which are used i n  the  design 
of experiments,  They are based p r i n c i p a l l y  on the  c u r r e n t  
s ta te  of t he  a r t  and indeed, the s tudy r e s u l t s  can be used t o  
de f ine  advanced technology development needs f o r  t he  measuring 
instruments  themselves, I n  the performance of the  s tudy,  some 
i n s i g h t  i n  t h i s  d i r e c t i o n  has been gained. For in s t ance ,  
although no such instrument e x i s t s ,  an o r b i t i n g  r a d i o  frequency 
imager would be inva luable  f o r  monitoring the b u r s t s  o f  
decameter r a d i a t i o n  a t  J u p i t e r .  Also v a r i a b l e  f o c a l  length  
systems of low d i s t o r t i o n  could be ve ry  e f f e c t i v e l y  used over 
much of the electromagnet ic  spectrum. 

The vast  amount of d a t a  generated by t h i s  research  
e f f o r t  cannot be summarized adequately without  gross  over- 
s i m p l i f i c a t i o n ,  Nonetheless,  some of the  more important r e s u l t s  
of the s tudy are r e c a p i t a l e d  he re  t o  provide the reader  wi th  a 
broad apprec ia t ion  of the  need f o r  o r b i t a l  imagery i n  p l ane ta ry  
explora t ion  , the  r o l e  played by va r ious  imaging sensor  systems, 
the l i m i t a t i o n s  of o r b i t a l  imagery (both i n  p r i n c i p l e  and i n  
p r a c t i c e ) ,  and requirements imposed upon spacec ra f t  design by 
o r b i t a l  imagery, 

The a n a l y s i s  of s c i e n t i f i c  ob jec t ives  has  ind ica ted  
t h a t  a l though no p o r t i o n  of the electromagnet ic  spectrum i s  
without  v i r t u e ,  some por t ions  are more u s e f u l  than o the r s .  It 
i s  no s u r p r i s e  t h a t  t he  v i s i b l e  po r t ion  of the spectrum i s  the  
mos t  u se fu l  f o r  ob ta in ing  imagery from o r b i t .  A t  Mars both 
su r face  and atmospheric phenomena demand v i s u a l  imagery. The 
same would be t r u e  a t  Mercury, except i t  has no atmosphere. 
Venus and J u p i t e r  both have active atmospheres which can be 
inves t iga t ed  i n  the v i s i b l e ,  b u t  the  atmospheres are undoubtedly 
s o  dense t h a t  the  su r face  cannot be seen from o r b i t .  Radar 
imagery, which i s  the  only a c t i v e  imagery considered i n  t h i s  
s tudy,  i s  poss ib ly  the  nex t  most important type of imagery, 
s ince  i t  provides  t h e  only chance of pene t r a t ing  t o  the  su r face  
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of Venus. Unfortunately,  r ada r  systems tend t o  be heavy and 
consumers of  power, and are probably n o t  even f e a s i b l e  a t  
J u p i t e r .  I n f r a r e d  imagery i s  u s e f u l  f o r  a wide v a r i e t y  of 
atmospheric s t u d i e s  and f o r  de t ec t ion  and mapping of bo th  
atmospheric and su r face  thermal anomalies. Therefore  i n f r a r e d  
imagers are expected t o  be included i n  most o r b i t i n g  payloads 
a t  Venus and J u p i t e r ,  Passive microwave systems are p o t e n t i a l l y  
u s e f u l  f o r  studying thermal anomalies ( sur face  and atmosphere) 
and a l s o  €or mapping convect ive c e l l s  and a s soc ia t ed  turbulence 
i n  the atmosphere. U l t r a v i o l e t  imagers are n o t  expected t o  
c o n t r i b u t e  m a t e r i a l l y  t o  the s c i e n t i f i c  d a t a  c o l l e c t e d  by o r b i t i n g  
missions , except f o r  s tudy of some anomalous atmospheric f e a t u r e s  
which have been observed a t  Venus. 

The s c i e n t i f i c  requirements f o r  o r b i t a l  imagery have 
been t r a n s l a t e d  i n t o  s p e c i f i c a t i o n s  desc r ib ing  the  d e s i r e d  imagery 
t o  provide a s t a r t i n g  p o i n t  f o r  the imaging system des igner .  
Nominal va lues  f o r  t h e  image s p e c i f i c a t i o n s  have been provided 
i n  Table 4-1, and r ep resen t  t he  imagery which i s  d e s i r e d  without  
regard t o  the  ease (or  d i f f i c u l t y )  of ob ta in ing  the  imagery. 
Recognizing t h a t  t h i s  may p lace  an undue s t r a i n  upon the imaging 
system des igner ,  t he  nominal va lues  have been supplemented by 
"worth curves" which suggest  how f a r  t he  nominal va lues  may be 
re laxed  wi thout  s e r i o u s l y  jeopard iz ing  the s c i e n t i f i c  va lue  of 
the imagery. The experiment support  requirements es t imated 
during t h i s  s tudy are based upon these "relaxed" s p e c i f i c a t i o n s .  
These s p e c i f i c a t i o n s  imply an exp lo ra t ion  he i r a rchy  involving 
f i r s t ,  second, and even t h i r d  genera t ion  missions aimed a t  
acqui r ing  data of i nc reas ing  d e t a i l .  That i s ,  requirements f o r  
r eg iona l ,  l o c a l ,  and d e t a i l e d  scale imagery have been c a r e f u l l y  
defined. A t  Mars, Venus, and Mercury, t he  r eg iona l  s c a l e  imagery 
r e q u i r e s  minimum scene areas from about 600 x 600 km t o  1500 x 
1500 km wi th  ground r e s o l u t i o n s  ranging from th ree  t o  20 km. 
Because of  J u p i t e r ' s  s i z e ,  r eg iona l  scale imagery a t  t h a t  
p l a n e t  demands minimum scene areas from 5000 iI 5000 km to 
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15000 t o  15000 km and acceptab le  ground r e s o l u t i o n s  of 20 t o  
100 km. Local s c a l e  imagery a t  Mars, Venus, and Mercury implies  
scene areas of about 100 x 100 km wi th  a ground r e s o l u t i o n  of 
200 meters f o r  su r face  phenomena and th ree  km f o r  atmospheric 
phenomena. Since the n a t u r e  of J u p i t e r ' s  "surface" i s  un- 
known, no requirements have been def ined f o r  sur face  imagery 
except on a r eg iona l  s c a l e .  Local s c a l e  atmospheric imagery 
a t  J u p i t e r  should view a reas  of a t  l eas t  600 t o  1500 km on a 
s i d e  wi th  a r e s o l u t i o n  o f  about t h ree  km. Deta i led  s c a l e  
imagery has  been def ined f o r  Mars, Mercury, and Venus and in-  
volves  scene areas of about 500 x 500 meters and r e s o l u t i o n s  
o f  f i v e  meters o r  less. 

v e r t i c a l  he igh t  information,  i f  the  s c i e n t i f i c  requirements are 
t o  be achieved., I n  genera l ,  r eg iona l  s c a l e  experiments are 
d i r e c t e d  towards de t ec t ion  of one t o  th ree  km h e i g h t  d i f f e r e n c e s ,  
l o c a l  s c a l e  100 t o  200 meters, and d e t a i l e d  s c a l e  50 meters, 
Thermal mapping experiments r e q u i r e  de t ec t ion  of f i v e  deg K 
temperature d i f f e r e n c e s  a t  Venus and Mercury, and two deg K a t  
Mars and J u p i t e r .  The f r a c t i o n a l  amount of the  p l a n e t ' s  area 
which must be imaged depends on the  s c a l e  of exp lo ra t ion ,  That 
i s ,  r eg iona l  s c a l e  experiments gene ra l ly  r e q u i r e  a t  least 70 
percent  coverage, l o c a l  scale about ten  pe rcen t ,  and d e t a i l e d  
s c a l e  one percent  o r  less. F i n a l l y ,  s ince  m o s t  atmospheric 
phenomena are dynamic, n e a r l y  a l l  of the r eg iona l  scale atmos-  
pher ic  imaging experiments r e q u i r e  r ap id  coverage of l a r g e  
areas, and many of the  atmospheric experiments r e q u i r e  r e p e t i t i v e  
imagery. This can be performed on a s h o r t  per iod b a s i s  t o  
d e t e c t  temporal v a r i a t i o n s ,  o r  on a long per iod  b a s i s  t o  d e t e c t  
seasonal  v a r i a t i o n s  ,, 

Some types of  su r f ace  imaging experiments must supply 
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Orb i t  s e l e c t i o n  f o r  imaging experiments i s  c o n t r o l l e d  
by the amount and l o c a t i o n  of the des i r ed  p l ane ta ry  coverage, 
app l i cab le  s o l a r  i l l umina t ion  c o n s t r a i n t s ,  the minimum acceptable  
ground a r e a  per  image, and the amount of image overlap.  The 
o r b i t s  s e l e c t e d  during t h i s  s tudy a r e  r ep resen ta t ive  of those 
o r b i t s  which a r e  l i k e l y  t o  be s e l e c t e d  f o r  s p e c i f i c  o r b i t a l  
missions.  Actual mission design involves  launch v e h i c l e  and 
spacec ra f t  c o n s t r a i n t s  which have n o t  been considered i n  any 
d e t a i l  here .  Nonetheless a number of bas i c  i n c o m p a t i b i l i t i e s  
between s c i e n t i f i c  requirements and o r b i t a l  mechanics c o n s t r a i n t s  
have been i d e n t i f i e d .  Most of these  d i f f i c u l t i e s  are a s soc ia t ed  
with the amount of coverage requi red  and the a v a i l a b l e  s o l a r  
i l l umina t ion .  

A t  Mars, the coverage requi red  f o r  r eg iona l  s c a l e  
imagery (70 percent)  can be obtained f rom o r b i t  i n  t h ree  t o  
t en  days, provided the re  a r e  no s o l a r  i l l umina t ion  cons t r a ines  
o r  simply day l igh t  i l lurninat ion i s  requi red .  A minimum of about 
330 days i s  necessary  t o  achieve 70 percent  coverage a t  solar 
zenith angles  less than 28 degrees ,  as i s  des i r ed  f o r  v i s u a l  
s t e r e o  imagery. Image i n t e r v a l  times ( the t i m e  i n t e r v a l  between 
oppor tun i t i e s  f o r  observing a s p e c i f i c  l o c a t i o n  on the p l a n e t )  
a r e  normally r e s t r i c t e d  t o  less  than a couple minutes o r  g r e a t e r  
than a couple hours .  Seasonal r e p e t i t i o n s  are e a s i l y  achieved. 

percent  coverage under daytime cond i t ions ,  o r  i f  there  are no 
s o l a r  i l l umina t ion  c o n s t r a i n t s  e Most of the imaging experiments 
a t  Venus r e q u i r e  only day l igh t  i l l umina t ion  o r  are independent 
of the solar  i l l umina t ion .  Therefore ,  r eg iona l  s c a l e  coverage 
can be repeated a t  most t w i c e  a p l ane ta ry  year .  I t  i s  d i f f i c u l t  
t o  provide image i n t e r v a l  times g r e a t e r  than a f e w  minutes and 
less than 1 . 5  hours.  

A t  Mercury, 70 pe rcen t  coverage can be achieved i n  
30 o r  40 Ear th  days,  provided the re  are no s o l a r  i l l umina t ion  
c o n s t r a i n t s  o r  a t  worst  day l igh t  c o n s t r a i n t s .  The coverage can 

A t  Venus 120 Ear th  days a r e  requi red  t o  ob ta in  7’0 
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be repeated every 30 o r  40 days. However, only 64 percent  of 
the su r face  i s  i l lumina ted  a t  s o l a r  z e n i t h  angles  less than 
40 degrees ,  and only 34 percent  a t  z e n i t h  angles  less than 20 
degrees.  
an i n e r t i a l  o r b i t ,  and two Mercury years  (about 180 Ear th  days) 
a r e  requi red  t o  ob ta in  t h i s  coverage. 
s a t i s f a c t o r y  v i s u a l  c o l o r  or  stereo imagery a t  r eg iona l  s c a l e  
(70 percent  coverage) cannot be obtained a t  Mercury. 

A t  J u p i t e r ,  the des i r ed  imaging experiments have no 
s t r i n g e n t  solar i l lumina t ion  c o n s t r a i n t s .  Complete, o r  n e a r l y  
complete, p l ane ta ry  coverage can be obtained e a s i l y  i n  about 
20 t o  40 Ear th  days. 
be provided by proper o r b i t  s e l e c t i o n .  

Only about h a l f  the a v a i l a b l e  a r e a  can be covered by 

Therefore,  completely 

V i r t u a l l y  any image r e p i t i t i o n  r a t e  can 

A t  each p l a n e t ,  the o r b i t  s e l e c t i o n s  have been used 
with the  var ious  imaging system sca l ing  laws t o  es t imate  the 
experiment support  requirements f o r  those o r b i t a l  experiments 
which a r e  expected t o  be u s e f u l  i n  achieving the s c i e n t i f i c  
ob jec t ives .  The est imated requirements are s e n s i t i v e  t o  the 
o r b i t a l  parameters,  the imaging system design,  and, of course,  
the S c i e n t i f i c  requirements.  Many t r adeof f s  i n  the a n a l y s i s  
a r e  poss ibe ,  most of which a f f e c t  the experiment support  re- 
quirements,  many of which are n o t  immediately obvious. One of 
the more important t r a d e o f f s  found common t o  a l l  the imaging 
systems s tudied  i s  t h a t  imagery obtained from an e l l i p t i c  o r b i t  
over any s i g n i f i c a n t  a l t i t u d e  range r e s u l t s  i n  increased weight,  
power, and d a t a  a c q u i s i t i o n  ra tes  a s  compared t o  use of a 
cons t an t ,  o r  n e a r l y  cons tan t ,  imaging a l t i t u d e ,  Thus experiment 
support  requirements can be t raded  o f f  a g a i n s t  the v e l o c i t y  
change of t he  o r b i t  cap ture  manuever and the mission du ra t ion  
requi red  t o  achieve the des i red  amount of p l ane ta ry  coverage. 

s tudy employ imaging systems which a r e  wi th in  reach of the 
A l l  the  v i s u a l  imaging experiments suggested by t h i s  
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c u r r e n t  s t a t e - o f - a r t ,  except  f o r  those few experiments which 
r equ i r e  ground r e s o l u t i o n s  of less than f i v e  meters.  I n  f a c t ,  
i t  appears t h a t  ground r e s o l u t i o n s  on the order  of one meter 
a r e  n o t  f e a s i b l e  with any type of o r b i t a l  imaging sys t em.  Most 
of the atmospheric imaging experiments a t  Mars and Venus can be 
performed by a one-half- inch v id icon  system weighing e i g h t  pounds, 
consuming e i g h t  w a t t s  of  power (average) ,  and acqui r ing  da ta  a t  
a r a t e  o f  25,000 b i t s l s e c ,  o r  less, assuming s i x  b ina ry  b i t s  
p e r  r e s o l u t i o n  element.  A t  J u p i t e r ,  the  h igh  imaging a l t i t u d e s  
and e l l i p t i c  o r b i t s  r e q u i r e  a two-inch RBV ( r e t u r n  beam vid icon)  

5 system using about 30 w a t t s  of power and a d a t a  r a t e  of  4 x 10 
b i t s l s e c .  For 20 km ground r e s o l u t i o n ,  the system weighs about 
50 pounds, bu t  f o r  3 km ground r e s o l u t i o n ,  the system grows t o  
300 pounds because of the l a r g e  o p t i c a l  subsystem requ i r ed .  
Support requirements f o r  sur face  imagery a t  Mars and Mercury 
a r e  15-30 pounds, 15-30 wat ts ,  5,000-500,000 b i t s / s e c  f o r  region-  
a l  s c a l e  imagery, 30-60 pounds, 30-100 w a t t s ,  10 -10 b i t s / s e c  

7 f o r  l o c a l  s c a l e  imagery, and 300-500 pounds, 30-300 w a t t s ,  E O  - 
310 b i t s l s e c  f o r  d e t a i l e d  s c a l e  imagery. 

a t  J u p i t e r ,  a t  l e a s t  f rom the o r b i t a l  a l t i t u d e s  considered h e r e ,  
a s  enormous amounts of power are requi red .  A t  Mars, Venus, and 
Mercury, the weight,  average power, and d a t a  a c q u i s i t i o n  r a t e s  
a r e  200-300 pounds, 300-500 w a t t s ,  about 10,000 b i t s / s e c  f o r  

5 6  r eg iona l  s c a l e  imagery, 300-400 pounds, 200-300 w a t t s ,  10 -10 
b i t s l s e c  f o r  l o c a l  s c a l e  imagery, and about 1008 pounds, 1000 
w a t t s ,  and 10 b i t s / s e c  f o r  d e t a i l e d  s c a l e  imagery. Ground 

6 7  

8 

Orbi t a l  r ada r  imaging experiments a r e  n o t  f eas i b  l e  

6 

r e s o l u t i o n s  of less  than f i v e  meters a r e  n o t  f e a s i b l e  
Except a t  J u p i t e r ,  a l l  the atmospheric i n f r a r e d  

imaging experiments can be performed by a scanning system 
weighing two t o  s i x  pounds, consuming about two watts of power, 
and c o l l e c t i n g  d a t a  a t  a rate of less than 7,000 b i t s / s e c ,  
Regional s c a l e  su r face  imagery a t  Mars and Mercury r e q u i r e s  
2-10 pounds, about f ive watts, and less than 15,000 b i t s / s e c ,  
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while l o c a l  s c a l e  sur face  imagery r equ i r e s  50-100 pounds, 5-38 
w a t t s ,  and about 10 b i t s l s e c .  Deta i led  s c a l e  imagery anu 
atmospheric imagery a t  J u p i t e r  do n o t  appear t o  be f e a s i b l e .  

Surface pass ive  microwave imagery from o r b i t  i s  
f e a s i b l e  only a t  Mars and Mercury, and then only f o r  r eg iona l  
s ca l e  imagery, A t y p i c a l  imaging system i s  est imated t o  weigh 
about SO0 pounds, consume 100 w a t t s  of power, and c o l l e c t  about 
2000 d a t a  b i t s / s e c ,  Atmospheric imaging experiments are app l i c -  
ab le  only  t o  Venus and J u p i t e r .  A t  Venus the  atmospheric 
experiments r equ i r e  20-100 pounds, 20-80 watts,  and 200-2,000 
b i t s / s e c .  

Venus, and Mercury. For th ree  km ground r e s o l u t i o n ,  a t y p i c a l  
system weighs about two pounds, consumes only one w a t t  of power, 
and c o l l e c t s  d a t a  a t  r a t e s  from 2,000 t o  250,000 b i t s / s e c ,  
depending upon the o r b i t .  A ground r e s o l u t i o n  of 200 meters can 
be achieved by a 50 pound system with a LO6 b i t / s e c  da ta  r a t e  
and one wa t t  average power, 

u se fu l  a t  Mars, Venus, and Mercury. Support requirements f o r  
such systems w i l l  be similar to  those f o r  i n f r a r e d  scanning 
systems, although, the da ta  a c q u i s i t i o n  ra tes  w i l l  depend upon 
the number of  channels requi red .  Multifrequency r ada r  sys tems 
might be use fu l  a t  Mars and Venus, e s p e c i a l l y  f o r  s tudy of 

atmospheric p r e c i p i t a t i o n .  The support  requirements a r e  l i k e l y  
t o  be somewhat more demanding than f o r  monochromatic r ada r  systems. 
Passive radiofrequency imaging systems would be e s p e c i a l l y  u s e f u l  

6 

A t  J u p i t e r  the experiments des i r ed  a r e  n o t  f e a s i b l e .  
U l t r a v i o l e t  scanning systems can be used a t  Mars, 

Mul t i spec t r a l  scanning systems a r e  l i k e l y  t o  be very  

a t  J u p i t e r ,  bu t  the design of such systems i s  so  specu la t ive  
t h a t  s c a l i n g  laws have n o t  been der ived during t h i s  study. 
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The recommendations which have r e s u l t e d  from the 
study can be summarized a s  follows: 

The a n a l y t i c a l  techniques developed here  should be 
reviewed and extended. A t  p r e sen t  they a r e  a 
major f i r s t  s t e p ,  b u t  include no t r a d e o f f s  between 
subsystem requirements nor any at tempt  a t  optimfza- 
t i on .  

The r e s u l t s  should be c a r e f u l l y  analyzed t o  i d e n t i f y  
the demands imposed on spacec ra f t  subsystems, and 
the demands should be compared wi th  p ro jec t ed  
subsystem c a p a b i l i t i e s  

The subsystem requirements f o r  non-imaging o r b i t a l  
experiments should be developed and in tegraeed  
wi th  the imaging requirements e 

The requirements f o r  a u t e r  p l a n e t  missions beyond 
J u p i t e r  should be i d e n t i f i e d ,  s ince  they may be 
more demanding on the subsystems than the c l o s e r  
p l a n e t s  ., 

The p resen t  a n a l y s i s  should be extended t o  atmospheric 
probe and lander  experiments,  s ince  they may u l t ima te ly  
make the most severe demands on advanced technology 
developments. 
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APPENDIX A 

ORBIT SELECTION EXAMPLE 

To i l l u s t r a t e  t h e  use of the s te reographic  p r o j e c t i o n  
technique i n  s e l e c t i n g  spacec ra f t  o r b i t s  f o r  a family of imaging 
measurement s p e c i f i c a t i o n s ,  consider  family number 7 (as def ined 
by Table 5-3) a t  Mars. This  family c o n s i s t s  of r e g i o n a l  s c a l e  
imagery i n  support  of  the observables  Contacts ,  Surface Winds, 
and Biochemical Systems. The family measurement s p e c i f i c a t i o n s  
are summarized i n  Table A-1 .  The minimum acceptab le  scene area 
i s  600 x 600 km, and the  d e s i r e d  s o l a r  e l e v a t i o n  angle  i s  i n  the 
range 30-60 degrees .  

mas% u s e f u l  s te reographic  p r o j e c t i o n  i s  one which uses the  
Martian subsolar  p o i n t  as t h e  p o i n t  of tangency. The p r imi t ive  
c i r c l e ,  which i s  the  p r o j e c t i o n  of a g r e a t  c i r c l e  every p o i n t  
of which i s  midway between the p o i n t  p r o j e c t i o n  source and the 
p o i n t  of tangency, i s  then the  p r o j e c t i o n  o f  the  terminator .  The 
p r o j e c t i o n  of the subsolar  p o i n t  appears as the  cen te r  of t he  
p r i m i t i v e  c i r c l e  o r  terminator .  To l o c a t e  t h e  p r o j e c t i o n  of Mars 
o r b i t  p lane  equator  and po le s ,  s p e c i f i c  a r r iva l  condi t ions  
must be considered,  

Figure A - 1  shows the  s te reographic  p r o j e c t i o n  appro- 
p r i a t e  t o  the  arr ival  condi t ions  (on October 13, 1984) f o r  the 
s e l e c t e d  1984 i n t e r p l a n e t a r y  t r a n s f e r .  A t  t h i s  t i m e ,  the  sub- 
s o l a r  p o i n t  i s  a t  twenty degrees  south l a t i t u d e ,  and hence the 
p r o j e c t i o n  of t he  South Pole appears  w i th in  the p r i m i t i v e  c i r c l e .  
It  i s  n e a r l y  mid-summer i n  the Southern hemisphere. The pro- 
j e c t i o n  of the  h e l i o c e n t r i c  o r b i t  plane of Mars appears i n  the 
f i g u r e  as a s t r a i g h t  l i n e  making an angle  of 25 degrees wi th  
the  equa to r ,  s i n c e  the  r o t a t i o n  a x i s  of Mars i s  t ipped  a t  25  
degrees re la t ive t o  the  o r b i t  plane.  The v e r t i c a l  l i n e  shown 

Because of the s o l a r  i l l umina t ion  c o n s t r a i n t s ,  t he  
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Table A w l  

PEASUREMENT FAMIhY SPECIFICATTONS 

FAMILY OBSERVABLES. . , . . , . . . . + e e 3 - Contacts (Regional) 

18 - Surface Winds (Regional) 

40 - Biochanical Systems 
MTNIJ"UM IMAGE S I Z E . .  ,, . " . .  , . . . ,600 km 

MINIMUM OVERLAP.. . ,  . . i e . . e o m o * . 2 O %  

M I N I m  COV@W?E, . 
SOLAR ELEVATION RANGE. e . . . . . , e ,30 - 60 df3g 

COVERAGE DISTRTBUTION. . . .  ....,, 
TTME F O R  COWRAGE. * .  . , . - .  , . . . * .  

IMAGE TNTERVAL. e . .  . . *.. e 9 .  * . .  . < 2 hr 

COVEnAGE INTERVAL..  . . . - .  e , .  . ., . 

. . . . . . . . . . 70% 

..,- 

> 4 /  yr  
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i n  the f i g u r e  r ep resen t s  a meridian passing through the subsolar  
po in t  and the  po le s .  

underneath the  s te reographic  p r o j e c t i o n ,  r o t a t i n g  once each Mars 
day, The p l ane ta ry  coverage which can be achieved a t  the des i r ed  
s o l a r  i l l umina t ion  can be v i s u a l i z e d  by drawing the s o l a r  e leva-  
t i o n  l i m i t s  on the  s te reographic  p ro jec t ion .  I f  the subsolar  
po in t  has  been used as the  p o i n t  of tangency, the locus of p o i n t s  
of cons tan t  s o l a r  e l e v a t i o n  angle  i s  p ro jec t ed  onto the  s t e reo -  
graphic: p ro j ec t ion  as a c i r c l e  about the subsolar  p o i n t ,  A t  the  
subsolar  p o i n t  i t s e l f ,  the s o l a r  e l e v a t i o n  angle i s  90 degrees.  
Figure A-2 shows the  s o l a r  i l l umina t ion  c o n s t r a i n t s  f o r  family 
number 7 .  I n  order  t o  s a t i s f y  the  measurement s p e c i f i c a t i o n s ,  
t he  imagery must be acquired from wi th in  the annular  reg ion  
bounded by the c i r c l e s  r ep resen t ing  s o l a r  e l e v a t i o n  angles  of 
30 and 60 degrees .  

loca ted  on the s te reographic  p r o j  ec t i o n  e The i n t e r p l a n e t a r y  
t r a n s f e r  parameters given i n  Table 5-1 show t h a t ,  f o r  the example 
considered he re ,  the  dec l ina t ion  of the approach asymptote i s  
32.92 degrees below the  equator  while the  angle between the sub- 
s o l a r  p o i n t  and the  approach asymptote i s  77.94 degrees ,  Thus 
the  p r o j e c t i o n  of the  d i r e c t i o n  of t he  approach asymptote appears  
on the  s te reographic  p ro jec t ion  as shown i n  Figure A-2.  

Assuming a coplanar pe r i apse  capture  maneuver, poss ib l e  
l o c a t i o n s  of o r b i t  subperiapse p o i n t s  form a minor c i r c l e  on the 
p l a n e t  su r f ace  centered  on the d i r e c t i o n  of  the approach asymptote, 
This minor c i r c l e  may be p ro jec t ed  onto the  s te reographic  pro- 
j e c t i o n  plane as i l l u s t r a t e d  i n  Figure A-2 .  The exgct  locus of 
pe r i apse  l o c a t i o n s  depends upon the  s p e c i f i c  va lue  of the  o r b i t  
per iapse  a l t i t u d e .  Three d i f f e r e n t  o r b i t  s i z e s ,  which are con- 
s i s t e n t  wi th  obta in ing  scene a r e a s  of 600 x 600 km wi th  20 per- 
c e n t  over lap ,  are given i n  Table A-2.  The per iapse  a l t i t u d e s  
f o r  t hese  o r b i t  s i z e s  are s u f f i c i e n t l y  similar t h a t  t h e  locus 

The p l ane ta ry  su r face  may be regarded as r o t a t i n g  

The d i r e c t i o n  of the approach asymptote may a l s o  be 
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FIGURE A-2. STEREOGRAPHIC PROJECTION: CONSTRAINTS. 
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Table A-2 

MARS CAWTDATE ORBIT SIZES 

- Orbit Number 
1 2 3 - Orbit Parameters 

Eccen~ricity ..,.,,..,.,..,.....,,...... 0,O 0.4633 0.6115 

Periapse Altitude,, .....,,..,. ...,.,... 969 425 385 

Maximum Altitude Ratio..,...........,.R1.O 16 .4  31.8 

Number of Orbits per day~..,...~.....,,lO 5 3 

Number of days to complete coverage ..., 5 10 15 

Minimum Image S i z e . . ,  P..e ,.&OO 600 600 

Minimum OVerlap B...,..OO1........~,,*. ~ 3 0 ~ ~  27.8 2 3 . 1  
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of  per iapse  l o c a t i o n s  shown i n  Figure A - 2  i s  v a l i d  f o r  a11 th ree  
o r b i t  s i z e s ,  

f a c i l i t a t e  o r b i t  s e l e c t i o n  f o r  the  measurement family. Poss ib le  
o r b i t  s e l e c t i o n s  appear on the  s te reographic  p r o j e c t i o n  plane a s  
c i r c u l a r  ares which i n t e r s e c t  the p r imi t ive  c i r c l e  ( in  t h i s  case 
the terminator  c i r c l e )  a t  two p o i n t s  which are 180 degrees a p a r t .  
The p r o j e c t i o n  of any o r b i t  r e s u l t i n g  from a d i r e c t  coplanar  
capture  maneuver must pass  through the asymptotic approach d i r e c t i o n  
po in t  shorn on the p r o j e c t i o n ,  I n  order  t o  maximize the i n i t i a l  
l a t i t u d e  coverage, the o r b i t  a r c  should be o r i en ted  v e r t i c a l l y  
on the p r o j e c t i o n  and should be tangent  t o  t h e  inner  s o l a r  
e l eva t ion  boundary. 
mission du ra t ion ,  the  o r b i t  should be sun-synchronous i f  s o l a r  
i l l umina t ion  c o n s t r a i n t s  are c r i t i c a l .  This may be accomplished 
by s e l e c t i n g  an o r b i t  i n c l i n a t i o n  such t h a t  ob la teness  pe r tu rba t ions  
nove the o r b i t  ascending node i n  the same d i r e c t i o n  and a t  the 
same rate  as t h e  §un's motion. On the  s te reographic  p r o j e c t i o n  
plane, the subsolar  p o i n t  appears t o  move along the  l i n e  re- 
present ing  the  o r b i t  plane of Mars. 

Lwo opt ions  which s a t i s f y  the  f a c t o r s  discussed above are shown 
in Figure 8 - 3 .  Both o f  t he  opt ions shown precess  c o r r e c t l y  with 
the subsolar  p o i n t  motion, and both provide a l a r g e  measurement 
a r c  wi th in  the area proper ly  i l lumina ted  by the  Sun. Option 
two,  however, provides  s l i g h t l y  more l a t i t u d e  coverage. The 
c i r c u l a r  o r b i t  ( o r b i t  s i z e  number one) could equa l ly  w e l l  have 
been s e l e c t e d  and would y i e l d  somewhat d i f f e r e n t  r e s u l t s .  How- 
ever, imagery would then be acquired from an a l t i t u d e  of 969 km. 
Using o r b i t  s i z e  number taw0 i t  i s  poss ib l e  t o  acqui re  t h e  imagery 
from a lower a l t i t u d e .  A sun-synchronous o r b i t  of s i z e  number 
three  r e q u i r e s  a low o r b i t  i n c l i n a t i o n  and hence does n o t  provide 
as much l a t i t u d e  coverage as the s e l e c t i o n s  shown i n  Figure A - 3 .  
In  the s te reographic  p r o j e c t i o n ,  the o r b i t  i n c l i n a t i o n  i s  simply 

S u f f i c i e n t  information i s  now given i n  Figure A - 2  t o  

To niaintain maximum coverage wi th  increas ing  

Using o r b i t  s i z e  number two (as def ined i n  Table A - 2 ) ,  
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FIGURE A- 3. STEREOGRAPH IC PROJECTION: ORBIT OPTIONS 
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the angle  between the  p ro jec t ed  o r b i t  a r c  and the  p ro jec t ion  of 
the equator .  I t  should be noted t h a t  n e i t h e r  o r b i t  op t ion  
shown i n  Figure A-3 passes  through the asymptotic approach d i r e c t i o n  
poin t .  That i s ,  a coplanar  per iapse  capture  maneuver cannot be 
used t o  d i r e c t l y  set  up e i t h e r  opt ion.  

The s te reographic  p ro jec t ion  i s  u s e f u l  i n  determining 
an appropr i a t e  intermediate  o r b i t .  An i n i t i a l  cap ture  maneuver 
i n j e c t s  the spacec ra f t  i n t o  an in te rmedia te  ( f i r s t )  o r b i t ,  and 
a t  some la te r  t i m e  a second impulse maneuver t r a n s f e r s  the 
spacec ra f t  from the in te rmedia te  o r b i t  i n t o  the  f i n a l  o r b i t  ( e i t h e r  
op t ion  one o r  two). The p ro jec t ion  of  the intermediate  o r b i t  
must pass  through the p ro jec t ed  d i r e c t i o n  of  asymptotic approach 
and must a l s o  i n t e r s e c t  t he  p r o j e c t i o n  of  the  f i n a l  des i r ed  o r b i t .  
To minimize the impulse of a plane change maneuver, t he  per iapse  
of the f i n a l  o r b i t  should occur a t  the  p ro jec t ed  i n t e r s e c t i o n  of 
the i n i t i a l  and f i n a l  o r b i t s .  Furthermore, i f  the f i n a l  o r b i t  
i s  e l l i p t i c a l ,  i t  i s  usua l ly  d e s i r a b l e  t o  l o c a t e  i t s  per iapse  
over t he  region of  proper s o l a r  i l l umina t ion  i n  order  t h a t  imagery 
may be acquired from l o w  a l t i t u d e .  The p o i n t  of i n t e r s e c t i o n  
between the i n i t i a l  and f i n a l  o r b i t s  should be on, o r  n e a r ,  the 
a r c  r ep resen t ing  the  locus of per iapse  loca t ions  so t h a t  an 
e f f i c i e n t  cap ture  maneuver i n t o  the  i n i t i a l  o r b i t  can be made a t ,  
o r  nea r ,  the per iapse  of t h e  h m e r b o l i c  approach t r a j e c t o r y .  
F i n a l l y ,  a t  t h e  p o i n t  of i n t e r s e c t i o n ,  the angle  between the t w o  
o r b i t  p r o j e c t i o n s  should be s m a l l  t o  minimize the  e x t e n t  o f  the 
requi red  plane change. 

One s o l u t i o n  t o  the  problem i s  i l l u s t r a t e d  i n  Figure 
A-4 i n  which o r b i t  A i s  t h e  i n i t i a l ,  o r  in te rmedia te ,  o r b i t  and 
o r b i t  B i s  the  f i n a l  o r b i t  (equivalent  t o  op t ion  two i n  F igure  
A-3). An i n i t i a l  o r b i %  capture  maneuver occuring 5.5 degrees p a s t  
the  approach t r a j e c t o r y  pe r i apse  matches the  per ipase  p o i n t s  of 
t he  i n i t i a l  and f i n a l  o r b i t s .  Both o r b i t s  have the  s a m e  per iapse  
a l t i t u d e  (425 km), b u t  the  i n i t i a l  o r b i t  has  an e c c e n t r i c i t y  of 
0 .9 .  This  permits  an economical o r b i t  t r a n s f e r  impulse a t  
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FIGURE A - 4 .  STEREOGRAPHIC PROJECTION: ORBIT 
SELECTION. 
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apoapse of the  i n i t a l  o r b i t  changing i t s  plane (but n o t  i t s  s i z e )  
141 degrees t o  match t h e  plane of the  f i n a l  o r b i t .  A t  t he  nex t  
per iapse  passage, a f i n a l  impulse maneuver i s  made reducing the 
e c c e n t r i c i t y  to  0.4633, thus e s t a b l i s h i n g  t h e  f i n a l  o r b i t .  The 
requi red  t h r e e  impulses are: 

1. of f -pe r i apse  i n s e r t i o n  - 1.36 km/sec 
2 .  plane change - 0.46 km/sec 
3 .  e c c e n t r i c i t y  change - 0,53 km/sec 

and hence the  t o t a l  impulse requi red  i s  2,39 km/sec. 

60 days a f te r  the  arr ival  da t e .  Using the s e l e c t e d  f i n a l  (imaging) 
o r b i t ,  complete longi tude coverage i s  obtained every ten  days, 
assuming scene areas of 600 x 600 km and 23 percent  scene overlap 
a t  the  equator .  Thus s i x  complete longi tude coverages can be 
achieved during the f i r s t  60 days of t he  mission. The o r b i t /  
i l l umina t ion  conf igu ra t ion  a t  the end of t h i s  per iod i s  shown i n  
Figure A-5, Fur ther  imagery obtained a t  t h i s  t i m e  would r e p e a t  
the  coverage previous ly  obtained as the  Sun moves back towards the 
Nor therm hemisphere 

o r b i t  s e l e c t i o n  w e r e  g e n e r a l l y  t r e a t e d  i n  the study. A t  t i m e s  i n  
the s e l e c t i o n  process  i t  w a s  necessary t o  modify t h i s  method o f  
a n a l y s i s  t o  adapt  t o  d i f f e r e n t  p l a n e t  c h a r a c t e r i s t i c s  and/or 
measurement s p e c i f i c a t i o n s  e The one no tab le  change t o  t h i s  tech- 
nique occurred a t  Mercury. The s e l e c t i o n  process  w a s  obvious and 
i n  a l l  ca ses  r e s u l t e d  i n  po la r  o r b i t s .  However, the degree of 
measurement achievement w a s  d i f f i c u l t  t o  determine from a s t e reo -  
graphic  p r o j e c t i o n  because the  p l a n e t  rotates  slower than the  Sun's 
motion ac ross  i t s  su r face .  Hence, a c t u a l  ground t r a c e s  with keyed 
solar e l e v a t i o n  l i m i t s  were cons t ruc ted  wi th  the  a i d  of a computer 
program f o r  extended mission du ra t ions .  
w a s  then determined d i r e c t l y  f r o m  these  p l o t s .  A more d e t a i l e d  
d e s c r i p t i o n  of t h i s  a n a l y s i s  and ground trace p l o t s  a r e  presented 

The maximum dec l ina t ion  (southward) of the Sun occurs 

This example demonstrates how the va r ious  f a c t o r s  of  

The amount of coverage 
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FIGURE A-5. STEREOGRAPHIC PROJECTION:60 DAYS AFTER ARRIVAL 
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i n  the  d i scuss ion  of Mercury o r b i t  s e l e c t i o n  r e s u l t s  presented 
i n  Sect ion 5 of Chis volume. 
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