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"It is better to paint with a wide
brush of unknown thickness than to
leave the canvas blank.''-Gunnar Myrdal

1. INTRODUCTION

The purpose of this study is to estimate the requirements
imposed on spacecraft support subsystem technologies by imaging
sensor systems used aboard unmanned planetary orbiters. The time
frame of interest covers launch opportunities from 1975 to 1995,
and the targets considered are Mercury, Venus, the Moon, Mars, and
Jupiter. By the definition used here, imaging sensors provide
two dimensional information, essentially simultaneously, either
by rapid scanmning or direct twc dimensional rewording.

Knowledge of demands imposed upon spacecraft support
subsystems assists in identifying needs for advanced technology
development., These needs are made apparent by comparing required
subsystem support with projected subsystem capabilities. This
study provides the groundwork for such comparison by estimating the
support requirements of planetary orbital imaging experiments.
Ranger, Surveyor, Lunar Orbiter, and Mariner mission experience
has shown that imaging experiments are likely to impose the most
crucial demands on spacecraft subsystems in future unmanned
planetary exploration. Thus valuable insight pertaining to necessary
subsystem technology development is afforded by considering
planetary orbital imaging experiments.

Figure 1-1 shows the support interfaces between an
imaging experiment and the other spacecraft subsystems. These
interfaces can be represented by the following experiment
characteristics:

JIT RESEARCH INSTITUTE
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weight

volume

shape

field of view

environmental constraints

data acquisition rate

command requirements

pointing and platform stability
power

orbit requirements.

The functional relationships between the experiment
and the rest of the spacecraft are expresssd, in this study, by
"scaling laws." Scaling laws express required subsystem capa-
bilities in terms of image characteristics (such as image
ground size and resolution) and spacecraft orbit wvariables
(such as altitude and velocity). The image characteristics are
necessary to meet the imaging measurement requirements, which are
derived directly from the goals of 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. exploration objectives - identify role of remote
sensing in total planetary exploration

2. measurement definition - specify imaging measure-
ments in support of exploration
objectives

3. orbit selection - determine operational orbits
for measurement families

4, 1imager scaling laws - express experiment charact-
eristics in terms of measurement

definition and orbit wvariables

11T RESEARCH INSTITUTE
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5. experiment support requirements - use measure-
ment definitions, orbit selectiomns,
and scaling laws to estimate
typical support requirements,

This volume of the final report summarizes the results
of these tasks. The remaining sections of this volume are:

Section 2 (Study Procedure) - reports the method of
approach used in each of the study tasks.

Section 3 (Exploration Objectives) - summarizes the
scientific and engineering objectives and shows how each objective
contributes to the goals of space exploration. Relevant observable
properties of the planets are identified in support of the objectives.,
A detailed description of each observable property, in terms of its
geometric, temporal, and spectral characteristics is presented in
Vol. IT (Definition of Scientific Objectives).

Section 4 (Measurement Definition) - describes the nature
and quality of the desired imagery. 1Image specifications are
tabulated for each observable property. The dependence of measure-
ment achievement upon each specified parameter is summarized.

Section 5 (Orbit Selection) - summarizes, for each target
planet, the orbital selections for the imaging measurements,
Interplanetary transfers are selected for each target planet,
and orbits are selected to meet the measurement specifications.

A detailed description of each orbit selected for imaging
experiments may be found in Volume III (Orbit Selection and
Definition).

Section 6 (Imaging Sensor System Scaling Laws) - presents
sensor models consisting of a collection of theoretical and
empirical expressions suitable for relating the image :
specifications; orbit parameters, sensor system design vari-
ables, an"experiment support requirements. For each type of

11T RESEARCH INSTITUTE
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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),

Section 7 (Experiment Support Requirements) - discusses
the imaging experiment support requirements. Each spectral region
is discussed individually. General comments concerning the useful-
ness of different types of imagers, the degree to which orbital
imagery may be successful in obtaining the 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).

The entire report consists of five volumes:

I ~ Technical Summary
IT ~ Definition of Scientific Objectives
ITI - Orbit Selection and Definition
IV - Imaging Sensor System Scaling Laws
V - Support Requirements for Planetary
Orbital Imaging.

11T RESEARCH INSTITUTE
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2. STUDY PROCEDURE

This section describes the techniques that have
been used throughout the study. First the relatiomships
between the five major tasks are defined and then the
methodologies within each task area are discussed. The
importance of a systematized approach cannot be over emphasized
in a study of this breadth. The overall relationship between
the five major study tasks was shown in Figure 1-2,

The exploration objectives task-provides an explicit
statement of those objectives of unmanned planetary orbital
exploration which might be accomplished by imaging experiments.
By considering the goals of space exploration, the current
knowledge of planetary phenomena, and conceptual measurement
techniques, the analysis identifies those measureable planetary
phenomena which can be investigated usefully by remote sensing
and by imaging.

The measurement definition task deals with those
phenomena for which orbital imagery is useful, describing them
in terms of measurement specifications from the viewpoint of the
scientist who must interpret the data. A table of detailed
measurement specifications provides nominal values for each
imaging parameter. The measurement specifications are used in
the orbit selection procedure and in the final estimation of
experiment support requirements.

The orbit selection task defines operational orbits
for each of the required measurements. Where similar measurement
requirements exist, they have been grouped into families and
orbits selected for these families. The resultant orbital
parameters are also used in the estimation of experiment support
requirements.

The imager scaling laws provide the quantitative
relationships between the imager support requirements (i.e.,
weight, power, etc.) and its ability to meet given measurement
specifications from a given orbit. Useful types of imaging

1{T RESEARCH INSTITUTE
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systems are selected by examining the measurement specifications.
For each imager type, a collection of scaling laws which
relate the experiment support requirements to the measurement
specifications, to the sensor system characteristics, and to
the orbit variables, are derived.

The experiment support requirements task combines
the results of each of the previous tasks. Both measurement
specifications and orbit parameters are used in the scaling
laws to estimate typical support requirements demanded by
each imaging experiment.

The remainder of this section describes the method
of analysis employed in each of the five tasks.

2.1 Exploration Objectives

In identifying useful imaging measurements, a
systematic organization of logic reduces the chance of
oversight. The rational methodology employed here provides
a framework which identifies all the significant objectives
of planetary exploration. Both scientific and engineering
objectives are considered.

2,1.1 Scientific Objectives

The analysis starts at the highest and most general
echelon of space exploration, and proceeds to define the
exploration in stages of increasing detail, ultimately
translating the information requirements into measurement
specifications. This analysis technique is summarized in
Table 2-1. As the whole is equal to the sum of its parts,
each goal is wholly described by its subgoals, each subgoal
by its aspects, each aspect by its objectives, and each
objective by its observables. However, no evaluation has
been attempted of the relative worth of the components of
any category or subcategory. For example, atmospheric
composition and planetary structure are assumed to be of equal

1T RESEARCH INSTITUTE



Table 2-1

DEVELOPMENT OF SCIENTIFIC OBJECTIVES

Step

Analysis

Goal

Subgoal

Aspect

Objective

Observable

Define the explordtion pélicy
(e.g. understand the origin
and evolution of the Solar

System) .

Subdivide the goal into
narrower areas of policy
(e.g. determine the present
status of the planets).

Develop phenomenological aspects
of the subgoals (e.g. to
determine planetary structure).

Identify the scientific
components (e.g., surface
morphology) which together
provide understanding of each

aspect.

Express the objectives as
planetary properties that can
be measured (e.g. surface

topography) .

IIT RESEARCH INSTITUTE



significance in determining the present state of the planets.
They may not be of equal significance, however, in their
impact on the orbital imaging support requirements.

In passing from one level of detail to the mext, an
extremely coarse logic filter prevents the analysis of areas
which are manifestly irrelevant to this study. For example,
the subgoal of determining the present status of the Sun is
shown in Section 3 as a valid and necessary subgoal of
"understanding the origin and evolution of the solar system",
but is not analyzed in further detail because of its
irrelevance to planetary imaging experiments. Figure 2-1
shows, for example, the results of the application of this
analysis and filtering to the scientific goal.

In order to recognize those exploration objectives for
which orbital imagery is useful, each objective must be
described in terms of observable properties. These
""observables'" define the physical properties whose measurement
assists in achieving the objective. For example, an under-
standing of a planet's surface morphology is furthered by
measuring (or observing) surface topography and surface
appearance. The properties of the observable are used to
determine the usefulness of remote sensing and ultimately
the usefulness of imaging. Each observable is analyzed as
shown in Table 2-2. The results of this thirteen-step analysis
are reported in their entirety in Volume II (Definition of
Scientific Objectives). The analysis singles out those
exploration objectives for which imagery is useful and
discloses those characteristics of the observable which
influence the desired nature and quality of the acquired
images.

The first two steps of the analysis are self-explana-
tory. The possible measurement techniques considered in
Step 3 do not imply the use of a particular instrument or
sensing device, but rather refer to basic physical or chemical

T RESEARCH INSTITUTE
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Table 2-2

ANALYSIS OF SCIENTIFIC OBSERVABLES

Step Analysis

1. Definition The observable is defined in
context of the objective.

2. Phenomena The phenomena by which the
observable manifests itself
are identified,

3. Possible Techniques Conceptual techniques for
measuring the phenomena are
noted.

4, Remote Sensing If remote sensing is inapplicable,
the observable is not scrutinized
further.

5. Measurement The purpose of remote sensing

Philosophy is defined.

6. Planetary Coverage The planetary distribution of
the measurements is suggested.

7. Scale The characteristic size of the
observable is estimated.

8. Spatial Resolution The desired ground resolution is
estimated,

9. Acquisition Time A maximum time for acqusition
of the image is determined.

10. Repetition Rate A measurement repetition rate
is suggested.

11. Spectral Band and Spectral regions for remote

Resolution sensing are identified.

12. Imaging Items 6-11 are weighed in
judging the applicability of
orbital imagery.

13. Imagers Different types of imagers are

identified as very useful, useful,

or not very useful.
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detection techniques, such as neutron activation or measurement
of thermal radiation emission. The techniques of interest are
not confined to remote sensing nor to the capabilities of
available instrumentation. Those techniques involving remote
sensing are explicitly identified in Step 4. Remote sensing,
in this study, means remote sensing from planetary orbit, and
is defined as the detection of electromagnetic radiation of
any wavelength from orbital altitudes. In situ measurements
and Earth-based remote sensing are specifically excluded.

Thus the measurement of the magnetic field vector at the
position of the spacecraft is not considered remote sensing.
If any potentially useful remote sensing techniques are
identified, the analysis proceeds further. Otherwise no
further consideration is given to the observable in connection
with the exploration objective at hand. However, the same
observable may be considered further with relation to a
different exploration objective.

The information desired by remote sensing of the
observable is summarized in Step 5. The purpose of the
measurements may differ from onme planet to another. The
purpose of observing surface topography on Mars, Venus,
Mercury, and the Moon is to define the detailed shape of the
surface; the purpose of observing surface topography on
Jupiter is to determine if a surface exists. The differences
between one planet and another are insignificant at earlier,
less-detailed, stages of analysis. However, analysis of the
observable from this point on proceeds on an individual planet
basis and reflects the current scientific knowledge of each
target planet.

The analysis represented by Step 6 identifies the
fractional area of the planet which should be observed and
how the observation should be distributed over the planet.

The analysis is not confined to a single mission, but may
reflect a hierarchy of missions. Thus differing planetary

coverages are required for regional, local, and detailed scale
11T RESEARCH INSTITUTE
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surface topography. Steps 7-10 further describe the observable,
while Step 11 suggests which parts of the electromagnetic
spectrum are suitable for remote sensing.

At this point, a judgment is made concerning the
applicability of orbital imagery. Imagery is defined as
the collection of two-dimensional data, by remote sensing,
in an essentially simultaneous manner. If images can be
expected to contribute materially to the achievement of the
exploration objective, imaging experiments are useful. Thus
if the observable can be expected to exhibit significant
geometric or temporal variations (e.g., cloud formation),
imagery is essential, or at least exceedingly useful. For
some observables (e.g., surface topography), the collection
of data from a large number of points over a short period of
time is rendered particularly expedient by use of orbital
imagery. The usefulness of orbital imagery, as determined in
this study, depends upon the characteristics of the observable
rather than upon the capabilities of available imaging devices.
The usefulness of imagery is, however, highly dependent upon
the interpretability of the image. Imagery is useless unless
appropriate interpretation techniques are available for
obtaining the desired information. Finally, in those cases
where imagery is useful, a crude estimate of the relative
efficacy of various imaging sensor types (such as IR, or radar
stereo) is provided. The spectrum of applicability is confined
to very useful, useful, and not very useful.

2.1.2 Engineering Objectives

The purpose of this task is to define the planetary
measurements which should be made, so that the most appropriate
engineering performance can be achieved. A similar procedure
has been used in defining the engineering objectives as for
the scientific objectives. The major steps are shown in Table
2-3. The highest echelon is the statement of engineering

11T RESEARCH INSTITUTE
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Table 2-3

DEVELOPMENT OF ENGINEERING OBJECTIVES

Step Analysis

Goal Define engineering policy for
exploration (e.g. maximum
effectiveness in fulfilling
exploration plans).

Subgoal Subdivide goal into narrower
engineering areas.

Aspect Define concepts for meeting
the subgoals (e.g. Mars Lander
definition).

Objective Specify engineering criteria
which contribute to an aspect
(e.g. aeroshell design criteria).

Observable Express objectives in terms of

planetary properties which can be
measured (e.g. atmospheric
density profile).

tIT RESEARCH INSTITUTE
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policy which has been assumed to be the achievement of
maximum effectiveness in fulfilling the exploration plans.
This is considered in succeeding levels of detail until
observables can be defined. The engineering observables are
planetary properties which must be measured in order that such
systems can be designed in accordance with the engineering
goal. However, at all levels in the procedure there are close
relationships between the scientific and the engineering
objectives. The requirements imposed on the engineering
systems and subsystems are determined in large measure by

the scientific objectives. The link is particularly close

at an observables level where, in fact, scientific measurements
are required for engineering purposes.,

A full definition of engineering observables
requires, as a first step, the specification of an exploration
plan. Such a plan was not available, so it was decided to
start the procedure at the aspects level. Four mission
concepts are considered (orbiters, atmospheric probes,
atmospheric floaters and landers) and the objectives and
observables are then developed. As an example, Figure 2-2
shows the development of the engineering observables for
planetary landers.

The limited definition of the mission concepts makes
it impossible to define the observables in detail. Thus
no detailed measurement specifications are derived for the
engineering observables. Instead, they are compared with the
scientific requirements and those scientific observables
which can contribute to the engineering objectives are noted.

2.2 Measurement Definition

The study procedure described above identifies the
need for imaging experiments meeting the exploration goals
of the five planets being considered. The next step requires

1T RESEARCH INSTITUTE
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CHEMICAL COMPOSITION

- DENSITY PROFILE ]

AEROSHELL AND
HEAT SHIELD ——{ PRESSURE_PROFILE ]

| TEMPERATURE PROFILE

— SURFACE TOPOGRAPHY |

L SURFACE CARTOGRAPHY |

| SURFACE ROUGHNESS |

LANDING i SURFACE HARDNESS |
MECHANISM ~

t— SURFACE TEXTURE ]

l—{ SLOPES AND GRADES |

PLANETARY
LANDERS

LI wiND VELOCITY B

J

|

—{ CLOUD LEVELS

POWER

ILLUMINATION PROFILE

— WIND VELOCITIES |

— AEROSOLS |

SEISMIC ACTIVITY

STRUCTURE AND { BEARING STRENGTH |
SHIELDING

— PRECIPITATION

MAGNETIC FIELD B

L— RADIOACTIVITY

THERMAL CONTROL THERMAL CYCLES

FIGURE 2-2. DEVELOPMENT OF ENGINEERING OBSERVABLES
PLANETARY LANDERS.
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the precise definition of measurement specifications for
each of the possible imaging experiments.

The specifications are based on (1) the present
scientific understanding of the respective planets as indicated
in Volume II (Definition of Scientific Objectives), and (2)
the nature of the desired image and the way in which it is to
be interpreted.

In specifying the measurement requirements, the
following specifications have been derived from current
planetary knowledge and theory as expressed by the observable
description given in Volume II:

Spectral Region

Spectral Bandwidth

Ground Resolution

‘Planetary Coverage

Planetary Distribution of the Measurements
Acquisition Time

Repetition Rate

The resolution, planetary coverage, and planetary
distribution of the measurements are self explanatory.
Acquisition time is related to the rate of change of a
feature so that the image is not smeared by changes in the
spectral appearance or shape of the object during the exposure.
The repetition rate is also related to the rate of change,
but it is governed by the need to measure the rate of change
of the observable by comparison of successive images. It is
analogous to time lapse photography. The spectral region and
bandwidth are specified only in relation to the phenomena
being observed and the pattern of its radiation spectra. They
express the scientist's requirement for data over a given
spectral range and not the capability of the state-of-the-art.
In these specifications no account is taken, at this point,
of whether or not orbits can be found to meet the coverage

11T RESEARCH INSTITUTE
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or the time requirements nor whether instruments can be
designed to meet the ground resolution or spectral requirements,
Such considerations are left for a later phase of the study.

The following specifications have been derived from
consideration of the interpretation of images;

Ground Image Size
Overlap

Positional Accuracy
Sun Elevation

The image size, on the planetary surface, is related
to the anticipated physical scale of the observable and, to
some extent to past experience in interpreting the relation-
ships between similar type objects or events. This specifi-
cation simply states the image size which the scientist wants
placed in front of him for interpretation. It does not
necessarily imply the size of the raw data frame. The overlap
requirements ensure adequate continuity between adjacent frames.
Positional accuracy and sun elevation are self explanatory.
An example of a set of measurement specifications for observing
lunar surface elevationsis given in Table 2-4.

There is one more important step in the development
of scientific measurement specifications. This is the
development of "worth curves" for each of the specified
parameters., A single nominal value does not adequately
represent the scientific requirements. For instance, the
nominal ground resolution specified for measurements of
surface elevations on the moon has been determined as 5
kilometers. However, the scientific requirements could
probably be met with a resolution of anywhere between 1 and
20 kilometers, and even beyond 20 kilometers the falloff in
worth is not very steep. This situation requires the
development of measurement specification "worth curves'.

They are intended to lend flexibility to the measurement

IHT RESEARCH INSTITUTE
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specifications, and to ensure that this flexibility is con-
strained only by the scientific requirements. Figure:2—3
shows, for example, a "worth curve' related to the ground
based resolution requirements for lunar surface elevations.
The abscissa is the resolution requirement and the ordinate
is the relative scientific worth of the measurement. The
plateau gives the range over which the estimated scientific
worth of the messurement ig the same. At the ends
of the plateau the worth falls off, and the slope of the line
is used to indicate the rate at which the worth decreases.
The dashed line indicates an extrapolation where no real
experience exists. In general the nominal specifications
are selected on the basis of current scientific experience.
It is very important that the true meaning of these
"worth curves' be understood. They represent the range of
scientific usefulness of each measurement specification.
They do not imply the value of obtaining the data as a
contribution to the objectives, since they are all normalized
to a maximum value of unity. ©Nor do they constrain the way
in which the data is obtained, except by indicating the worth
of the data as it is presented for interpretation.

2.3 Orbit Selection

An understanding of orbital characteristics and
the constraints they impose on objectives and subsystems is
essential to an accurate definition of orbital imagery
wotential. The orbital mechanics task requires an analysis
of the interaction of orbit characteristics at specific
planets with orbit related measurement specifications. The
objective of this analysis is to identify compatible orbit/
observable groupings so that subsequent experiment definitions
including subsystem requirements and mission operations can
be made.

T RESEARCH INSTITUTE
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Many factors are involved in relating the charac-
teristics of orbits to the accomplishment of an objective.
The conditions of planet approach, the capture maneuver,
subsequent orbit maneuvers, the time/space relation between
orbiting spacectaft and rotating planet, and orbit stability
in the planetary environment all play a part in determining
the location, amount, and frequency of coverage, the resolution
of the image, and the solar illumination conditions during
measurement. In order to give each interaction the proper
attention, and do so efficiently, it was necessary to formulate
procedures and methodologies for the analysis. This is done
by organizing the task into a series of sequential steps
proceeding from the most general characteristics of orbits to
specific orbit selections for observables, grouped according
to similar orbit related measurement specifications. These
steps are described in Table 2-5.

2.3.1 Interplanetary Transfers

It is necessary to investigate and select inter-
planetary transfers from Earth to the target planet in order
to determine typical arrival conditions from which orbits
can be established. The characteristics of planetary transfers
are cyclical, approximately repeating themselves after a fixed
number of launch opportunities; This opportunity cycle is
considered for each target planet in the time period 1975~
1995. Emphasis is placed upon those transfers which would
yield maximum payload in orbit. Mars and Venus transfers are
selected on the basis of the minimum sum of hyperbolic excess
speeds at Earth and the target planet. Mercury transfer
selection is based on the minimum sum of escape and capture
velocity increments, since this data is readily available
(Manning 1967). Both direct and Venus swingby transfers are
considered. For Jupiter, maximum orbit payload type transfers
can take as long as three years to reach the planet. Therefore

1T RESEARCH INSTITUTE
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Table 2-5

DEVELOPMENT OF PLANETARY ORBIT ANALYSIS

Step Analysis
1. Interplanetary Analyze interplanetary transfers
Transfer to determine typical planet
arrival conditions for planetary
orbiter missions,
2, Orbit Analyze orbit behavior in the
Constraints planet environment and assign-
ment of orbit constraints
necessary to mission success.
3. Measurement Sort all observables to which
Families imagery is useful into families
of similar orbit related
specifications.
4, Candidate Select a parametric set of
Orbits candidate orbit sizes capable
of satisfying measurement
specifications (Step 3) and
orbit constraints (Step 2).
5. Orbit Determine one or more complete
Selection orbit definitions (size and
orientation) for each observable
grouping using techniques of
stereographic projections and
computerized orbital ground
traces,
6. Orbit Document each orbit selection
Documentation (orbit data sheets) including

measurements specifications
(required and obtained) imager
type/observable combinations,
orbit parameters, selection
rationale and explanations of
incomplete achievement.

1'T RESEARCH INSTITUTE
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shorter trip time transfers, as well as minimum summed excess
speed transfers, are considered in the selection process.

For these classes of maximum payload transfers the
parameters of most interest are (1) the magnitude and
declination (planet centered) of the asymptotic approach
velocity to determine locations of periapse, minimum inclin-
ation, and magnitude of the capture maneuver, (2) location of
the subsolar point to determine orbit ground trace illumination
characteristics, and (3) location of the planet in its orbit
to determine the season (Mars) or location of surface features
(Venus) on the planet at arrival. Other parameters of interest
in mission planning which are recorded are planet-Earth
communication range, Earth-Sun separation angle, and days
after arrival to planet-Earth conjunction (point of maximum
communication distance and solar interference).

A tabulation of these data for the selected transfer
within each opportunity of a cycle is prepared. The range of
variation and average values for each pertinent arrival
parameter is computed. Depending upon the variation and
number of parameters considered, one or two transfers are
selected to provide typical arrival conditions to be used in
subsequent orbit determinations.

. For each selected transfer, encounter occultation
contours are presented in the hyperbolic impact plane for the
following references:

Object Object/near-limb angles
Sun 0°, 5°

Earth 0°
Canopus 0°, 20°

Any specific encounter geometry (assuming fixed approach
conditions) is represented by an aiming point in the hyper-
bolic impact plane. A secondary figure is also prepared
relating the aiming angle coordinate of the aiming point to

11T RESEARCH INSTITUTE
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the consequent orbit inclination and ascending node (assuming
a co-planar capture maneuver). Thus it is possible to determine
the capture occultation characteristics of any orbit selected

from the same approach conditions.

2.3.2 Orbit Constraints

Each planet has different characteristics. Mars,
Venus, and Jupiter have atmospheres which can shorten orbit
lifetime., Mars and Jupiter rotate rapidly; Venus and Mercury
rotate very slowly. Venus and Mercury are close to the Sun
causing appreciable solar perturbations on the periapse
altitude. The oblateness of Mars and Jupiter perturbs the
orbit ascending nodes and arguments of periapse. The rotation
axis of Mars is tilted 25° to its orbit plane causing seasonal
surface variations. Jupiter has intensive radiation belts,
perhaps as far as 3 planet radii from the surface. Capture
impulse requirements are different at every planet, being
generally considered most severe at Mercury and Jupiter.

Obviously each planet has its own set of traits
creating a unique environment for orbital imagery. Therefore,
orbital behavior relating to orbit stability, maneuver
requirements, surface coverage, resolution, and illumination
must be studied, for each planet, before intelligent orbit
selections can be attempted. These interactions and resulting
orbit constraints are discussed as part of the orbit selection
presentations in Section 5 of this volume. Several orbit
constraints serve as general guidelines to all orbit selections.
These are:

a. Maximum capture impulse limited to 6.5 km/sec,

b. Minimum orbit lifetime due to atmospheric drag
set at 50 years,

c. Measurement altitude ranges usually limited to

a factor of less than 5 and never exceed a

a factor of 10,
1IT RESEARCH INSTITUTE
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d. Discrete contiguous imaging is the only coverage
technique considered, i.e., coverage is
accomplished by obtaining adjacent images
(not necessarily from adjacent orbits) with
close to the minimum image size and overlap.

2.3.3 Measurement Families

The first step taken toward defining operationally
compatible families of experiments is to formulate observable
groupings, with similar orbit-related measurement specifica-
tions, prior to orbit selection. Those measurement specifi-
cation categories considered are:

minimum image size

minimum image overlap

. percent planet coverage

solar illumination (elevation angle*)
coverage time

image interval

Q M O o 0O U o

coverage interval

By grouping observables it is possible to avoid a great many
redundant orbit selections. The measurement specifications
representing each observable grouping are made up-of what
appears to be the most restrictive of each of the specifications.
It is possible that some experiments might have "over-designed"
orbits. This is not considered a serious problem, however,

since the groupings are formulated, to begin with, on the

basis of their similarities.

g0
"Elevation angle =(90° - zenith angle)
[4T RESEARCH INSTITUTE
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2.3.4 Candidate Orbits

Candidate orbit sizes are characterized by periapse
altitude (hp) and eccentricity (e). A basic groundrule used
in setting up these candidate sizes is to keep hp as low as
possible. For Mars and Venus, the lower limit is set by the
50-year orbit lifetime constraint. For Jupiter, hp is con-
strained by the radiation belts. At Mercury, hp is fixed at
500 km.

It is then possible to vary the orbit period by
changing e. To assure contiguous coverage at the rapidly
rotating planets Mars and Jupiter it is necessary to select
e such that the candidate orbit periods are approximately
subinteger (Mars) or integer (Jupiter) values of the rotation
period. 1In fact, at Mars the observable minimum image size
and overlap are used to select exact values of e which will
meet the measurement specifications. For Venus and Mercury,
which rotate quite slowly, it is more sensible to ignore the
orbit period/image size relationship and simply generate a
set of orbits by changing e in equal increments.

Once the combination of h_ and e are selected to
determine the orbit size, a number of additional orbit parameters
useful to the subsequent selection process are computed.
Included among these are the apoapse altitude, the variation
of altitude with central angle from periapse, orbit period,
longitudinal lapse rate/coverage, and the number of days to
complete 1007 longitudinal coverage.

2.3.5 Orbit Selection

The results of the previous steps are combined into
orbit selections which satisfy the remaining measurement
specifications of each measurement family, including the
percent coverage, the solar illumination conditions, the
distribution of coverage, time for coverage, and image and
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coverage repetition rates. 1In addition to these requirements,
it is important to define what kind and how many maneuvers
were necessary to establish the desired orbit, what®the range
of measurement altitude is, how the conditions and location
of coverage change with time in orbit, and a rationale
describing the selection process.

The single most useful tool in accomplishing this
task was found to be the graphical technique of stereographic
projection. These projections permit the orbit amnalyst to
clearly understand the spatial/time relationships involved
in obtaining imagery data within such specific constraints
as solar illumination, orbit altitude, and location of
coverage. A schematic diagram of a stereographic projection
is illustrated in Figure 2-4. Planet coordinates, orbit
traces, locations of sub-body points, and velocity and position
directions which can be located on the planet surface are
projected onto a plane tangent to this surface. The ease of
subsequent analysis depends upon the selection of the point of
tangency. As shown in the figure, all lines and points on
the surface are projected as shadows produced by a point of
light source on the surface opposite the point of tangency.
In order to keep the projection finite, only the lower
hemisphere is projected for the orbit selection analysis.
Accurate locations (periapse, specific altitude, etc.) and
angles (inclination, argument of periapse, ascending node,
etc.) can be measured directly from the projection by virtue
of the two theorems given in Figure 2-4. An example of the
orbit selection procedure employing the stereographic
projection technique is given in Appendix A.

11T RESEARCH INSTITUTE
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POINT LIGHT SOURCE

PROJECTION L PLANE
CONTACT (SUBSOLAR POINT)

THEOREM 1(: CIRCLES OF THE SPHERE GO INTO CIRCLES
AND STRAIGHT LINES OF THE PROJECTION PLANE.

THEOREM 2:ANGLES ARE PRESERVED, ie. STEREOGRAPHIC
PROJECTIONS ARE ISOGONAL TRANSFORMATIONS.

FIGURE 2-4. STEREOGRAPHIC PROJECTION DEFINITION
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2.3.6 Orbit Documentation

Certain information, which is useful to other study
tasks, is developed during the orbit selection process and is
recorded on a data sheet. The completed data sheet for the
example discussed in Appendix A is presented as Table 2-6.

In addition to the required measurement family specifications,
and the orbit elements, the data sheet contains information

on the obtained measurement specifications, the selection
rationale behind the particular orbit selection, orbit/
measurement characteristics (including a brief set of measure-
ment profile data and orbit impulse data), and explanations
for differences between required and obtained measurement
specifications. A detailed description of the orbit selection
data sheet, and its relation to other areas of the study, is
included in Volume IV (Orbit Selection and Definition) which
is-a compilation of orbit selection data sheets for all orbit
selections which were made.

2.4 Imager Scaling Laws

The purpose of this task is to provide scaling
laws which can translate the measurement specifications
into experiment support requirements, provided that an orbit
has been selected. This section describes the method of
analysis used in obtaining imaging system scaling laws.

The scaling laws are used to interpolate between,
and to'extrapolate beyond, the point designs of existing or
projected imaging systems. Their function is depicted in
Figure 2-5. Only those image specifications and.support
requirements which are directly related to the sensor system
design variables are listed in the figure. Other support
requirements, such as the necessary operating environment,
depend only upon the type of imaging system. Scaling laws
have been developed only for those types of imaging systems

I'T RESEARCH INSTITUTE
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TABLE 2-6

ORBIT SELECTLON DATA SHEET NO, 200

Mars (1984) FAMILY NO. 7 ORBIT MO, 6
GROUP MEASUREMENT SPECIV{CATIONS: Required Obtained.
Minimum Image Size (km)........ ceen 600 600
Minimum Image Overlap (%) .vevveeesn 20 27.763
Total Planet Coverage (%) .......... > 70 76.7
Solar Elevation Range (deg). coe 30-60 30-60 1
Image Interval...veeeueesonns. were. < 2 br 10 days
Time for % Coverage (days) ........ . - 60 days
Coverage Interval. Gt eeeseeenasaes > 4fyr once/10 days
Distribution...... Ceeecereean ceenn - ~-63° to 40° lat.
ORBIT ELEMENTS: Final Intermediate
Eccentricity...cvieeveens PN 4633 .9
Periapse Alt. (km) chen 425 425
Apoapse Alt., (km)....... beeresnans 6995 68,915
Inclination (deg)....ccvvve. cereean 110 38
Asceriding Node (deg).....;...;..... 253.7 61.7
Arg. of Perlapse (deg) . cieeeses 349.5 200

_SELECTION RATICNALE:

The location of the asymptotic approach direction with
respect to the solar illumination area of interest makes
it necessary to use an off-periapse insertion maneuver into

an intermediate orbit.

- A plane change of 141° and eccentricity
adjustment establish the final orbit for measurements.

The

final orbit is sun-synchronous with periapse near the center

of the area of desired illumination.

ORBIT/MEASUREMENT CHARACTERISTICS:

Orbits to Contiguous Images... ... 5
Measurement Orbit Frequency........ every orbit
Orbit Period (hrs).....coeseeee v 5.03°
Measurement Alt. Range (km)........ 425 to 1014
Max. Measurement Arc (deg) ceee =54.5 to 54.5
Max. Sensor on T%me\(min%orh) . 3.2;

No. of Impulses {(AV) . .ieeeoicossenns ‘
Capture AV (km/sec) ............ vees  1.36 (5.5°%)
Plane Change AV (km/sec)..... veeaes .46 .
Size AdJuoLmont AV (km/sec) ...... . .57 (141°)

Total AV (km/seC)...ceevnnecascss

MEASUREMENT ACHIEVEL

1
periods or 25.15 hours.

2.38

The time between side-by-side images is equal to 5 orbit
The time between image repetitions

equals 10 days which is the time for one complete cycle

of longitudinal coverage.
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for which (1) a need exists (as expressed by the measurement
definitions) and (2) adequate design experience is available.
Unless a sensor syétem is useful, there is no point in
developing scaling laws, and unless characteristics of a
sensor system can be predicted over fairly wide ranges,
scaling laws cammot be developed.

The first step in obtaining scaling laws for a given
type of imaging sensor is the collection and correlation of
empirical data, in an attempt to relate the support requirements
to various characteristics of the sensor system. In many
cases, it is convenient to regard the imaging system as
composed of different subsystems such as sensing elements,
optics,'image motion compensation equipment, etc., Empirical
relations between the subsystems requirements and the sensor
system characteristics, for example the weight of a TV cameré»
system as a function of TV tube diameter, reflect current or
past technological capability. Future capabilities must
necessarily be speculative. 1In those few cases where sources
of increased capability can be clearly foreseen, the presumed
effect of state-of-the-art advances on the scaling laws are
noted. _

If insufficient empirical data is available, or if
no satisfactory empirical correlation between support require-
ments and the sensor system characteristics can be discovered,
theoretical relations are developed. 1In most cases, the weight,
volume, power, and possibly shape requirements are based on
empirical scaling laws, while the field of view, pointing,
fstability, and data acquisition rate requirements are based
“on physical principles.
| The support requirements are most directly related
to the characteristics of the imaging system. The weight of
a TV imaging system is directly related to the diameter of the
image tube, the power requirement of a radar imaging system
is related to the peak transmitted power, puise width, and
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pulse repetition frequency. The operation of the sensor
system is then analyzed to determine the dependence of the
characteristics upon the image specifications. The image
specifications are coupled to the support requirements by
the sensor system variables.

There is no unique solution to the sensor design
problem, however. It is important in the analysis of the
system to make no artificial selection of the sensor system
variables. For example, the image acquisition time (exposure
time) in an orbital TV system must be long enough to result in
a satisfactory signal-to-noise ratio and must be short enough
that motion of the system or the imaged object does not degrade
the spatial resolution. These constrdints are identified by
the scaling laws and their employment, but no specific acquisition
time is implied by the scaling laws. Such freedom of choice
can be used by the experiment designerito effect tradeoffs
between the support requirements.

The scaling laws for each type of imaging system
are organized in a manner which facilitates the estimation
of experiment support requirements, identifies those image
specifications and orbital parameters which affect the support
requirements, and delineates the sensor system variables which
may be manipulated by the experiment designer. This systematic
organization is expressed in a "logic diagram'" for each imager
type. For example, Figure 2-6 shows a logic diagram for
orbital TV systems. Each box in the diagram represents a com-
putational step in the system design, the reference number in
the cormer referring to a specific scaling law. Similarly,
each balloon represents estimation of an experiment support
requirement. The logic diagram also indicates those tradeoffs
which may be made internal to the sensor system.
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2.5 Experiment Support Requirements

Once the measurement specifications have been
defined, and an orbit selected for achievement of the measure-
ments, the sensor system scaling laws are used to estimate
the support requirements imposed upon the spacecraft by the
experiment. Each experiment consists of a specific imaging
system operating in a specific mode providing imaging data
to achieve a specific objective. Thus the support require-
ments represent a synthesis of exploration objectives, orbital
mechanics, and sensor system design.

As previously described, the analysis of space
exploration goals results in identification of planetary
exploration objectives and planetary phenomena whose ob-
servation by orbital imagery is expected to contribute to
achievement of the exploration objectives. The measurement
definition analysis produces image specifications for each
relevant combination of an observable and an imaging system.
Some of these image specifications (notably the minimum
acceptable image ground size, minimum overlap, solar elevation
angle, planetary coverage and distribution, and coverage
acquisition time) play a determining role in orbit selection.
The spectral region and bandwidth specifications determine
the type of imaging system to be used. The sensor system
scaling laws are then used with the image specifications
(resolution, image size, image acquisition time, overlap,
positional accuracy, solar elevation angle, grey scale, and
planetary coverage) and the selected orbit (imaging altitudes
and velocities) to estimate the experiment support reQuiref
ments. ,

Different support requirements may be obtained by
selecting a different orbit or by changing the design of the
sensor system. If such changes are skillfully made, the
measurement achievement need not suffer. No attempt is made-
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in this analysis to define the limits of experiment
flexibility. Thus, the support requirements obtained must
be regarded as representative of requirements demanded in

an actual mission. 1In some individual cases, however,
similar experiments are compared with one another as a guide
to how representative the requirements are.

As implied above, the experiment can be perturbed in
many ways which do not affect mission achievement. For
example, the data acquisition rate may be decreased at the
risk of increasing the time required to achieve full coverage
of the planet. Optimization of any experiment is beyond
the scope of this analysis. Although all the tools required
for optimization are provided by the study procedures, a
definition of what one means by an optimum experiment is
lacking. An optimum experiment might be defined as one which
obtains the required imaging data with the least expenditure
of instrument weight, or instrument power, or spacecraft
weight, or even advanced technological development costs.

The analysis used here -ensures only that the experiment is
designed to collect the desired imagery.

This section has described the major tasks of
the study, and the analytical procedures used to complete
these tasks. A structured technique for critical examination
of the goals of space exploration has been presented;-ahd'
methods for analyzing exploration objectives in terms of
observable planetary properties has been formulated. It
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has been shown that the observable properties must be

described from two points of view: that of the scientist

who knows what kind of data contributes to his understanding

of the origin and evolution of the planets, and that of the
image interpreter who knows how the mode of measurement affects
his capability to properly interpret the acquired imagery.

A method for analyzing the critical functions of imaging

sensor systems has been discussed, and procedures for orbit
selection have been detailed. Finally, a means for combining
the measurement requirements, sensor system characteristics,
and orbital constraints into experiments and estimating the
resultant support requirements has been evolved. The remainder
of this volume presents the results obtained by these analytical
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.

2. To understand the origin and evolution of the

universe outside our solar system.

3. To sustain the technological and economic

preeminence of the United States.

4, To achieve the scientific and national space

exploration goals in an efficient manner.
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 (scientific) and last (engineer-
ing) goals are analyzed in this study.
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3.2 Scientific Objectives

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

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., The major distinctions at an aspect level are
planetary versus atmospheric; composition and structure versus
active processes; active versus extinct biota. The aspect of
planetary composition deals with the chemical and isotopic

constitution of the surface and interior of the planet, while
planetary structure relates to the physical and structural

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 composition

refers to the chemical and isotopic composition of the atmo-
sphere, atmospheric structure 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
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 II

(Definition of Scientific Objectives).

3.2.1 Planetary Composition

This aspect deals with the gross composition of
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,
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Table 3-1

PLANETARY COMPOSITION OBJECTIVES

Remote Orbital
Objective Observables Sensing Imagery
Mean Density 1. Mass - —
2. Radius v’ —
3. Oblateness v’ -
Elemental
Composition 1. i&ﬁgggggis v -
of Crust
Surface 1. Isotopic — —
Isotopic Abundances
Ratios
Composition of 1. Petrology v -
Surface Materials 2. Mineralogy _ _
3. Liquids v’ —
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3.2.1.1 Mean Demnsity of the Planet

The mean density of a planet may be inferred from
the observables of (1) mass, (2) radius, and (3) oblateness,
and is a key parameter used in the classification and inter-

comparison of the planets. For example, the low average density
of Jupiter is generally regarded as indicating a predominant
hydrogen composition. The oblateness is determined by measur-
ing both the equatorial and polar radii and may be used to
compute the planetary moment of inertia (Jeffreys 1962). The
known moment of inertia may then be compared to moments based
on different models of planetary composition, and the most
likely composition may be inferred., Orbital imagery is not
particularly useful in investigation of these observables,
because the properties are virtually time-independent and

few measurements are required. The detailed descriptions of
these observables, and the analysis leading to this judgement,
is given in Volume ITI (Definition of Scientifc Objectives).

3.2.1,2 Elemental Composition of the Crust

Elemental abundances on the surface are the observ-

able properties of this objective. The elemental composition
of the crust, and the large-scale spatial variation of the
composition, indicate the degree of differentiation which has
occurred at the surface and perhaps in the interior. Elemental
composition is independent of time and only a small number of
geometrically distributed data points are required. Also

there is no known interpretation technique for obtaining
elemental composition from imagery. Thus orbital imagery is
neither required nor especially useful.
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3.2.1.3 Surface Isotopic Ratios

The relevant observables are isotopic abundances.

These abundances may be used to compute ratios of abundance
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 al. 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.

3.2.1.4 Composition of Surface Materials

This objective is to determine the kinds of rocks,
minerals, or 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,
Rock and mineral forming processes which may have been active
are deduced from the surface petrology and mineralogy. For
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. The composition of any surface
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
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no known image interpretation techniques can provide the
desired compositional information.

The applicability of both remote sensing and
orbital imagery is summarized in Table 3-1 for all objectives
dealing with planetary composition. For details, the reader
is referred to Volume II. It is concluded that orbital
imagery is useless for determining planetary composition.

3.2.2 Planetary Structure

Examination of planetary structure determines those
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.

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. 1966). 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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Table 3-2

PLANETARY STRUCTURE OBJECTIVES

Objective

Observable

Remote
Sensing

Orbital
Imagery

Geometric Shape

Surface
Elevations

. Center of

Mass

v’

v’

Internal Structure

. Density

Distribution

. Discontinuities

Crustal Structure

. Layering
. Contacts
. Attitude of

Rock Units

Structure of
Features

AN

Surface Morphology

Surface Topography
Surface Appearance

ANAN

AR
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3.2.2,2 Internal Structure
A determination of planetary internal structure will

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) density distribution and (2) discontinuities.

No orbital imaging techniques are useful., The detailed density
distribution can best be determined by measuring the paths and
speed of seismic waves, although limited data can be obtained
by gravimetry and satellite tracking (Anderson and Kovach 1966,
Kovach 1966). 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, particularly
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 crust, and the
processes which formed or modified the crustal materials and
structural features. The relevant observables in determining
the crustal structure are (1) layering, (2) contacts,

(3) attitude of rock units, and (4) structure of features.

By mapping rock outcroppings, rock attitudes (dip
and strike), and contacts, interpretations can be made regard-
ing the subsurface structure and the processes responsible for
the formation and modification of rock units. A study of
surface structural features facilitates understanding of the
structure and history of the planet's crust. Layering is
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. 1In the past, terrestrial
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contacts have been studied by in situ mapping. Thorough study
of planetary contacts will probably require data collection at
many points 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 Morphology
The morphology of land forms is a function of the

near-surface structure and the active processes which build
up or tear down the surface., The observable properties are
(1) surface topography and (2) surface appearance. 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 Active Planetary Processes

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 OBJECTIVES

Remote Orbital
Objective Observable Sensing Imagery
1. Rotation —_ —
Planetocentric Period
Motion 2. Tidal Effects - _
3. Polar Wandering - -
1. Surface Winds v’ v~
2. Surface Liquid v -
Motion
Pgﬁgzgiés 3. Topographic v’ v
Changes v// S
4. Thermal Anomalies
5. Seismic Waves - -
1. Magnetic Field — —
Internal
Processes 2. Heat Flow — —
3. Seismic Waves — -
4. Mass Motion —_ —
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3.2.3.1 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. The observed period of rota=-

tion allows inferences to be made conéérning rotational history. In
the case of the Earth, the variations in the length of the day
are caused by interaction with the Sun and the Moon and possibly
by change in the moment of inertia due to growth of the Earth's
core, The period of rotation may be determined by Doppler shift
techniques or by stellar tracking from the surface of 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,

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 of
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
thought to be 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 Crustal Processes

Many dynamic processes such as erosion, faulting,
folding, and volcanism produce characteristic surface features.
The identification of such processes may lead to inferences
regarding planet evolution. For example, if the subdued
structure of Martian craters is the result of water erosion,
the past presence of a hydrosphere is indicated. Although a
clear division between surface modification and internal
processes is not always possible, the observable properties
relating to active crustal processes are considered to be
(1) surface winds, (2) surface liquid motions, (3) topographic

changes, (4) thermal anomalies, and (5) seismic waves.

Visual imagery from orbit is particularly useful at Mars

(and perhaps Mercury) for observing sand and dust storms.

The velocity and extent of surface liquid motions could be
ascertained by tracking buoys, but only Jupiter is expected to
show significant large scale surface fluid motion. Orbital
imagery is mnot especially useful in this regard, Topographic
changes are the result of both crustal and internal processes.
Rapid and unpredictable topographic changes are due to
meteorite impacts, land slides, wvolcanic eruptions, etc.

The deliberately planned detection of such actiwvity would
require continuous planet~wide observation. Slow and semi-
predictable topographic changes due to soil creep and some
volcanic eruptions could be detected by periodic observation
from orbit. Very slow and large scale topographic changes
could be detected only by observations extending over many
years duration., The heat produced by wvolcanism, faulting,
and intrusion of magma could well be detected as a thermal
anomaly long after the process has ceased. Extensive areas
of the planet could be thermally mapped from orbit. These
processes also produce 1large amounts of seismic energy, but
seismic activity cannot be detected from orbit,
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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 have
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 1968) of mass concen-
trations associated with some of the larger mare suggests the
predominence of external effects., The observable properties
convenient for studying internal processes are (1) 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 invéstigative 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 frommeteoritic 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.
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3.2.4 Atmospheric Composition

Planetary atmospheric composition yields wvaluable
information as to the origin and past history of the solar
system. A massive planet (e.g. Jupiter) will retain most of
its 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 terms of the
objectives shown in Table 3-4,

3.2.4.1 Gross Atmospheric Abundances

This objective deals with planet-wide atmospheric
composition on an atomic or molecular scale., The observables
are (1) mean molecular weight, (2) elemental and molecular

abundances, and (3) isotopic abundances. The mean molecular

weight may be used to infer the general nature of the atmo-
spheric composition. The terrestrial planets appear to have
oxidized, secondary atmospheres derived from crustal outgassing
(Ruiper 1952). The Jovian planets have reducing atmospheres
containing large amounts of hydrogen, thus suggesting an
origin closely associated with that of the solar system

(Owen 1965). The mean molecular weight of the atmosphere

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, H,, He, O, O,,
03, N, N,, HZO’ €0, CO,, CH4, NH3, Xe, Ar, and organic
molecules (Brandt and Hodge 1964). Since atmospheric com-
position is not expected to vary appreciably over the planet

1IT RESEARCH INSTITUTE

54



Table 3-4

ATMOSPHERIC COMPOSITION OBJECTIVES

Remote
Objective Observable Sensing

Orbital
Imagery

1. Mean molecular -
weight

2. Elemental and
molecular
abundances

3. Isotopic v
abundances

Atmospheric
Abundances

1. Aerosol and —_

Atmospheric crystal composition

Particulates 2. Particulate v’
sizes and
distribution
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(except for highly localized anomalies considered in the
context of active processes), instantaneous two-dimensional data
is not especially useful. Composition as a function of altitude
which is particularly desired, cannot be obtained by orbital
imagery. Isotopic abundance ratios can be used to infer the
extent of fractionation that occurred in the early history of
the solar system. Isotopic ratios of particular interest are
Hl/Hz, He3/Hea, 012/013,and Ar4O/Ar38, As with elemental and
molecular abundances, few data points are required, vertical
profile data is desired, and orbital imagery is mnot useful.
Atmospheric sampling is the most effective technique for study-
ing atmospheric composition,

3.2.4.2 Atmospheric Particulates

Determinations of the size, composition, and spatial
variations of aerosols and particulates suspended in the atmo-
sphere are of utmost importance in resolving disagreements
between various atmospheric models. This is especially true
for Venus, since a variety of conflicting theories have been
presented (Kellogg and Sagan 1962, Opik 1961, Newell 1967)
and have yet to be resolved. The suggested Jovian cloud layers
of ammonia droplets and ice crystals require confirmation
(Opik 1962, Michaux 1967). The relevant observable properties
are (1) aerosol and crystal composition and (2) particulate

sizes and distribution. Aerosols refer to non~solid particu~

lates such as liquid droplets, while crystals refer to the
solid particulates such as suspended ice or dust. Atmospheric
particulates do not exhibit unique absorption lines from

which their composition can be readily determined by remote
sensing, Atmospheric sampling is required. Remote sensing
techniques (especially polarimetry) are useful in determining
particulate sizes and planetary distribution, However, since
few data points are required, and vertical profiles are desired,
orbital imagery is mnot useful.
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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 of a planet.
The aspect of atmospheric structure deals with the

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

3.2.5.1 Atmospheric Thermodynamic State

The relevant observables are (1) temperature,
(2) density, and (3) pressure profiles, (4) vapor content,
(5) global thermal balance, and (6) thermal anomaiies. The
temperature, pressure, and density profiles, along with atmo-

spheric composition data, may indicate the existence of intermnal
heat sources and the achievement of convective or radiative
atmospheric equilibrium. However, pressure and density cannot
be measured accurately by remote techniques., Orbital imagery

is not useful since vertical profiles are required. The

global variations of vapor content (notably H,0 and NHB) are
vital to an understanding of planetary weather and the associa-
ted condensation 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 1963). Vapor content is best determined by
atmospheric sampling and chemical analysis or by remote
detection of vapor absorption lines (Goody 1964). Since
vertical profiles are required, orbital imagery is not 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 éirculation patterns (Mintz 1961).
However, heat flux cannot be determined remotely and orbital
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Table 3-5

ATMOSPHERIC STRUCTURE OBJECTIVES

Remote Orbital
Objective Observable Sensing Imagery
1. Temperature v’ -
profile
2. Density profile - -
Thermodynamic 3. Pressure - —
State profile
4, Vapor content v’ —
5. Global thermal - -
balance
6. Thermal anomalies V/ v’
1. Extent of global v’ v’
Cloud Structure cloud coverage
2. Cloud layers v~ -

1. Coefficient of - —_—

viscosity
Transport 2 onamativit B B
Properties Y

3. Diffusion - —
coefficients

4, Radiation transfer - -
coefficients
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imagery is valueless. Detection of thermal anomalies will
assist in the location of regions of large viscous and ohmic
energy dissipation, volcanic outgassing, and abnormal precipi=-
tation., Orbital IR 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 planetary environ-
ment, which in turn largely determines the planet's radiation

balance. The observables are (1) extent of global cloud

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
not useful, The dynamic aspects of cloud formation and
circulation are treated under the aspect of Active Atmospheric

Processes,

3.2.5.3 Atmospheric Transport Properties

The observables are (1) coefficient of viscosity,

(2) thermal conductivity, (3) diffusion coefficients, and

(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., Since the viscosity and thermal conductivity
are functions of the thermodynamic variables and atmospheric
constituents, any experimental determination of the viscosity
or thermal conductivity offers a useful check on separate data
obtained for the thermodynamic variables and atmospheric
composition. Diffusion coefficients are needed for theoretical
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studies of the various atmospheric layers, particularly the
exosphere where diffusion is the dominant process. The radia-
tion transfer coefficients are required if the physical structure
of the atmosphere is to be completely understood. 1In 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 Active Atmospheric Processes

Atmospheric dynamics is perhaps the most important
aspect in understanding the planetary evolution of Venus and
Jupiter. 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.

3.2.6.1 Atmospheric Circulation and Motion

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 exists 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 1961). For a slowly
rotating planet, the important parameter is the amount of
differential heating between the subsolar and anti-solar
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Table 3-6

ATMOSPHERIC PROCESSES OBJECTIVES

Remote Orbital
Objective Observable Sensing Imagery
1. Global wind v —_
Atmospheric: velocities
Circulation
and Motion 2. Convective Cells v V/
and Turbulence
3. Cloud Formation v V/

and Motion

1. Precipitation Type - -
and Nature ’

2. Precipitation Rate
Weather and Variations

3. Thunderstorms
4. Cyclone Formations

NN N
A R NGAN

5. Atmosphere-Surface -
Interaction

1. Solar Radiation - —
2. Airglow S —

3. alpha particles, — —
electrons, and

Atmospheric Energy protons
Transfer Processes 4. Cosmic rays — —
5. Meteoroids v -
6. Ionization and - -
recombination rates v

7. Surface-atmosphere v
transfer
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points (Sagan and Kellogg 1963, Mintz 1962). Since the global
circulation pattern is instrumental in establishing the
momentum and energy balances in a planet's atmosphere, it is
important to establish the flow regime along with the associ-
ated rate of mass and heat flow, Orbital imagery, however,
cannot measure wind velocities directly. Wind velocities may
be inferred from cloud formation and motion.

To thoroughly understand the dynamics and physics
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 emergy into 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 (Lamley
and Panofsky 1964). Another type of convective transfer is due
to the thermal instability of a stratified fluid heated from
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).
Under more extreme conditions, this type of mnatural convection
becomes chaotic and is completely turbulent., The existence of
vertical convective columns or 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 intermal heat generation was present,
Orbital imagery is useful for studying convective cells and
turbulence.

A knowledge of the cloud motions at various atmo-
spheric levels is a direct indication of the wind wvelocities
existing at that altitude. Cloud formation also yields in-
direct information as to the pressure variations necessary to
induce such motions. The time history of cloud formation

1T RESEARCH INSTITUTE

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
activity 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.

The type and chemical phase of the precipitation
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.

A knowledge of precipitation cycles and their
seasonal variations indicates the degree and extent of
activity which occurs between various atmospheric levels and
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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 time span

in order to accomplish the condensation-evaporation cycle,

Radar imagery from orbit may be useful in determining precip-
tation rate and its spatial and temporal variation,

The intensity of atmospheric processes can be
gauged by determining the extent of thunderstorm activity
and the associated lightning discharges. Monitoring the
lightning activity by sferic imagery from 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 region. 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.

Atmospheric-surface interactions include determining
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 the present state of stability of the lower atmospheric
regions with the surface. Remote sensing cannot provide de-
tailed data on atmospheric-surface interactions.

3.2,6.3 Atmospheric Energy Transfer Processes

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: (1) solar radia-

tion, (2) airglow, (3) a-particles, protons and electrons,
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(4) cosmic rays, (5) meteoroids, (6) ionization and recombina-
tion rates, and (7) surface to atmosphere transfer.

The global heat balance of a planet is a function
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, UV, IR, and RF radiation because
absorption at various altitudes can affect the stability of
atmospheric layers (Fleagle and Businger 1963).

Solar radiation may be instrumental in commection
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
charged 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 is 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
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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 meteorites 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.
Ionization and recombination processes are important
for understanding ionospheric phenomena, aurora, airglow, and
other radiative processes. A full understanding of these
phenomena requires the determination of collision cross-
sections, reaction rates, and the energy budget available in
radiation belts and other active regions of the atmosphere.
Active processes involving energy release and
dissipation, other than those mentioned above, must be
recognized and explained in order to completely 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 on Venus
(Davidson and Anderson 1967). Not 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.
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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
Oth order harmonic is associated with a spherical shape, the
lst 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 upper
mantle, The observables are (1) field vector, (2) temporal and

secular variations, and (3) gravitational waves. In situ

detection is required for all three observables;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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Table 3-7

FIELD OBJECTIVES

Remote Orbital
Objective Observable Sensing Imagery
1. Field vector - —
GraviFational 2. Temporal and - -
Field secular variations
3. Gravitational waves — —
1. Field vector - -
2. Temporal and — -
secular variations
Magnetic Field 3. Radiation belts — —
4. Auroras v v
5. Paleomagnetism - —
6. Radio bursts v v

Electric Field

1. Field vector _

2, Temporal and —
secular variations

3. Ionospheric ring v
currents

4, Telluric currents —
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a magnetic field is assumed indicative of such currents.
Temporal variations in the field may be correlated with the
rotational period of the Sun or of planetary satellites, while
secular (long-term) variations may result from internal or
crustal motion. In situ measurement is required for directly
observing the field and its variations. Radiation belts are
the result of charged particles being trapped by the planetary
magnetic field. Only Jupiter is expected to possess strong
radiation belts. In situ techniques are required for detectiom.
Terrestrial auroras are produced by charged particles leaking
from the radiation belts, traveling along magnetic field lines,
and exciting atoms in the upper atmosphere. Auroras on other
planets may have a different origin. The light of the aurora
is characteristic of the spectra of the excited species.
Remote sensing, and especially visual imagery, would be useful
in auroral observation. The past history of magnetic fields
may be deduced from paleomagnetic data., Such data may also
bear on past crustal history (Runcorn 1962). However, rock
paleomagnetism can be measured only by direct surface sampling
and testing. The origin of the decametric radio bursts from
Jupiter is one of the most significant contemporary problems
of planetary phenomena. It has been proposed that the bursts
are due to explosions in the Jovian atmosphere (Sagan and
Miller 1960), Cerenkov radiation (Warwick 1963), or cyclotron
radiation at magnetic field anomalies (Ellis and McCullough
1963), among other reasons., Because of the localization of
the activity, and its rapid variations, radio frequency
imaging experiments from orbit would be invaluable,

3.2.7.3 Electric Field
Here the observables are (1) field vector, (2)

temporal and secular variations, (3) ionospheric ring currents,
and (4) telluric currents. The electric field of the Earth,
and its variations, do not appear to play a significant role
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in planetary phenomena on the Earth. This is probably true on
the other planets. In any event, electric field measurements
require in situ observation. Ionospheric ring currents might
be measured by radio frequency remote sensing, 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. Such currents might provide information on the
electrical and thermal conductivity, Telluric currents are
best measured by surface voltage gradient measurements,

imagery is not useful.

3.2.8 Active Biota
The detection of a thriving extraterrestrial

biology would be the most important scientific discovery in
the age of civilization. One can scarcely comprehend the impact
of such a discovery upon the direction and magnitude of the
space exploration progrém. The major measurement problem is
the design of an experiment which can unambiguously determine
that life does or does mnot exist on a planet. It is possible
that extraterrestrial life exists in a form 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 objectiwves and observables
formulated here consider detection of an Earth-type biology
since no other system has been adequately‘described to allow
experiments to be defined. The objectives are listed in

Table 3-8,
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Table 3-8

ACTIVE BIOTA

Remote Orbital
Objective Observable Sensing Imagery
1. Animal life — -
2. Plant life - -
Life Forms 3. Microscopic life v v
forms
4, Living cells v’ v’
1. Macromolecules - —
2. Complex molecular — —
Biochemistry structures
3. Biochemical systems v’ v’
1. Environmental — —
Metabolism exchange
2. Growth - -
3. Heat generation - —
. Birth — —
Reproduction . Number density - -

SN -

Cellular division

. Genetic codes
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3.2.8.1 Life Forms

, The relevant observables are (1) animal life,
(2) plant life, (3) microscopic life forms, and (4) living
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 tuiat of mobility, and therefore imaging
experiments of high resolution would be essential. Extra-
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.,

3.2.8.2 Biochemistry

In order of increasing characteristic size, the
observables are (1) macromolecules, (2) complex molecular

structure, and (3) biochemical systems. The detection of

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

systems,

3.2.8.3 Metabolism

A living organism is continually involved in an
interchange with its environmment. It is dependent upon its
surroundings for energy and nutrients, and it deposits the
by-products of its metabolism into its enviromment. It may
be irritated, made dormant, and killed, or it may be induced
to grow and reproduce prolifically. The observables considered
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 close-~
hand investigation and remote sensing is not useful. All
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 mot 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.
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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) number density, (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. The most probable
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 properties,

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

Remote Orbital
Objective Observable Sensing Imagery
1. Animal and - -
Fossils Plant fossils
2. Molecular fossils - —
Biological 1. Hydrocarbons v v
Decay
Products

11T RESEARCH INSTITUTE

75




3.2.9.1 Fossils

The relevant observables are (1) animal and plant

fossils and (2) molecular fossils. Fossils found on the

Earth of animals, insects, and plants are readily identifiable
as extinct life forms even when only partially complete. Such
fossils on any planet 6 even though of unknown species, would
be equally easily recognized. One of the problems, however,

is knowing where to look for them. This will be dependent on
the erosional and depositional history of the surface materials
and should be determined as part of the exploration of the
planet. The remote possibility exists that artifacts of an
intelligent biota could be fossilized, but a specific search
for these is not proposed. Molecules, as well as organisms

can be fossilized. The types of molecule that are generated
depend on the particular ambient conditions at the time of
their formation. As conditions change it is possible for

these molecules to become trapped and inactive. The detection
of complex biological molecules within rocks will be indicative
of, rather than proof of, an extinct biota. Surface sampling
is required for fossil detection.

3.2.9.2 Biological Decay Products

Hydrocarbons and petrochemicals in the Earth's crust
have been attributed to the decay of biological material.
However, this origin is probably not unique and the detection
of oil, coal, and natural gas (methane, butane, etc.) in a
planetary crust would lend credence to a biological history
rather than prove it. There is a possibility that pools of
hydrocarbons exist on Venus, in particular. Orbital imagery
might be useful in detecting accumulations of hydrocarbons.
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3.3 Engineering Objectives

The engineering goal requires that the exploration
plans be performed with maximum effectiveness. Broadly speak-
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
developed for four mission concepts. Figure 3-3 shows the
development of engineering objectives for planetary orbiters.
In considering each of the orbiter subsystems, it was found that
the design of the four subsystems shown (guidance and control,
structure and shielding, altitude control and thermal control)
all were dependent on the enviromment in which they were to
function. The particular environmental properties of interest
are shown as observables. The environmental interfaces with
other subsystems either did not involve planetary observables
or, 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
in 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 ENG. OBJECTIVES ENG. OBSERVABLES
(MISSION CONCEPT) {SUB SYSTEM DESIGN) (PLANETARY ENVIRONMENT)

~ GRAVITY FIELD

GUIDANCE AND ORBIT PERTURBATIONS
CONTROL

4 SATELLITE ORBITS

{—-LMICROMETEORITE FLux |

PLANETARY
ORBITERS

| MAGNETIC FIELD |

STRUCTURE AND

SHIELDING
| RADIATION BELTS
— ASTEROIDAL DISTRIBUTION |
ATTITUDE CONTROL GRAVITATIONAL ANOMOLIES
—— THERMAL CONTROL 4 SOLAR FLUX |

FIGURE 3-3. DEVELOPMENT’ OF ENGINEERING OBSERVABLES
PLANETARY ORBITERS
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ENG. ASPECT

(MISSION CONCEPT)

ENG.OBJECTIVES
(SUB SYSTEM DESIGN)

AEROSHELL AND
HEAT SHIELD

ENG. OBSERVABLES
(PLANETARY ENVIRONMENT)

— CHEMICAL COMPOSITION

] DENSITY PROFILE

PRESSURE PROFILE

TEMPERATURE PROFILE

ATMOSPHERIC AEROSOLS 1

ATMOSPHERIC
PROBES

STRUCTURE AND
SHIELDING

|— cLoub LEVELS |

[—{ MAGNETIC FIELD

WINDS

CHEMICAL COMPOSITION

—

COMMUNICATIONS

ATMOSPHERIC TRANSMISSIVITY

POWER

ILLUMINATION PROFILE

THERMAL CONTROL

TEMPERATURE PROFILE

ATTITUDE CONTROL

WIND VELOCITIES

FIGURE 3-4. DEVELOPMENT OF ENGINEERING OBSERVABLES
ATMOSPHERIC PROBES
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ENG. ASPECT ENG. OBJECTIVES ENG. OBSERVABLES
(MISSION CONCEPT) (SUB SYSTEM DESIGN) (PLANETARY ENVIRONMENT )

CHEMICAL COMPOSITION

—-d DENSITY PROFILE

AEROSHELL AND

HEAT SHIELD
PRESSURE PROFILE ]
e TEMPERATURE PROFILE 1
v DENSITY PROFILE 1
—{ WIND VELOCITIES B
BUOYANCY ! SURFACE TOPOGRAPHY 1
ATMOSPHERIC
FLOATERS |_[ATMOSPHERIC TURBULENCE |
__["ATMOSPHERIC AEROSOLS |
— CLOUD LEVELS |
POWER —
| ILLUMINATION PROFILE B
— ATMOSPHERIC TRANSMISSIVITY |
COMMUNICATIONS
L—1 WIND VELOCITIES 1
THERMAL CONTROL | TEMPERATURE PROFILES |
— AEROSOLS 1
STRUCTURE AND
SHIELDING
] MAGNETIC FIELD |

FIGURE 3-5. DEVELOPMENT OF ENGINEERING OBSERVABLES
“ ATMOSPHERIC FLOATERS
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ENG. ASPECT
(MISSION CONCEPT)

PLANETARY

ENG.OBJECTIVES
(SUB SYSTEM DESIGN)

AEROSHELL AND

ENG. OBSERVABLES

(PLANETARY ENVIRONMENT)

—{ CHEMICAL COMPOSITION |

bmei DENSITY PROFILE

HEAT SHIELD

LANDING

—] PRESSURE PROFILE

L—] TEMPERATURE PROFILE

— SURFACE TOPOGRAPHY

] SURFACE CARTOGRAPHY

{—1 SURFACE ROUGHNESS

MECHANISM

LANDERS

- SURFACE HARDNESS

}—J SURFACE TEXTURE

| _["SLOPES AND GRADES

POWER

L— WIND VELOCITY

] CLOUD LEVELS

STRUCTURE AND

_-rlLLUMINATION PROFILE

i WIND VELOCITIES

- "AEROSOLS

] SEISMIC ACTIVITY

| BEARING STRENGTH

SHIELDING

L PRECIPITATION

t—{ "MAGNETIC FIELD

THERMAL CONTROL

t—d RADIOACTIVITY

pe—t{ THERMAL CYCLES

FIGURE 3-6. DEVELOPMENT OF ENGINEERING OBSERVABLES
PLANETARY LANDERS
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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. These may have an impact on the subsystem require-
ments -and. on the need for advanced technology developments. An
example may be measurements of surface bearing strength or angles
of repose which relate to the design of a lander but have little
intrinsic scientific wvalue,
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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 II, 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,

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.

Table 4-1 summarizes the measurement specifications
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 the column "sensor type."

The first column identifies the observable to
which imaging applies and the second column, the planet to
which the ensuing specifications refer. The next sixteen
columns are used to specify the scientific measurement
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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. 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.

It 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 wvariation 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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intention was always to stay on the operating plateaus. The
worth curves simply define the end limits of the plateaus and
how sharply degradation sets in beyond these limits.

Each of the measurement specifications is discussed
in the following subsections.

4.1 Ground Resolution

Ground resolution is used to describe the length,
on the surface, of an assumed square element that can be
resolved in the final image. It is determined on the basis
of the geometrical scale of the feature or event being observed.
This specification is that required by the scientist for the
image he will have to interpret.

For instance, the ground resolution of five kilo-
meters required for imaging of lunar surface elevations is
based on the need for contour maps of the whole moon, on a
regional (approximately 100 km) scale. In fact, referring
to the worth curve in Figure 4-2 it is found that ground
resolutions up to 20 km are acceptable in a worst case. In
practice the resolution may not be constant over a whole image,
in which case the scientist will need to be aware of its
variation from one part of the image to an other.

Grovnd resolution requirements for Mercury, Mars,
and Venus are similar for almost all observables, since in
each case regional data is needed initially. For the Moon,
the regional data is currently available and the need is
for higher resolution local information. At the other
extreme, Jupiter is hardly known at all; although regional
data are required, the required resolution is an order of
magnitude larger than that required on the inner planets
because of Jupiter's size. 1In addition, the question of
surface measurements for Jupiter is somewhat moot. At
present it is not at all clear that there is a definable
surface beneath the visible ammonia clouds, rather than just
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an atmosphere which gradually becomes thicker and thicker
with depth. In some cases the required ground resolution
would appear to be completely out of keeping with the reality
of orbital measurements (e.g., 20 cm or less for imaging of
animal life). It should be made quite clear that this is

the scientific requirement if animal life is to be detected
by imaging. Whether or not it is reasonable ever to set up
an experiment to meet this imaging requirement is left to a
later phase of the study where both orbital constraints and
support requirements are considered. The specification and
its associated worth curve simply implies that it is not worth
attempting to fulfill this observable unless a resolution of
20 cm or less can be achieved.

The ground resolution used here refers to the
horizontal surface. 1In those cases where a vertical resolution
requirement exists, such as for Surface Elevations, the vertical
resolution is specified in the comments column of Table 4-1.
The associated worth curves are given in Figure 4-11.

4,2 Image Size

This specification identifies the length, on the
planetary surface, of an assumed square image which will be
required for scientific interpretation. There is no implica-
tion as to the image format of the image itself. The required
size of the final image is based only on the scale of the
feature or event being observed and the need to correlate
features or events over regions of the planet. Clearly there
is some relationship between the required resolution and the
required image size. 1In general, for ease in interpretation,
an image should contain at least 40,000 resolution elements
(200 x 200).

The iﬁage size requirements are very similar for
Mars, Venus, and Mercury, because of the similar scale of the
information required. 1In general terms, the lunar requirements
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are an order of magnitude smaller and the Jupiter requirements
are an order of magnitude larger. The worth curves indicate
that the major scientific constraint is on the smallness of
the image. 1In no case has an upper limit been identified for
an acceptable image. Larger images simply would require
larger displays to maintain their resolution requirements,

but this is a physical rather than a scientific problem.

4.3 Positional Accuracy

This specifies the accuracy with which it is
necessary to know the location on the planet of the feature
or event being investigated. It is based, in some cases, on
the need to know which part of the planet is being imaged,
but in other cases, it reflects a need to image a pre-selected
feature because of its particular properties. The accuracy
requirements are defined so that the impact of the measurement
on the support subsystems (attitude control, pointing) can be
determined later in the study.

The positional accuracy requirements are most
stringent for the detailed investigations of the Moon and
most relaxed for the global measurements of Jupiter. The worth
curves are shown in Figure 4-4. The high accuracy end of the
plateau continue right up to the axis. Although such high
accuracy may be unnecessary, it certainly is not detremental
to the scientific worth of the image. On the other hand, it
would seem pointless to demand, on scientific grounds, a
pointing accuracy which exceeds the ground resolution of the
image. As an approximate guideline, an accuracy of 10 times
the resolution is found to be adequate. The worth curves
reflect this criteria at the low accuracy end of the plateau.

4.4 Planetary Coverage

Planetary coverage is used to describe the total
percentage area of the planet which should be observed during
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the course of the measurement. It is based on the need either
to map the planet or to obtain average data on its properties,
as discussed in the observable definition of Volume II.
However, in some cases where specific features or events are
being observed, the coverage is related directly to their
probable distribution over the planet. Mapping requirements
are defined in terms of regional, local, and detailed scales.
The coverage requirements are related to these scales, i.e.,
total coverage regionally, 10% coverage locally, and less than
17 coverage at a detailed scale. The worth curves express, at
the low end of the plateau any definable limits to acceptable
coverage. At the upper end however, 1007 is the only limit to
worthwhile coverage. From a scientific viewpoint a measure-
ment cannot be degraded because it gives information over a
larger area than is absolutely necessary.

4.5 Planetary Distribution

The distribution of a planetary coverage specification
is closely coupled to the percentage of planetary coverage.
The distribution is based on the anticipated distribution of
observables and also the geometrical effects which may occur
as a result of seasonal processes. 1In many instances however,
the distribution cannot be defined at the present time. The
distribution requirements for local and detailed measurements
can only be identified after regional maps have been scien-
tifically studied and interpreted. While Earth experience
may be adequate to estimate the percentage of high resolution
coverage, it is unlikely to identify its distribution. Thus,
fairly general descriptives are used to define the distribution
e.g., polar regions, cloud belts, etc., and no worth curves
are presented. In the case of regional scale observables at
Mars; some indication of planetary distributions can be obtained
from Earth-based observation. Thus Figure 4~12 shows on a
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map of Mars, the distribution of primary and secondary areas
of interest in connection with the wave of darkening.

4.6 Acquisition Times and Repetition Rates

Time constraints may be required for observables
which change with time. Four types of time constraints are
considered.

The image acquisition time is similar in concept
to exposure time, but is based on the rate of change of the
observable itself, 1t is a time short enough to prevent changes
in the feature from causing a blur in the image. No allowance
is made here for such things as image motion due to relative
spacecraft velocity.

Coverage acquisition time means the time which can
be allowed for fulfilling the complete coverage requirement.

It is a time considerably shorter than that in which major
changes can take place over all the areas of interest on the
planet. It ensures a set of images providing full coverage of
the planet in the same state. The coverage acquisition time is
often related to seasonal effects, but it may also be related
to diurnal effects, as is the case with global cloud coverage.

The repetition rate is required to provide an analog
to time lapse photography, and allows changes on the planet to
be measured. Again a distinction is made between image
repetition rate and the repetition rate for total coverage.
Image repetition rate is specified to allow changes in an
observable to be identified and is based directly on the rate
of change of a single feature or event being investigated.

The coverage repetition rate is included to allow large scale
features or events to be monitored with respect to time. These
are usually seasonal effects and occur over planetary areas
which are large compared to an image.

For many of the measurements of surface properties,
there are no time constraints specified; significant observable
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changes are not anticipated in periods of 10 or 20 years. Some
active surface processes are however included, in the sense that
the wave of darkening should be observed on Mars, and possibly
active volcanism on Venus. Otherwise the time constraints apply
mostly to atmospheric events, ranging from the global cloud
pattern to the emission of decameter radio bursts from Jupiter.
The worth curves for acquisition time and repetition
rate are shown in Figure 4-6. 1In general, there is no limit
on how quickly the image or the coverage requirements can be
met. However, upper limits on both times are specified.

4.7 Sensor Types

The measurement specifications discussed this far
deal with the geometrical and temporal measurement requirements.
It is now necessary to identify the spectral properties of the
required images. For each observable (at each target), the
spectral regions in which the observable radiates or reflects,
are identified. In general, there are multiple regions which
are of scientific interest, and a cross reference system has
been introduced in Table 4-1. Following each of the repetition
rate specifications is a series of sensor references. These
refer to all the remaining specifications as indicated in the
adjacent ''sensor type" column. The identification of sensor
types at this point in the specifications would appear to be
premature, but in fact it has been done quite purposefully.
Once the spectral regions have been identified it is convenient
to classify them by the standard nomenclature used to identify
the gamma ray, X-ray, UV, visible, IR, microwave (passive),
radar (active microwave), and radio regions of the spectrum.
This not only makes the spectral regions more readily
recognizable, but provides an advantage for a later phase
of the study. Each of the above regions are, for fundamental
physics reasons, normally detected by quite different sensing
elements, which are part of quite different sensing systems.
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Thus, indirectly, and purely on the basis of scientific require-
ments, the sensor types for which scaling laws will have to be
generated later, have been identified. Included in the desig-
nations are an indication of whether stereoscopic or monoscopic
images could be useful. Multi-band as a sensor type is
used when the spectral region of scientific interest falls
into more than one of the above designations.

As mentioned above, more than one sensor type is
applicable to each of the observables. For instance, surface
elevations can be measured by using:

Shadows in visible images,
Stereo-visible images,
Radar-altimetry or,

o0 oo

Stereo-radar images.

In practice not all of these would be used. However,
the selection is one that can be made only after the orbit
and subsystem requirements have been clearly identified.
Thus specifications for all possibilities are carried through,
and no selections have been made at this point in the analysis.

4.8 Spectral Regions

The approximate center wavelength of the spectral
region of interest is specified. It is determined by con-
sidering both the phenomenological radiation pattern of the
observable, and the absorption path between the feature and
the sensor. Examples of the latter constraints are the 5000 A
cutoff by the blue haze on Mars, and the requirements for very
long wavelengths at Jupiter (to penetrate the very dense
atmosphere). The worth curves are shown in Figure 4-7. They
reflect an uncertainty about the spectral regions from which
useful interpretation can be made. This is because Earth
experience of planetary phenomenon is strongly conditioned by
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the windows in the Earth's atmosphere to visible, IR, and
microwave radiation. Thus, in many cases, the plateau shows
where scientists are accustomed to operating and continues
into somewhat indeterminate regions by extrapolation.

4.9 Spectral Bandwidth

This is used to define the width of the band, in
which all the spectral information should be contained. It
is derived in conjunction with the spectral region as discussed
in the observables data sheets. However, for the multi-band
requirements, it identifies how many equal bands into which
the quoted spectral region should be divided. The multi-band
worth curves then show the scientific worth of the measurements
as a function of the number of bands.

In general, the worth curves show that broad-band
low spectral resolution is all that is required in all cases.
In fact, this is typical of conventional imaging experiments
as opposed to , say, spectrophotometric measurements,

4,10 Overlap

This identifies the amount of geometrical redundancy
which is required between adjacent images. It is based on the
general need to locate features of scientific interest on a
scale larger than that of a single image. An image overlap
of about 207% is generally adequate for this purpose. 1In
addition, there is a need for overlap between the images of
a stereoscopic pair, so that adequate interpretation can be
achieved. This should be a minimum of 60%. The 20% overlap
will then apply between adjacent stereoscopic pairs.

The worth curves are shown in Figure 4-9 and give
only a lower limit to the acceptable overlap. From a purely
scientific standpoint, there is no degradation as the overlap
increased, even up to nearly 1007 provided the other specifi-
cations of coverage, etc., are met. It may indeed be wasteful
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to provide unnecessarily high overlap, but such judgments can
only be made with a knowledge of the subsystem support
requiréments, which are defined in a later phase of the study.

4,11 Sun Elevation

The specification identifies the nominal height of
the Sun above the horizon when measurements are being made.

It is based on one of three considerations: shadowing,
excitation, or illumination. Where shadows are to be used

as part of the scientific interpretation process, it is necessary
not only to know the Sun elevation angle, but for it to be quite
low (approximately 20°). For excitation (surface or atmospheric),
it is important to have a large proportion of the imaged area
exposed to solar radiation, so that the maximum effect can be
observed, and the maximum secondary radiation obtained. The

angle which reduces shadows to an acceptably low proportion will
depend on the roughness and the morphology of the surface.

Finally for illumination, the major comnstraint is for stereoscopic
pairs of images where minimum shadows are required. There are
also conditions where the maximum illumination is required

simply to detect a weak effect. Conversely sometimes the

absence of solar illumination is required, since it would

obscure an emission of interest.

The worth curves are shown in Figure 4-10. They
include defined plateaus for shadowing, lower limits only for
solar excitation and illumination, and, in some cases, the
identification only between night and day.

4,12 Supporting Measurements

Many of the images which meet the specifications
will require additional information, if adequate interpreta-
tion is to be possible. 1In particular, for many experiments
it will be necessary to know the spacecraft altitude at which

each was obtained as well as the local time.
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4.13 Distribution of Measurements

Table 4-1 has suggested a grand total of 401
imaging experiments. These are distributed as follows:

planet no. of imaging experiments
Moon 59
Mercury 79
Mars 129
Venus 77
Jupiter 57

Mars offers the greatest opportunity for orbital imaging
experiments because Earth-based observations are inadequate,
no significant amount of imagery has been obtained previously,
and the transparent atmosphere facilitates visual imaging of
the surface. Furthermore, Mars appears to have the least un-
comfortable environment and more extraterrestrial life detection
imaging experiments are suggested for Mars than for the other
planets. Although the atmosphere is thin, atmospheric
phenomena have been observed on Mars and nearly as many
atmospheric experiments have been suggested for Mars as for .
Venus and Jupiter.

Figure 4-13 shows that visual imagery is more
useful at Mars than imagery in any other spectral region.
The histogram gives the number of experiments listed in
Table 4-1 for each spectral region. No distinction is made
between regional, local, and detailed scale experiments. The
legend along the abscissa is self-explanatory, except that
MB signifies multiband imaging experiments. More multiband
experiments are suggested at Mars than at any other planet
for the detection of extraterrestrial life, mapping of thermal
anomalies, and study of atmospheric phenomena.

Orbital imagery at Mercury and Venus is less useful
than at Mars, in the sense that there are less phenomena to
observe or fewer ways to observe them. Mercury has no

1T RESEARCH INSTITUTE

96



significant atmosphere, hence no experiments contributing to
understanding of Mercury's atmosphere have been suggested.
Venus has a thick cloud cover which shields the surface from
visual observation. Although it has been suggested (Keene
1968) that Venusian surface features might be observed
visually from orbital altitudes through breaks in the cloud
cover, no measurement definitions have been based upon this
speculation. The lack of atmosphere results in only 33 wvisual
imaging experiments at Mercury, as shown in Figure 4-13,
while the absence of visual surface imaging results in only
8 visual experiments at Venus. Radar imaging of the surface
leads to about 25 experiments at Venus, at Mars, and at
Mercury.

Only 59 imaging experiments have been defined for
study of the Moon. This is because the Moon has no atmosphere
to observe and sufficient regional scale imagery of the surface
has already been obtained. Only 57 imaging experiments have
been suggested for Jupiter. As with Venus, the heavy cloud
cover is presumed to prohibit visual imaging of the surface
from orbital altitudes. 1In addition, no local and detailed
radar imagery of the surface has been proposed, since a surface
may not even exist.

The measurement specifications presented here
represent a major contribution to advanced mission planning.
They bridge the large gap between the scientific statements
of the goals and objectives of space exploration and the
detailed type of information that a mission analyst needs, if
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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 mno 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 yelationship of the orbit selection task to the

study tasks was shown 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 ITI.

5.1 Mars
5.1.1 Interplanetary Transfer Selections

Maximum payload in orbit was a guideline to the
selection of typical Mars transfers. Where no specification
of orbit sizes 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 II 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°).
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Within each opportunity, one type transfer is usually
preferred due to its smaller value of total hyperbolic excess
speed (VHT). However, it is necessary to also consider the
equatorial declination of the geocentric departure asymptote,
bg Absolute values of 8o in excess of about 45° imply serious
violations of range safety limits during launch (AMR) which
may only be remedied by payload consuming dog-leg maneuvers.,
Minimum VHT transfers were found by generating daily minimum
VHL trajectories over a range of dates about the absolute
minimum VHL launch date, A search was then made for the.
trajectory with the smallest VHT. While it may be possible to
find even smaller VHT's by searching non-minimum VHL transfers,
several investigations show that the VHT's resulting from the
first search were within 5 percent of any further minimizations,
Hence, these results were retained for the final selection
process. The associated transfer characteristics are tabulated
in Table 5-1.

It may be noted that on the bases of minimum VHT
and ]69' <45° Type 1I transfers are preferred, Only in 1986
is it necessary to use a Type II transfer instead of a Type I
because 5, Was greater than 45°. This causes an increase in
VHT for that year of less than 8%,

The following parameters were considered in selecting
transfers from Table 5~1 which have typical Mars arrival
conditions:

VHP - hyperbolic excess speed at Mars arrival, km/sec

by - declination of the approach asymptote to the
Mars equatorial plane, deg (this is the minimum
orbit inclination which can be established with
a co-planar capture maneuver),
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(o] )

DTC

Season

planar angle between the approach asymptote and
the planet subsolar point, deg (for values less
than 90° the approach is from the sunlit side of
the planet but periapse is near or beyond the
solar terminator, i.e., in darkness),

the planar angle between the Sun and Earth as
seen from Mars at arrival, deg (when this angle
becomes less than 10° it may be difficult for the
spacecraft to receive transmissions from the
Earth),

communication distance between Earth and Mars

at arrival, AU,

days to conjunction of Earth and Mars from the
arrival date (conjunction is the time of maxi-
mum communication distance as well as communica-
tion blackout),

the northern hemisphere season on the Martian
surface at arrival (Earth-based observations of
Mars indicate that changes in surface conditions
are most apparent during the Spring seasons of
the hemispheres. These changes include retreat
of the polar "ice cap" and the "wave of darken-
ing" across mare regions at mid-latitudes).

The parameters VHP, 53 Pg and Season were given the most

weight in the selection process, since they most directly
affect how and what can be measured on the planet. Two trans-
fers were selected to represent typical Mars arrival conditions
for the subsequent orbit selection analysis: 1984 Type II

and the 1988 Type I.
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The 1984 Type II arrival conditions are characterized

by
(a) a moderately high approach velocity,
(b) periapse locations which favor the southern
hemisphere,
(c) approach from the dark side, but periapse favoring
the sunlit side of the planet, and
(d) arrival at a seasonally inactive period, season is
late fall in the northern hemisphere,
The 1988 Type 1 arrival conditions are characterized
by

(a) a low approach velocity,

(b) periapse locations equally available in both hemi-
spheres,

(c) approach from the sunlit side but periapse near the
terminator or in darkness, and

(d) 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 II transfer. The planar spherical
coordinates are the asymptotic miss distance, By 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 6,
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. |
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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
" tratisfers were picked with the objective of representing the
ranges and combinations of values of arrival parameters at
Mars,

5.1.2 Orbit Characteristics and Constraints (Mars)

The Mars environment provides a dynamic background
for imaging experiments. 1Its transparent atmosphere permits
visual imaging of the surface. The planet's rapid rotation
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 is the dominating perturbation on orbital
imaging.

Many Mars surface imaging experiments are subject to
solar illumination constraints. The percent of Mars surface
exposure to any specific solar elevation angle* is described
in Figure 5-7. The rapid rotation rate, coupled with the fact
that the planet's rotation axis is inclined 25° to the orbit
plane, permits a significant 42% of the planet to be observed

“Elevation angle = (90° - zenith angle)
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gt

at a noon sun illumination at some time during the

Mars year. In terms of orbital imaging, however, this is
somewhat misleading, since 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 25°. Also
shown in Figure 5-7 are the limiting latitudes (north and south),
at which solar elevation angles with less than 1007 exposure
occur,

The selection of a set of candidate orbit sizes was
constrained to satisfy 50-year lifetimes due to atmospheric
drag, The 50-year Mars orbit lifetime curve (Lockheed 1968)
used in the study is shown in Figure 5-8. Any combination of
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 50 years.,

There are a number of measurement techniques which provide
complete imaging coverage over large areas of a planet. The
only technique assumed for the orbit selection process was
that of contiguous coverage. Contiguous coverage, as used in
this study, is defined as data collection at or 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° At 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.e.,
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FIGURE 5-8. MARS 50 YR.ORBIT LIFETIME CURVE
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n = Mars day = 1,2,3,.....,10 orbits/day.
Orbit period
In this way up to 10 separated imaging passes are made across
the planet surface in one Mars day. On each successive day,
overlapping imagesare obtained with images of the respective
pass of the previous day,

A second factor of importance in the orbit size
selection process is measurement altitude. For non-circular
orbits, measurement altitude varies with location on the orbit.
It is convenient to express this variation as the ratio:

h/hp = local altitude ]

periapse altitude

Orbit measurement arcs limited by maximum wvalues of h/hp are
presented in Figure 5-9., The orbits used to construct the
graph lie along the 50-year lifetime curve of Figure 5-8.
The variation of measurement arc (ordinate) is shown as a
function of subinteger orbit periods of a Mars day for maximum
h/hp's of 2, 5 and 10. All orbits cover one-half of the
planet surface (if periapse is at the equator) with values of
h/hp less than 10. However, only an orbit period equivalent to
10 orbits/day can measure across this same arc with values of
h/hp less than 2.

A list of the candidate orbits representing orbits
sizes for imaging orbit selection is presented in Table 5-2.
All of these orbits have lifetimes equal to or greater than
50 years., 1In addition to the parameters already discussed,
the average required capture impulse is given in the table.
This is based on a coplanar capture maneuver, assuming a hyper-
bolic approach speed (VHP) of 2.98 km/sec averaged from the
VHP data presented in Table 5-1.
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ANGLE FROM PERIAPSE (hp) TO ALTITUDE (h), DEGREES

180

160

140

120

100

80

/

/

60 /
/ 2
40/
h = ALTITUDE , 50-YR ORBITS
hp PERIAPSE ALTITUDE
20 L 1t 1 ]
l2 3 4 5 6 7 8 10

ORBITS PER MARS DAY,n

FIGURE 5-9. MARS ORBIT ALTITUDE RATIOS.

146



MARS CANDIDATE ORBIT SIZES

TABLE 5=-2

Orbit Orbitsv Eccen=- Periapse| Maximum Orbit Average®
No. Per Day| tricity | Altitude| Altitude Period | Capture AV

(n) (km) Ratio,h/hp (hrs) (km/sec)
1 10 .0000 1025 1.0 2.46 2.205
2 9 . 1622 580 3.6 2,74 1.979
3 8 .2362 525 5.6 3.08 1.870
4 7 .3075 490 8.0 3.52 1.765
5 6 .3800 460 11,2 4.10 1.661
6 5 .4538 440 15.4 4,92 1.558
7 4 .5318 420 21.6 6.16 1.450
8 3 .6155 400 31.3 8,21 1.337
9 2 . 7081 380 49.0 12,31 1,215
10 1 ..8174 355 95.2 24,62 1.075

* Capture AV Based on a Surveyed Average Hyperbolic Approach
2.98 km/sec.

Speed, VHP =
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The dominant perturbation on these orbits is that of
planetary oblateness which causes precession of the orbit
node and argument of periapse. The magnitude and direction of
these perturbations varies with orbit inclination as well as
size. This variation is presented in Figure 5-10 for nodal
precession, and in Figure 5-11 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,
i.e., as n approaches 1., Nodal perturbations (Figure 5-10)
are 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 it moves
north or south across the Mars surface.

5.1.3 Orbit Selection (Mars)
Orbit selection as used here, is defined as the

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

(a) to provide orbit data necessary in determining
experiment subsystem requirements,

(b) to determine operational characteristics of the
selected orbits, e.g., orbit duration, capture
and maneuver impulses, perturbations, etc.,

(¢) to assess the commonality of orbit/observable
combinations.

An important initial step in the orbit selection
process was grouping observables into measurement families
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according to similar measurement specifications, This procedure
(a) provides the first basis for commonality between orbits and
observables, and (b) avoids redundant selections of orbits.

The results of this grouping process are presented in Table 5-3.
The composite measurement specifications given in the table use
the most restrictive specifications from within each group of
observable/imager combinations. Both Table 4-1 and the

worth curves were used in constructing Table 5-3. The 34

groups are organized according to image size and overlap with
the least demanding combinations coming first. Hence regional
measurements of moderate resolution will be found near the

top of the table, and detailed measurements with high resolution
will be found -at the bottom, All specifications in the table
are taken into consideration in selecting orbits. Definitions
for each specification, and the relation of the measurement
families to individual observables and measurement specifica-
tions, are presented in Volume III of this report,

The length of time required to obtain 1007 longitudinal
coverage at the different image size/overlap combinations in
Table 5-3 is presented in Table 5-4 for the selected candidate
orbit periods. These are minimum times and do not reflect the
fact that there must be an integer number of orbits per day
in order to obtain contiguous coverage. In fact, in the
actual process of orbit selection small variations were made in
the candidate orbit size parameters, hp and e, in order to
obtain as nearly as possible the minimum image size and overlap
specifications, Also, although the measurement families for
local and detailed measurements (families 16~34 in Table 5-3)
require only about 107 coverage or less, it is mnecessary
to provide the same coverage capability as for the regional
measurements in the absence of a priori information on the

locations of coverages.
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TABLE 5-3

MEASUREMENT FAMILIES FOR MARS

Family Observable Sensor#® Minimum Overlap Minimum Solar Elev- Coverage Time for Image |Coverage
Number Number (s) Type(s) Image 105} Covgrage ation Range Distribution Coverage | Interval|Interval
Size(km) (%) (deg)
1 26 uv,v,MB 1000 20 70 Day Poles < 1 day - 20/yr
2 24,26 iR,p, MB 1000 20 70 - Poles < 1 day - 20/yr
3 1,6,9 v 600 60 70 70-85 - - - -
4 1,6,9 R 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 600 20 70 30-60 - - { 2hr >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 uv,v,MB 600 20 70 Day Equator, Poles - < 15 min| > 4/yr
10 37 v 600 20 70 Night Poles - < 2 hr >4lyr
11 1,3,6,9,12,21 | R,MB,IR,p 600 20 70 - Equator, Poles - < 30 hr | >2/yr
12 27,29,30,31,33 { IR,R,RF 600 20 70 - Equator, 5;&25, - { 2 min | > 10/yr
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 - >4lyr
15 35 IR 100 20 70 - - < 1 day - -
16 7,10 v 100 60 10 70-85 - - - >4fyr
17 7,10 R 100 60 10 - - - - -
18 4 IR 100 20 10 70-90 - - e -
19 7,13,16,39 v 100 20 10 50-80 - < 100hr | < 1 day | D>4/yr
20 4,19,39 V,MB 100 20 10 30-60 - - < 2 min | »4/yr
21 4,7,10,13,16 V,IR 100 20 10 15-30 Mare, Poles < 100 hr{ < 1 day >4/yr
22 28,34 UV, V,IR,MB 100 20 10 Day - - < 2hr | >1/day
23 4,7,10,13,22,25 R, IR,u, MB 100 20 10 - - - < 30 hr | D 2/yr
24 28,32,34 IR, RF 100 20 10 - - - < 2 min | >1/day
25 8,11,20 v 0.5 60 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/yx
29 2,5 v,MB 0.5 20 3 30-60 - - - -
30 5,8,11,14,17,20| v, 18 0.5 20 3 1530 - < 100 br| ¢ 1 day | >a/yr
31 2,5,8,11,14 R,IR, p, MB 0.5 20 3 - - - < 30 hr | >1/300hr
20,23
32 38 v 0.3 60 - 70-85 Mare,Poles,Mount~ - ¢ 1 min —
33 38 v 0.3 - - 50-80 Mare, Poles, Motnt- - < 1 min -
34 38 v,MB 0.3 - - 30-60 Mare,Poles,PECfA:t- - ¢ lmin| -

* Sensor Type Definitions are:

Veeouo Visible
IR....Infrared
Hevouo Microwave
R..... Radar

RF....Radio Frequency
MB....Multi-band
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The individual orbit selections for the families in

Table 5-3 are presented in moderate detail on orbit selection

data sheets in Volume ITII to the report. Those results are

summarized here as follows, first for low and medium resolution

experiments (families 1-24):

(a)

(b)

(c)

(d)

(e)

(£)

Most measurement families could be satisfied
with either elliptical or circular orbits with
periods less than one Mars day and orbit dura-
tions of less than 60 days.

Some measurements which are restricted to high
solar elevation angles require extended orbit
durations of 100-250 days in order to increase:
the amount of coverage by taking advantage of

the Sun's latitude motion across the Mars surface,

Circular orbits tend to provide greater amounts
of coverage at lower altitudes in less time
while elliptical orbits require less capture
impulse,

Polar or near polar orbits are used to avoid
redundant imaging and obtain the maximum avail-
able coverage; inclinations less than or greater
than 90° are 'used only to maintain Sun-
synchronous orbits, or to reach an area of
restricted solar elevations without a plane
change.,

Approximately half of the families require only
a single coplanar periapse capture maneuver,

A coplanar capture maneuver followed by plane
change and orbit size adjustment maneuvers is
required by the majority of the solar elevation
restricted families for one or more of the
following reasons: (1) high solar elevation
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limits (e.g. 70-90°) provide only a small
measurement area which is inaccessible to polar
type orbits using only a coplanar periapse
capture, (2) Sun~synchronous orbits must be
established at a specific point in the restricted
area to provide sufficient time to obtain local
coverage detail or observe seasonal changes and
(3) for the 1988 Type 1 transfer the approach
direction is along the Mars equator, but about
110° from the subsolar point, making polar

type orbits inaccessible to most restricted
areas of solar elevation with only a coplanar
capture.,

(g) Off-periapse insertion maneuvers are required
with 1988 Type 1 transfer arrival conditions
and elliptical orbit selections, in order to
obtain solar elevation restricted coverage at
minimum altitudes since approach is from the
day side of the planet, placing the periapse
of polar or near-polar orbits in darkness,

(h) Maximum total impulse requirement is less than
3 km/sec.

(i) Most frequent measurement specifications not
achieved are image repetition rate (the rate
at which images of the same object are to be
repeated) and percent surface coverage of
solar elevation restricted measurements.

For high resolution experiments (families 25-34), where no
a priori information is known about the locations of coverage,
the orbits selected are summarized as follows:

(a) Specific orbit selections are not possible
because of lack of information,
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(b) Orbit durations will probably be longer than
60 days, particularily if the areas of interest
are dispersed.

(¢) Multiple orbit impulses in excess of three in
number and 3 km/sec in magnitude may be required
to move from one location to the next rapidly
and still be able to collect high resolution
data within each area.,

5.2 Venus
5.2.1 Interplanetary Transfer Selections

The same guidelines and selection methodology used
in selecting Mars transfers were used for Venus. Earth-Venus
transfer opportunities have very nearly repetitive character-
istics every sixth opportunity, or eight years. Minimum VHT
(sum of hyperbolic excess speeds at Earth and Venus) Type I and
Type II transfers within five opportunities over the period
1975-1981 were considered as a selection base, The values of
the geocentric departure asymptote, 85s for these transfers
in no case exceeded 45°, the maximum value which avoids
serious launch safety problems.,

The six best transfers (minimum VHT) from this group
are listed in Table 5-5. Both type transfers are presented
for the 1975 opportunity, since they are too similar to indicate
a preference. Note that these preferred transfers are equally
split between Type 1 and Type II for the five opportunities
considered.

The arrival parameters considered in making the
final transfer selection, which are presented in Table 5-5,
were VHP, 69, Po and DTC,* ‘The transfer chosen was the 1977

“These and other arrival parameters in the table are defined on
page 135 of the Mars transfer selection discussion.
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Type I. The arrival conditions are characterized by
(a) an intermediate asymptotic approach velocity,

(b) periapse locations which favor the northern
hemisphere,

(¢) an approach from the dark side with orbit
periapse locations favoring the sunlit side, and

(d) as for all transfers, the time to superior
conjunction with Earth is about one Venus
revolution about the sun.

With the exception of P> the 1977 Type 1 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 (og's) encountered. For values of Po
greater than 90°, the approach is just opposite to that
described above, i.e., from the sunlit side with orbit periapse
favoring the dark side. It would be necessary to select another
transfer to represent this case. This was not done. Rather

it was confirmed that values of P, 8reater 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.

Contours of insertion occultation for the 1977 Type I
transfer are presented in Figure 5-12 mapped on the hyperbolic
impact plane., Occultation contours with minimum near 1imb
angles of 5° and 0° are shown for Sun, 0° for Earth, and 20°
and 0° for the star Canopus. The relation between the aiming
angle § and orbit inclination and orbit ascending node in the
Venus equatorial system are given in Figure 5-13.
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5.2.2 Orbit Characteristics and Constraints (Venus)

Orbital or flyby imagery has, to date, been studied
and used for investigation of Earth, Mars, and the Moon. All
of these bodies have transparent or nonexistent atmospheres
and reasonably rapid rotation rates, factors which obviously
enhance orbital imagery. 1In contrast, Venus has a slow
retrograde rotation of about 243 days/rotation and an optically
opaque atmosphere. Hence, one expects Venus imagery from
orbit to be characterized by longer mission times and different
imaging systems (particularly radar) than have been common to
previous orbital missions.

The relationship between Venus' inherent rotation
and its revolution about the sun is graphically illustrated
in Figure 5-14. The relative motion of a fixed point on the
surface with respect to the Sun is about 3 deg/day resulting
in a Venus day of approximately 120 Earth days. The potential
orbital coverage characteristics which result from this motion
are itemized in Table 5-6, considering both inertial and
sun-synchronous orbits. A geometrical definition of minimized
altitude coverage is illustrated in Figure 5-15. Minimized
altitude coverage is defined as coverage from polar orbits
with periapse at the planet equator and measurement arcs
< 180 degrees centered at periapse. The constraints of
daylight coverage infers no specific elevation angle, just
daylight. This is consistent with daylight investigations
of Venus which are limited to atmospheric phenomena, where
specific illumination conditions are usually not required.

Several conclusions can be drawn about orbital
coverage from Table 5-6:

a. Circular orbits provide coverage in the
shortest time if measurement altitudes
are restricted.
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TABLE 5-6

POTENTIAL VENUS ORBIT COVERAGE CHARACTERISTICS

@ INERTTIAL ORBITS, NO LIGHTING CONSTRAINTS:

100% LONGITUDE COVERAGE POSSIBLE

IN 120 DAYS IF ALL ORBIT
ALTITUDES ARE USED

IN 240 DAYS IF MINIMIZED
ALTITUDE COVERAGE IS EMPLOYED
® INERTIAL ORBITS, DAYLIGHT COVERAGE CONSTRAINT:

APPROXIMATELY 50% COVERAGE POSSIBLE

IN 112 DAYS IF ALL ORBIT
ALTITUDES ARE USED

IN 224 DAYS IF MINIMIZED ALTITUDES
COVERAGE IS EMPLOYED (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) IS MADE IN THE
ORBIT ASCENDING NODE

o SUN-SYNCHRONOUS ORBITS:

100% LONGITUDE COVERAGE IN 116 DAYS AT
CONSTANT. SOLAR ELEVATION ANGLE AND MINIMUM
ALTITUDES
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b, Only about half of the planet is covered in
daylight with an inertial orbit, regardless
of the stay time.

c. Sunsynchronous orbits would provide 100 percent
longitudinal daylight coverage, and do so most
rapidly for measurement altitude restricted
elliptical orbits.

Potential orbit sizes for Venus imagery were
constrained to have a lifetime of equal to or greater than
50 years considering only atmospheric drag. The 50-year orbit
lifetime curve (Lockheed 1968) for Venus is presented in
Figure 5-16. The very slow rotation of Venus makes it easily
possible to obtain contiguous images on consecutive orbits.

In fact, for large images (> 1000 km) and tight orbits
(circular), measurements can be separated by more than 100
orbits still satisfying a contiguous imaging requirement.
Therefore, rather than relating the candidate orbit size
selection to imaging requirements, a range of orbit eccen-
tricities of 0 to 0.9 was used to represent as broad a range
in orbits as possible.

Ten candidate orbit sizes and related data are
presented in Table 5-7. The periapse altitude for each
eccentricity was determined from the 50-year lifetime curve
in Figure 5-16. The maximum orbit altitude ratio, h/hp,
increases rapidly with larger values of eccentricity. Figure
5-17 illustrates the relation of measurement arc (twice the
angle from periapse) to eccentricity for maximum measurement
altitude ratios of h/hp = 2, 5, and 10. Considering minimized
altitude coverage as described in Figure 5-15 (angle from
periapse = 90°), it is seen from Figure 5-17 that the limiting
eccentricities for maximum measurement altitude ratios of 2,
5, and 10 are 0.055, 0.193, and 0.405, respectively.
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TABLE 5-7

VENUS CANDIDATE ORBIT SIZES

Orbit ‘Eccen- Periapse | Maximum Orbit | Lapse Rate| Average¥*
No, tricity | Altitude | Altitude | Period | Per Orbit |Capture AV
(km) Ratio,h/hp| (hrs) (km) (km/sec)
1 0.0 454 1.0 1.608 10.5 3.902.
2 0.1 327 5.3 1.829 11.9 3.574
3 0.2 305 11.4 2.171 14.2 3.244
4 0.3 294 19.5 2.645 17.2 2.925
5 0.4 285 30.7 3.326 21,7 2,618
6 0.5 277 46.7 4,364 28.5 2.321
7 0.6 269 71.5 6.087 39.7 2.033
8 0.7 261 113.9 9.354 61.0 1.754
9 0,8 255 199.0 17.160 111.9 1.483
10 0.9 248 458.5 48,456 316.0 1.219

* Capture AV Based on a Surveged Average Hyperbolic
Approach Speed, VHP = 4,52 km/sec.
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ORBIT MEASUREMENT ARC (ALTITUDE=h), DEGREES
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The last column in Table 5-7 lists the average
capture impulses required to establish the candidate orbit
sizes, using a coplanar periapse capture maneuver and assuming
a hyperbolic approach speed (VHP) of 4.52 km/sec averaged from
the VHP data presented in Table 5-5. The difference in capture
impulse between the circular orbit and the e = 0.9 elliptical
‘orbit is 2.683 km/sec, which gives the highly elliptical orbit
a considerable weight savings advantage.

One of the coverage characteristics presented in
Table 5-6 is that only about 50 percent of Venus can be covered
in daylight from an inertial orbit. To obtain complete daylight
coverage requires a plane change of approximately 90 degrees
in the orbit ascending node. The total impulse required to do
this is presented in Figure 5-18 for the candidate orbit sizes.
Two plane change techniques were considered, assuming that the
initial orbit had an inclination of 90 degrees and periapse
was at the equator (as shown in Figure 5-15). The maneuvers
for the solid curve in the figure are:

a. adjustment to a large elliptical orbit of the
*

same periapse but apoapse equal to 119,757 km ,

b. a 90° plane change at apoapse to a circular
equatorial orbit of radius 119,757 km,

c. a 90° plane change back to the large
elliptical orbit 90° later

d. adjustment back to the original orbit size.

The maneuvers for the dotted curve are:

a. transfer to a large eccentricity orbit at
the pole with a periapse equal to the radius
at the pole and an apoapse of 119,757 km,

*fhis is the apoapse radius of the & = 0.9 candidate orbit
which eliminates this and the last maneuver of this sequence
for that orbit size,
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TOTAL ORBIT MANEUVER IMPULSE , KM/SEC
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FIGURE 5-18. VENUS IMPULSE REQUIREMENTS FOR COMPLETE
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b. a 90° plane change at apoapse of the new orbit,
c. a transfer back to the initial orbit size
similar to the first impulse.

From Figure 5-18, even at an initial orbit eccen-
tricity of O.9,nthe added impulse requirement of 3.5 km/sec
appears to be a costly penalty for obtaining more than 50
percent coverage of Venus' cloud tops in daylight. It should
' be pointed out that no effort was made to determine how efficient
the maneuver policies used in Figure 5-18 are. Hence, this
conclusion could change if significantly better techniques of
changing the orbit plane are found.

‘ The coverage characteristics cited in Table 5-6,

for inertial orbits, do not consider orbit perturbations. For
Venus two sources of perturbations are considered: a) the
Sun's mass, and b) planetary oblateness, Taking the Sun's
mass first, and considering just polar orbits (best latitude
coverage), results for the secular rate of change in periapse
altitude, d(hp), and argument of periapse, d(w) are presented
in Figures 5-19 and 5-20." d(hp) is shown in Figure 5-19 as
a function of orbit eccentricity for three values of w. d(hp)
is symmetric about w = %, and symmetric in magnitude about

w = %, but with a change in sign. Hence values of d(hp) are
repeated every n, where n = 1,2,3, ... Maximum values of
d(hp) are found at,%F, Where n=1,3,5,...

' The secular rate of change in the argument of
periapse, d(w), shown in Figure 5-20 as a function of w for
values of eccentricity between 0.5 and 0.9, is symmetric
about w = m, Although the magnitudes of d(w) are very small,
they are important in two respects. First, d(w) reaches a
maximum value at w = 0, where d(hp) changes sign. This is
also a desirable value of w for elliptical orbit imaging (i.e.,

*Sie)Figure 5-15 for geometric definitions of d(hp) and
d(w).
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SECULAR PERTURBATION IN PERIAPSE ALTITUDE, d(hp); KM/ DAY
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minimized altitude coverage). Knowing the length of orbit
duration, w can be set to a slightly negative wvalue such that
solar perturbations move it slowly to zero and then to
positive values. In this way d(hp) is first positive and then
negative, allowing the periapse altitude to first increase and
then decrease, With the proper initial selection of w,
minimized altitude coverage can be accomplished from highly
eccentric orbits without hp ever falling below a specified
value over long orbit durations (i.e., on the order of 250
days).

The second interesting aspect about Figure 5-20 is
that the secular portion of d(w) always moves w toward a point
of "stability" which for polar orbits exists at 39.25°, However,
since d(w) approaches 0 as w approaches 39.25°, an infinite
time is required to reach this point from an arbitrary starting
point in w. Also other perturbations, such as Venus oblate-
ness, will affect this behavior as w gets close to its ''stable"
value, The important conclusion which can be drawn from these
results is that the control of altitude variations caused by
solar perturbations is critically dependent upon the initial
selection of the orbit argument of periapse.

The second source of perturbations, i.e., oblateness,
is incidental for Venus. Tracking data from the recent
Mariner V mission (Efron, 1968) indicates a seccnd zonal
harmonic for Venus of

J, = (8.4 + 0.4) x 107°

The maximum rate of nodal regression which can be obtained from
this value is 0.0474 deg/day, using the circular candidate
orbit and a minimum inclination of about 35 degrees.

The coverage characteristics of sun-synchronous orbits
greatly improves the daylight coverage capability of Venus
orbits, However, with the very small value of I, for Venus,
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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 10'4 g's. An impulsive form

of controlling this same orbit would require about 13 m/sec per
orbit, or a total of 23 km/sec for a 116 day orbit duration

(100 percent coverage). Based on these preliminary considerations,
sun~synchronous orbits do not appear to be feasible for Venus.

5.2.3 Orbit Selections (Venus)
Once the characteristics of orbital coverage and
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.
1967) were located on the projection for coverage consideration.
The candidate circular orbit of 474 km altitude was
applied to every observable grouping. Highly elliptical
(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, éompared
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:
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TABLE 5~-8

MEASUREMENT FAMILIES FOR VENUS

Family Observable Sensor¥* Minimum | Overlap Minimum | Solar Eleve Coverage Time for{ Image Coverage
Number Number (s) Type(s) Image (%) (%) vation Range Distribution Coverage | Interval | Interval
Size (km (deg)
1 24 IR, MB 1500 20 70 ' - - _ - - > 2/yr
2 26 IR 1500 20 70 - - < 100 hr - > 10/yr
3 26 uw,v 1500 20 70 Day - < 100 hr - > 10/yr
4 26 MB 1500 20 70 Day&Night - < 100 hx - >10/yr
5 1,3,6,9,12,21 {R,p,MB 1000 20 70 - - - -< 30 hr -
6 '1,6,9 R 1000 60 70 - - - - -
7 27,29,30,33,35 | IR,u,R 500 20 70 - Equator, Poles < 100 hr] < 15 mid D> 4/yr
8 31 RF 500 20 70 - - - < 2 min| ) 1l0/yr
9 27,29,33,40 Uv,V,IR,MB 500 20 70 Day Equator, Poles - - >4lyr
10 29,33 MB - 500 20 10 Day&Night Subsolar, Poles - < 15 min D 4/yr
i1 37 v 500 20 70 Night Poles - < 30 hr >4fyr
12 4,7,10,13,22,25| R, 1, MB, IR 100 20 10 - - - < 30 br -
13 28,34,39 R,IR,p 100 20 10 - - - < 2hbr | >a/yr
14 32 RF 100 20 R - - - { 2 min| > 10/yr
15 28 w,v 100 20 10 Day - - < 100 hn -
16 34 'V,1IR 100 20 10 Day - - { 2hr | >4/yr
17 34 MB 100 20 10 Day&Night - - < 2 hr | >4lyr
18 7,10 R 100 60 10 - - - - -
19 2,5,8,11,14,20 | R 0.5 20 10 - - - - > 1/300br
20 23 1, MB 0.5 20 10 - - - < 30 hr -
21 8,11,20 R 0.5 60 10 - - - - > 1/300hr
22 38 R 0.3 - 5000 ] - Mountains, Poles - <{ 1 min -
23 38 R 0.3 60 Images - Mountains,Poles - < 1 min -

* Sensor Type Definitions are:

Uv....Ultraviolet
Voo, Visible
IR....Infrared

W ... .Microwave
R..... Radar
RF....Radio Frequency
MB....Multi-band
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(a)

(b)

(c)

(d)

(e)

(£)

(8)

(h)

Polar circular orbits work well for all obserwvable
groups, accomplishing 100 percent unrestricted
coverage and approximately 50 percent daylight
coverage in 122 days.

For regional coverage (net image size > 1200 km),
measurements may be spaced as far apart as 145
orbits for circular orbits.

Elliptical polar orbits were selected only for
regional coverage, since the lapse rate per
orbit is too large to obtain overlapped images
of a detailed scale,

Elliptical orbits typically take 243 days to
complete experiments due to restricted maximum
measurement altitudes; because of this restric-
tion and the locations of coverages (poles in
particular) only 60-707 unrestricted and 30-40%
daylight coverage is possible.:

For the 1978 transfer arrival conditions, day-
light coverage on elliptical altitude restricted
orbits is interrupted 30 days after polar orbit
capture for 113 days.

The maximum capture impulse required is
3.85 km/sec for circular orbit capture,

The capture impulse requirement for elliptical
orbits saves up to 2.66 km/sec over circular
orbits (for the 1978 transfer VHP),

The minimum total impulse (two maneuvers) to

change the orbit node 90° for increased daylight
coverage is 3.5 km/sec for a 0.9 eccentricity
orbit; smaller eccentricity orbits need four im-
pulses to achieve the nodal change and require

larger total impulses,
IIT RESEARCH INSTITUTE
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5.3 Mercury

5.3.1 Interplanetary Transfer Selections

The selection o0f interplanetary transfers to Mercury
proceeded in a somewhat different fashion than for Mars and
Venus. A recent comprehensive study (Manning 1967) of minimal
energy ballistic trajectories to Mercury was used as a data
base for the transfer selections. Direct, Venus swingby, and
modified pericenter Venus swingby transfers for all opportunities
between 1980 and 1992 were considered. The total impulse require-
ments of orbiter missions exhibit a cyclical variation over a
period of 13 years. The trajectories were minimized in total
impulse (AV), assuming a 1000 km circular orbit at Mercury.

The lowest minimum energy, regardless of the transfer,
from each year between 1980 and 1992 was chosen to formulate
a set of candidate transfers from which representative transfer
selections could be made., These transfers are presented in
Table 5-9. The arrival parameters listed in the table have
been defined on page 135.

The values of the geocentric departure asymptote
in no case approach 45°, a maximum value set to avoid serious
launch safety problems., Of the 13 candidate transfers in
Table 5-9, 8 use a direct flight mode, 3 utilize a Venus
swingby, and 2 involve modified Venus pericenteir swingbys. As
pointed out by Manning, the direct transfers all use the same
opportunity within any year (three are available) to arrive at
Mercury near perihelion and its ecliptic ascending node which
minimizes the impulse requirements. Hence these direct trans-
fers are all rather similar, and it was only necessary to select
one to represent their approach conditions for orbit selection.
The 1984 transfer was selected with approach conditions which
are characterized by a hyperbolic excess speed very close to
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the average VHP for direct transfers of 8.34 km/sec and a
typical terminator approach almost in the Mercury equatorial
plane.

The Venus swingby and modified pericenter Venus swing-
by transfers differ markedly from each other as well as from
direct flight transfers., It is impossible to pick a typical
example of these transfers. However, the 1989 Venus swingby
transfer was selected to investigate what effects approach
conditions different from those of a direct transfer would
have on the orbit selections. The approach coaditions are
charactarized by a high hyperbolic excess speed of almost 11
km/sec (this does seem to be typical of at least the Venus
swingby flight mode) and approach from the dark side of the
planet at an angle pointing 14 degrees above Mercury's
equator,

Contours of insertion occultation for the 1984 direct
transfer are presented in Figure 5-21 mapped in the hyperbolic
impact plane., Contours with minimum near limb angles of 5°
and 0° are shown for the Sun, 0° for Earth, and 20° and 0 for
the star Canopus. The relationship between the aiming angle
8, orbit inclination, and ascending node in the Mercury
equatorial system are given in Figure 5-22., Similar graphs for
the 1988 Venus swingby transfer are presented in Figures 5-23
and 5-24,

5.3.2 Orbit Characteristics and Constraints (Mercury)

Like Venus, the usefulness of orbits to scientific

investigation of Mercury through imaging systems is largely
unstudied, Mercury has a rather uniqﬁe pattern of motion.
which has a profound effect on imaging coverage from orbit.
This motion is illustrated in Figure 5-25. The planet
completes approximately one rotation on its axis every 60 days,
and one revolution about the Sun every 90 days. The relative
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RATES OF MOTION

TERMINATOR 4.09 DEG/DAY
SURFACE 6.10 DEG/DAY
RELATIVE 2.0l DEG/DAY

MERCURY DAY Q180 EARTH DAYS

FIGURE 5~25. MERCURY ROTATION/REVOLUTION RELATIONSHIP
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motion of the surface with respect to the Sun is about 2°/day,
resulting in a Mercury day of 180 Earth days. Hence it takes
two revolutions of Mercury about the Sun to complete one day
on the surface.

The characteristics of potential orbit coverage which
result from solar elevation restrictions (or lack of them)
with Mercury's motion relative to the Sun are enumerated in
Table 5-10., The characteristics differ depending on whether
or not the orbit is inertial, For inertial orbits, it was
found that surface coverage in the absence of sunlight constraints
can be completed (i.e. 360° in longitude) in 30 days with no
altitude restrictions, and in 60 days with a minimized altitude*
requirement,

The amount of daylight coverage (no specific solar
elevation required) which can be obtained within a set period
of time after orbit insertion is directly related to the
orientation of the orbit with respect to the terminators. The
best position yields 75% uninterrupted longitudinal coverage
in 45 days.

When solar elevation limits are specified, as was the
case with the majority of the Mercury measurement families,
the pattern and amount of coverage become a function of the
specific limits which are set. Assuming that Mercury's axis
of rotation is perpendicular to its orbit plane, an inertial
orbit will pass over the surface subsolar point twice every
planet revolution (~ 90 ) at planet orbit positions separated
by 180 degrees, With a Mercury day of two solar revolutioms,
this means that four locations on the planet surface can be
observed at 90° .solar elevation in 180 days, provided no
restriction is made on the maximum altitude of observatiom.

The surface location of these four points depends upon the

“See Figure 5-15, page 164 , for the definition of "minimized
altitude coverage."
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TABLE 5-10

POTENTIAL MERCURY ORBIT COVERAGE CHARACTERISTICS

] INERTIAL ORBITS, NO LIGHTING CONSTRAINTS:

100% LONGITUDE COVERAGE POSSIBLE

IN 30 DAYS IF ALL ORBIT ALTITUDES
ARE USED

IN 60 DAYS IF MINIMIZED ALTITUDE
COVERAGE IS EMPLOYED .

¢ INERTIAL ORBITS, DAYLIGHT COVERAGE CONSTRAINT:

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

e 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%
70-90° 4%

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

® SUN-SYNCHRONOUS ORBITS:

100% LONGITUDINAL COVERAGE AT CONSTANT SOLAR
ELEVATION ANGLE IN 180 DAYS
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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.

With a sun-synchronous orbit, it is possible to obtain
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, 707% coverage (required for regional experiments)
would never be attainable at elevations of 50°-90°, 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 candidate orbit sizes chosen for Mercury were
similar to those used for Venus orbit selections. However, an
assumption was made that Mercury's atmosphere has negligible
effect upon the orbit lifetime. Hence it was necessary to 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
increments of 0.1 in orbit eccentricity. |

The maximum altitude ratios of these orbits (column
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,
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MERCURY CANDIDATE ORBIT SIZES

TABLE 5-11

Orbit Eccen- Periapse Maximum ! Orbit Lapse Rate| Average®
No. tricity | Altitude | Altitude ; Period | Per Orbit |Capture AV
(km) Ratio,h/hp (hrs) (km) (km/sec)
1 0.0 500 1.0 1.889 20.5 6.462
2 0.1 500 2.3 2,213 24.0 6.329
3 0.2 500 3.9 2.640 28.6 6.202
4 0.3 500 6.0 3.226 34.9 6.081
5 0.4 500 8.8 4,065 44,0 5.964
6 0.5 500 12.8 5.344 57.9 5.851
7 0.6 500 18.6 7.468 80.9 5.742
8 0,7 560 28.4 11.498 124.5 5,636
9 0.8 500 48.0 21.123 228.7 5.534
10 0.9 500 106.8 59.746 646.8 5.434

*Capture AV Based on a Surveyed Average Hyperbolic Approach

Speed of Direct Mercury Transfers,

VHP

= 8.34 km/sec.
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ORBIT MEASUREMENT ARC (ALTITUDE <h), DEGREES
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FIGURE 5-26. MERCURY ORBIT ALTITUDE RATIOS
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Twice the angle from periapse represents the orbit arc over
which measurements can be taken at less than or equal to the
specified altitude ratio, Total minimized altitude coverage
as defined in Figure 5-15 requires a measurement arc of 180
degrees. From Figure 5-26, minimized altitude coverage of
Mercury within maximum altitude ratios of 2, 5, and 10 is
possible with orbit eccentricities up to 0.169, 0.685, and
> 0.9 respectively.

The orbit capture impulse requirements (last column,
Table 5-11) were derived using an asymptotic approach velocity
(VHP) of 8.34 km/sec which is averaged from the direct Mercury
transfer data presented in Table 5-9. The AV savings of a
0.9 eccentricity orbit over a circular orbit is about one
km/sec. At magnitudes of 6 km/sec, this can represent an
appreciable gain in useful orbit payload. For example,
assuming (a) a three-stage equally divided capture maneuver,
(b) propellant Isp = 400 sec and (c¢) 20% of the capture
propulsion system allocated to structure, tankage and
engines, a useful payload fraction of 10.57 is possible with
a circular orbit capture. The payload increases by almost
507 to a fraction of 15.67% for a 0.9 eccentricity elliptical
.orbit capture.

So far the potential orbit coverage discussion and
review of orbit characteristics have not considered the
influence of perturbations on an orbit. Mercury's slow
rotation (2/2 resonance with orbit period) provides little basis
for any appreciable planetary oblateness. This is further
supported by the low upper limit of Jz* determined from
Mariner V tracking data past Venus, also a slowly rotating
terrestial planet. Oblateness was therefore neglected in the
analysis of Mercury orbit perturbations. Due’in part to this

w*See page‘174.

1T RESEARCH INSTITUTE

191



decision, sun-synchronous orbits were not further considered as
a coverage mode, The rapid average rate of solar motion, and
the variation in this rate due to Mercury's urbit eccentriéity,
also contributed to this decision. Hence, the remaining process
of orbit selection deals only with inertial orbits and pertur-
bation effects on them.

Solar gravitation was regarded as the dominant perturb-
ing force requiring some form of compensating orbit control,
particularly if highly eccentric orbits are to be used. The
only orbit parameter significantly affected by solar perturba-
tions is the orbit periapse altitude. The rate of change of-
periapse altitude due to the dominant secular perturbations of
solar gravitation is presented in Figure 5-27 as a function of
orbit eccentricity for several arguments of periapse, w, where w
is the in-plane angle of periapse measured from the ascending
node of the orbit plane on Mercury's equator (assuming Mercury's
equator and ecliptic are coplamar). The rate of change of u,
d(w), due to secular solar perturbations is presented in
Figure 5~28,

These figures are similar to the graph of solar
perturbation effects presented in the Venus orbit characteristics
discussion (Figures 5=19 and 5-20). Note that the results
presented are for polar orbits. The magnitude of d(hp) decreases
with decreasing inclination, but then so also does the amount of
surface area covered by the orbit. In the worst case, an 0.9 -
eccentricity polar orbit (hp = 500 km), with w = 45°, will
degenerate to impact the surface in about 11 days, neglecting
periodic effects. Also, although the magnitudes of d(w)
presented in Figure 5-28 are small, they are important. For
example, while it appears to be desirable to place periapse at
Mercury's equator (w = O0) to nullify solar perturbation effects
on altitude (d(hp) = 0), it is obvious that, with time,
periapse will move away from this point and solar perturbations
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SECULAR PERTURBATION IN PERIAPSE ALTITUDE, d (hp)- KM/ DAY
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FIGURE 5-27 MERCURY ORBIT SOLAR PERTURBATIONS:ALTITUDE
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will begin to reduce the periapse altitude. Consider a 0.9
eccentricity orbit placed with periapse at the equator and
allowed to exist under the influence of secular solar perturba-
tions for 180 days, the longest orbit duration given in

Table 5-10 for maximum coverage. At the end of this period the
periapse altitude will have degenerated to 998 km below Mercury's
surface while w has only precessed about 12°! Hence it is clear
that if highly eccentric orbits are to be used in the interest

of payload savings, some form of solar perturbation control is
also necessary.

Two methods of active orbit control were reviewed:

(1) correction of periapse altitﬁde, eccentricity, and the
argument of periapse and (2) correction of periapse altitude

‘and eccehtricity only. The AV requirements per orbit (omne
impulse) of each method are presented for a 0.9 eccentricity
orbit (hp = 500 km, i
w, in Figure 5~29. The requirements are approximately symmetric
-about w = 90°, Each method is better than the other over some
range of w. For an initial w = 0° and a 180-day orbit duration,

il

90°) versus orbit argument of periapse,

it is advisable to correct only hp and e (dotted curve), since
w precesses only 12°., The AV cost is roughly 80 m/sec. The
addition of an orbit control propulsion system, and the obvious
reliability requirement, are disadvantageous to this solution.
A passive solution (similar to that discussed for
Venus) which takes advantage of the changing sign of the
perturbation d(hp) about w = 0 was considered. By placing
periapse at a small negative value of w, the altitude first
increases until w reaches 0° and then decreases again, It was
found that by setting w = -7.0°, the periapse altitude of an
e = 0,9 orbit increases initially to a maximum value of about
1050 km and then returns to 500 km by the end of a 180-day
orbit duration. This method of control is the one suggested
for the elliptic orbit selections made for measurement

T RESEARCH INSTITUTE
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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,

5.3,3 Orbit Selections (Mercury)
The measurement families for which orbit selections
were made are presented in Table 5-12. The most important

measurement specification pertaining to the potential orbit
coverage characteristics is 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 III 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. 1ongitude* 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

* . R
Zero longitude is set in the direction of Mercury's perihelion
at the time of orbit capture.

T RESEARCH INSTITUTE

197



TABLE 5~12

MEASUREMENT FAMILIES FOR MERCURY

Family Observable Sensor¥® Minimum | Overlap Minimum | Solar Eleve Coverage Time for | Image Coverage
Number Number(s) Type(s) Image (%) Coverage | ation Range Distribution Coverage | Interval| Interval
Size (km) % (deg)

1 3 Uv, IR 600 20 70 70-90 - - - -

2 6,12 v 600 20 70 50-80 - - - -

3 3,18 MB,V 600 20 70 30-60 - - { 2hr | >2/yr

4 1,3,6,9,12 V,IR 600 20 70 15-30 - - - -

5 41 MB 600 20 70 Day - - - -

6 1,3,6,9,12,21 | R,IR,u,MB 600 20 70 - - - < 30 hr

7 1,6,9 v 600 60 70 70-85 - - - -

8 1,6,9 R 600 60 70 - - - - -

9 35 v 300 20 70 50-80 - { 1 day - > 10/yr
10 35 v 300 20 70 30-60 - { 1 day - > 10/yx
11 4 UV, IR 100 20 10 70-90 - ~ - -

12 7,13 v 100 20 10 50~80 - - - -
13 4,19 MB,V 100 20 10 30-60 - - - -
14 4,7,10,13 V,IR 100 20 10 15-30 - - - -
15 4,7,10,13,22 R, IR, i, MB 100 20 10 - - - < 30 br -
16 7,10 v 100 60 10 70-85 el - - -
17 7,10 R 100 60 10 - - - - -
18 5 Uv, IR 0.5 20 3 70-90 - - - -
19 8,14 v 0.5 20 3 50-80 - - - -
20 2,5 V,MB 0.5 20 3 30~60 - - - -
21 5,8,11,14,20 | V,IR 0.5 20 3 15-30 - - - > 1/300ht
22 2,5,8,11,4,20,423R,1IR,u,MB 0.5 20 3 - - - <30 hr > 1/300hr
23 8,11, 20 \4 0.5 60 3 70-85 - - - > 1/300hx
24 8,11,20 R 0.5 60 3 - - - - > 1/300hr

*Sensor Type Definitions are:

Uv.,..Ultraviolet

Voouoo Visible

IR....Infrared
..... Microwave

R..... Radar

MB....Multi-band
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TABLE 5-13

MERCURY SOLAR ELEVATION RESTRICTED COVERAGE*

Solar Elevation Constraints (deg)

Ayea.

Description 15-30 30-60 50-80 70-90
First Pass 15.6 22.7 13.2 3.7
Overlap Between First
and Second Pass 2.0 7.8 -- -
Second Pass 20.6 31.2 19.3 5.4
Overlap between Second]
and Third Pass 3.3 11.7 8.2 1.7
Third Pass 16.1 22.1 13.0 3.7
Overlap Between Third
and Fourth Pass 2.1 7.8 - --
Fourth Pass 20.6 31.2 19.3 5.4
Overlap Between Fourth)
and First Pass 2.8 10.4 7.8 1.6
Total Net Coverage
Obtained 62,7 69.5 48.8 14.9
Maximum*%* Possible
Coverage 96.6 86.6 64.3 34.2

* Assuming Polar Orbits and Up to 180-day Stay Time.

%% Assuming Mercury's Equator and Ecliptic are Coplanar.

o~y
Faviv
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solar elevation angles specified. It should be noted that only
the ranges of 15° to 30° and 30° to 60° come close to satisfying
a 707 surface coverage requirement specified for many of the
families in Table 5-12,

Both circular and maximum elliptical (e = 0.9)
orbits were selected for the first seven families to study
the tradeoffs between altitude, orbit coverage, and captufe
impulse, Circular orbits were chosen for the remaining
families. The results are summarized as follows:

(a) Circular orbits provide the most coverage in
the shortest time; solar elevation restricted
coverage (see Table 5-12) is accomplished in
180 days; 1007 unrestricted coverage is
possible in 30 days.

(b) Elliptical orbité=fequire a plane change after
‘ capture to placebperiapse at Mercury's equator
(the center of restricted solar elevation
coverage) but still save about 0.8 km/sec in

total impulse over circular orbits,

(¢) The maximum capture impulse is 6.44 km/sec for
a circular 500 km altitude orbit,

(d) Restricted maximum imaging altitudes (h/hp < 10)
reduce restricted solar elevation coverage by
about half even though the coverage time remains
the same, and increase unrestricted coverage
by a factor of two, i.e., 60 days, |

(e) Highly elliptical orbits are only useful for
regional coverage since their longer periods
yield orbit lapse rates too large for detailed
(high resolution) overlapping images.

11T RESEARCH INSTITUTE
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The primary differences between the 1989 Venus swing-
by transfer and the 1984 direct transfer are the asymptotic
approach speed and the approach direction with respect to the
subsolar point., The higher approach speed of the 1989 transfer
raises the capture AV requirement for a circular orbit from
6.44 to 8.90 km/sec, For an elliptical polar orbit,
with e = 0.9 and w = 0, the AV increases from 5.68 to
8.11 km/sec. It is questionable whether the high AV's
associated with the Venus swingby transfer are feasible for
chemical propulsion systems. However, assuming they are, re-
sulting polar orbits differ from similar orbits using the
1984 arrival conditions as follows:

(a) For circular orbit capture, the ground trace

at arrival is just leaving an area of constrained
solar elevation coverage (maximum solar eleva-
tion angle is 28° and deCreasihg)‘meaning that
some 20 days must be spent in orbit before
significant coverage is available at constrained
solar elevation angles.

(b) TFor elliptical orbit capture, the maximum solar
elevation of the ground trace is 65° and in-
creasing meaning that less than half of the
first constrained solar elevation area has been
missed, |

The conditions of the 1984 orbits are roughly reverse

of these, with the circular orbit being established right at
the onset of a constrained solar elevation area, i.e., maximum
solar elevation = 15°, Once coverage from orbit begins, there
is little or no difference in the mission profile between the
two transfers, except that the actual surface areas being
covered at constrained solar elevations are different. Hence,
specific orbit selections were not made for the 1989 transfer
arrival conditions.
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5.4 Jupiter

5.4.1 Interplanetary Transfer Selections

Minimum launch energy (VHP) trajectories provide low
total hyperbolic velocities (VHT), but at the expense of long
trip times on the order of 1000 days. It was therefore decided
to consider shorter constant flight times as well in the Jupiter
transfer selection process. The Earth-Jupiter geometry for
optimum launches approximately repeats itself every 1l2th year.
Variations in trajectory characteristics for a given type of
transfer (i.e., minimum energy or constant flight time) can be
adequately investigated by considering 11 successive opportun-
ities. 1In addition to selecting representative transfers, the
selection process also reflects consideration of the relatively
high velocity impulses required to obtain low Jupiter orbits.

Taking these factors into consideration three different
transfers were initially investigated: (a) 500-day transfers,
(b) 700-day transfers, and (c) minimum VHL transfers., The
results are tabulated in Table 5-14, The variable definitions
for the data presented are as follows:

Launch Date - Launch date with minimum VHL

Type - Type I transfer (shortest trip for given VHL)

Trip - Transfer trip time, days

bg Declination of outgoing geocentric asymptote,
deg
VHL - Geocentric hyperbolic excess speed, km/sec

Planet hyperbolic approach speed, km/sec

VHT - VHL 4+ VHP, km/sec.
Data is shown in Table 5-14 for each transfer every 3rd oppor-
tunity over the ll-year period 1975-1986.* With the exception
of the parameter 82 the characteristics of the 500-day and

<

ae

M
|

2

KL

These transfers provide a fairly even distribution in the two
transfer parameters: trip time and hyperbolic approach speed.
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TABLE 5-14

MINIMUM CONSTANT TIME VHL TRANSFERS AND

ABSOLUTE MINIMUM VHL TRANSFERS TO JUPITER

Launch Date Type Trip (N VHL VHP VHT
(Days) | (deg) (KPS) (KPS) (KPS)
Jun 26, 1975 I 500 -4.,42 10.38 11.68 22.06
Jun 23, 1975 I 700 - -7.36 9.20 7.05 16.25
Jun 30, 1975 I 900 | =5.79 8.97 5.69 14,66
Jul 6, 1975 I 1017% 3.69 8.96 5.70 14.66
Oct 10, 1978 I 500 28.70 - 10.99 13.12 24,11
Oct 5, 1978 I 700 36.49 9.64 7.85 17.49
Dct 14, 1978 I 900 43.69 9.76 5.76 15,52
Oct 8, 1978 I 777*% | 39.47 9.57 6.75 16.32
Jan 8, 1982 I 500 ~-1.82 10.72 13.72 24 .44
Jea 1, 1982 I 700 1.17 9.15 8.18 17.33
Jan 4, 1982 I 900 -1.95 8.72 6.00 14.72
Jan 5, 1982 I 946% ~6.62 8.68 5.82 14.50
apr 17, 1985 I 500 -28.56 10.21 12,15 22.36
Apr 16, 1985 I 700 -37.24 9.19 7.30 16.49
Apr 29, 1985 I 900 -42.88 9.52 6.02 15.54
Apr 19, 1985 1 743% 1-38.13 9.19 6.77 15.96

* These are the Absolute Minimum VHL Transfers to Jupiter
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700-day transfers are fairly stable over the ll-year period.
This reduces the number of selections needed to represent all
possible Jupiter approach conditions.

The minimum energy transfers show somewhat larger
variations from year to year, particularily in the arrival
conditions and flight time.’ (The flight time varies by as
much as 16% from an average TF = 870 déys). These variations
are reduced by selecting a constant time of flight transfer
which is representative of the minimum emnergy transfers. A
900-day transfer is selected for this-consideration since its
time of flight is close to the average for minimum VHL transfers
(870 days). The data for the 900-day transfers are included in
Table 5-14, In three of the four 900-day transfers shown, VHT
is less than or equal to that for the corresponding minimum
VHL transfer. Also, the trajectory characteristics are fairly
stable from one opportunity to the next, except again for the
variable 8 'f

The parameter 8o shows' the same pattern of variation
with launch opportunity, regardless of the trip time. However,
its magnitude of variation does increase with longer trip times.
An upper limit on 36 magnitude of 45° has been used in the
previous transfer selections to Mars, Venus, and Mercury to
avoid serious violations of range safety limits or dog-leg
maneuver payload penalties during launch, This limit
probably restricts the use of some of the 900-day transfers,
since be varies through a launch window.

In view of the stability of characteristics exhibited
by the 900-day transfers, minimum VHL trajectories were not
considered further in the transfer selections. The remaining
transfers to be considered have constant flight times of 500,
700, and 900 days. The most significant differences in
arrival conditions for these transfers are (a) the magnitude
of the hyperbolic approach speed, VHP, (b) the approach
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direction; b@*’ and (c) the location of Earth at arrival. In
the interest of keeping the number of selections to a minimum,
it was decided that the 700-day-transfer is sufficiently
representative of this set to eliminate the 500 and 900 day
transfers, The hyperbolic approach speed for the 700 day
transfer, VHP (avg.) = 7.64 km/sec, slightly favors the lower
apprbaéh speeds of the 900 day transfers. The locations of
periépse for coplanar periapse capture are in darkness for all
values of'pO for all transfers. The closest periapse gets

to daylight is about the sunset terminator for equatorial
orbits and the 900 day transfers. Both the 500 day and 900 day
transfers arrive near Earth/Jupiter opposition; the 700 day
transfers arrive near conjunction. However, for any in-orbit
time of more than 200 days Earth will also pass through
opposition with a 700 day transfer mission.

An expanded tabulation of transfer and arrival con-
ditions of 700 day transfers for every opportunity of an
li-year cycle is presented in Table 5-15, The 1978 transfer
was selected from this list of trajectories to represent a
typical transfer to Jupiter for orbiter imaging missions. The
approach occultation contours of this transfer for Earth, Sun,
and Canopus for minimum near-1limb angles of 0°, 0° and 5°, and
0 and 20°, respectively are illustrated in Figure 5-31. The
relationships of orbit inclination and orbit ascending nodes
with the aiming angle, 8, are given in Figure 5-32,

w
See page 132 for definitions of:arrival 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 is chosen to be equal to this value
to minimize measurement altitudes. A 50=year orbit lifetime
curve is presented in Figure 5-33 for orbit eccentricities
between 0 and 0.9. All Jupiter orbits with periapse altitudes
greater than 0.006 Jupiter radii have orbit lifetimes greater
than 50 years. The 2.5 Jupiter radii altitude radiation
constraint obviously satisfies the 50~year orbit lifetime
constraint used for orbit 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
orbit selection) and maintain a minimum orbit altitude of
2,5 Jupiter radii. Hence, for contiguous coverage, candidate
orbit sizes were chosen with periods approximately equal to an
integer number of Jupiter rotation periods, i.e,,

N o= §EREReriod - 153, . 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
terms of payload, an equally distributed 3-stage impulse of
6.5 km/sec using a propellant ISP of 400 sec with an allotment
of 207% of the stage weight for structure, tankage, and engines
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has a useful orbit weight of approximately 10% of the total
weight before impulse.

The region of acceptable orbit sizes, taking these.
constraints into account, is illustrated in Figure 5-34, Orbit
period, expressed as Jupiter days perkorbit, N, is plotted
against periapse altitude with dotted curves of constant orbit
eccentricity as a background., Orbit sizes with acceptable com-
binations of hp and N are confined to a pie-shaped area in the
center of the graph. Orbit periapse altitudes less than 2.5
Jupiter radii violate the radiation constraint. Orbit com-
binations of hp and N in the lower right area of the graphv
(includes all circular orbits) exceed the maximum capture
impulse requirement of 6.5 km/sec.

" Nine candidate orbit sizes selected from Figure 5-34
are given in Table 5-16., The periapse altitude is fixed at
2,5 Jupiter radii for these orbits. The five inner satellites
revolve about the planet in nearly circular, equatorial orbits,
with orbit radii ranging from 2.5 to 26.4 planet radii. The
satellites both perturb the spacecraft and present a possible
collision hazard. If it is assumed that the fixed orbit
positions have polar, or nearly polar, orbits with periapse near
the equator (this is in fact the case) then only orbit nos. 2,
5, and 6 have a potential satellite collision hazard. The
apoapse of orbit 2 comes within about 0.1l4 Jupiter radii (R )
of the satellite Europa (9.40 R ). Apoapse of orbits 5 and
6 come within 0.66 and 0.81 R of Ganymede (15.00 R ).

Although orbits 2, 5, and 6 could be significantly
perturbed by near misses of Europa or Ganymede, satellite
perturbations are not considered in the orbit analysis, because
of anticipated polar inclinations for imaging experiments.

With orbit inclinations at or near 90 degrees, little time is
gpent in or near the plane of Jupiter's satellites.
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TABLE 5-16

JUPITER CANDIDATE ORBIT SIZES

Orbit No. Days/'li Periapse Eccen- ‘Maximum Orbit |Average*
Orbit | Altitude tricity| Altitude | Period|Capture AV
(N) {(km/pl.radii) Ratio,h/hp| (hrs)| (km/sec)
1 4 |178375/2.5 0.3772 | 2.70 39.36 | 6.325
2 5 [178375/2.5 0.4633 | 3.42 49.20 | 5.511
3 6 |178375/2.5 0.5247 | 4.09 59.05 | 4.945
4 7 |178375/2.5 0.5711 | 4.73 68.89 | 4.525
5 8 |178375/2.5 0.6076 | 5.34 78.73 | 4.199
6 9 |178375/2.5 | 0.6373 | 5.92 88.57 | 3.937
7 10 |178375/2.5 | 0.6619 | 6.48 98.41 | 3.721
i 8 11 |178375/2.5 | 0.6827 { 7.02  [108.25 | 3.539
é 9 12 |178375/2.5 0.7006 | 7.55  [118.09 | 3.385
10 5 [249725/3.5 | 0.3099| 2.15 | 49.20 | 6.378
{ 11 7 |356750/5.0 0.2648 | 1.86 68.89 | 6.154
I i

* Capture AV Based on Surveyed Average Hyperbolic Approach
Speed, VHP = 7.64 km/sec, for 700 Day Jupiter Transfers.
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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 orbit
stability for imaging measurements, For example, the smallest
(most easily perturbed) orbit, orbit 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. Oblateness per-
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 to 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 orbits can make daylight measurements at ‘altitude
ratios (h/hp) of less than two without additional orbit
maneuvers,

In order to provide an alternative to orbit off-

-periapse insertion and plane change maneuvers for Jupiter dayf'
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 variation. 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 Orbit Selections (Jupiter)
The measurement families for which orbit selections

were made are presented in Table 5=17. No specific solar
elevation restrictions are given. One-third of the measurement
families do, however, have a requirement of daylight (or night
in some cases) coverage. The number of days to obtain complete
longitudinal contiguous coverage is presented in Table 5-18

for all combinations of image size and overlap from Table 5-17
(except for image sizes of less than 1 km) for candidate orbits
1 through 9 of Table 5-16. Those orbits which cannot obtain
complete longitudinal coverage at the specified image size and
overlap within approximately 1000 days of capture (cross-hatched
areas in the Table) were eliminated from consideration for those
respective measurement families.

For constant periapse altitude orbits, the capture
impulse decreases as the orbit period increases., 1In general
two candidate orbit sizes were selected for each measurement
family to study the tradeoff in mission time versus capture
impulse, Two methods were used for imaging on the daylight
side of the planet:

(a) 1low eccentricity orbits so that measurement

altitude variations do not exceed a factor of
two,

(b) move periapse to the light side of the planet
using an off-periapse insertion on a highly
elliptical, low inclination orbit followed
by a plane change to high inclination, and
finally reduce the eccentricity of the orbit.

The second method was used for measurement families that required
daylight coverage only. The orbit selection results can be
summarized as follows:

(a) No circular orbits are possible for 700-day
transfers with a maximum capture impulse con-
straint of 6.5 km/sec.
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TABLE 5-17

MEASUREMENT FAMILIES FOR JUPITER

Family Observable Sensor¥® Minimum | Overlap Minimum | Solar Elev- - Zoverage Time for | Image Coverage
Number Number (8) Type(s) Image %. Coverage| ation Range Distribution Coverage | Interval |Interval
Size (km) % (deg)

1 36 RF 30,000 20 70 - Subsatellite Points | - { 2 min -

2 1,6,9,12,24 R,IR,p,MB 15,000 20 70 - Cloud Belts,Red Spot - - > 2/yr

3 26 IR 15,000 20 70 - - 1 day - > 10/yr

4 26 w,v 15,000 20 -70 Day - 1 day - > 10/yr

5 26 MB 15,000 20 70 Day&Night - 1 day - > 10/yr

6 1,6,9 R 15,000 60 70 - - - - >2/yr

7 21,27,33 IR, 5,000 20 70 - Cloud Belts,Red Spot - - > b4lyr

8 29 IR 5,000 20 10 - Belts,Red Spot,Tropics = < 2 min —

9 30 R 5,000 20 70 - - - < 15 win| > 4/yr
10 3 RF 5,000 20 70 - - - < 2 win §{ > 10/yr
11 3 R 5,000 20 3 - Global - - -

12 27,33 uv,V,IR 5,000 20 - 70 Day Cloud Belts,Red Spot - - > 4fyr
13 29 uv,V,IR 5,000 20 10 Day Belts,Red Spot,Tropics — < 2 min -
14 29 MB 5,000 20 10 Day&Night | Belts,Red Spot,Tropics — < 2 min -
15 33 MB 5,000 20 70 Day&Night Cloud Belts,Red Spot - - > &lyr
16 37 v 5,000 20 70 Night Polar Regions - < 1hr | >4lyr
17 25 iR,u,MB 1,500 20 10 - Cloud Belts,Red Spot - < 1 day -
18 40 MB 1,500 20 3 Day Random - - >blyr
19 35 IR, 1,000 20 70 - Red Spot,Tropics < 1 day - > 10/yr
20 28 IR,u 1,000 20 10 - Cloud Belts,Red Spot - £ 1 day -
21 34 iR 1,000 20 10 - Cloud Belts,Red Spot - < 15 min] > 4/yr
22 28,34 uv,v,IR 1,000 20 10 Day Cloud Belts,Red Spot - < 15 win| > 4/yr
23 34 MB 1,000 20 10 Day&Night | Cloud Belts,Red Spot - < 15 mwinf > &4/yr
24 32 RF 300 20 10 - - - < 2 win | > 10/yr
25 20 R 3 20 1 et - - e > 1/300hr
26 20 R 3 60 1 - - - - > 1/300hr
27 2 R .5 20 3 - - - - -
*Sensor Type Definitions are: UV....Ultraviolet

V.....Visible

IR....Infrared

de... . Microwave

R..... Radar

RF....Raaio Frequency

MB....Multi~band
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(b)

(c)

(d)

(e)

(£)

(g)
(h)

Polar orbits are used exclusively, except for
extended coverage of Jupiter's Red Spot from
an orbit inclination of 30°,

Coverage time can vary from 30 to 200 days for
regional coverage depending upon the orbit size
used, -

Daylight coverage takes longer than unconstrained
illumination coverage because higher period
orbits must be used to insure acceptable measure-
ment‘altitudes in daylight within a total imﬁulse
expense of 6.5 km/sec.

Local coverage time (minimum image sizes of
1000-5000 km) varies from 200 to 1100 days
depending upon image size, overlap, and
illumination specifications.

The maximum total impulse employed is 6.64 km/sec
(for daylight coverage) employing an off-
periapse insertion, 85° plane change, and orbit
eccentricity reduction from 0.95 to 0.70.

The minimum capture impulse is 3,77 km/sec.

Orbit altitudes varying between 3.5 and 7.5
Jupiter radii, or between 5 and 9.3 Jupiter
radii, are used to obtain daylight and night
coverage respectively on the same orbit.

5.5 The Moon

The measurement families and group specifications
for the Moon are presented in Table 5-19., These are related to
pure science objectives that have been the basis for orbit
selections at the planets. However, during the time frame of
1975 to 1995 lunar orbital missions will involve manned
operations or be in support of manned (orbital and suface)
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TABLE 5-19

MEASUREMENT FAMILIES FOR THE MOON

Sensor*

Family Observabie Minimum Overlap Minimum Solar Elev- Coverage Time for Image Coverage
Number Number (s) Type(s) Image %) Coverage | ation Range Distribution] Coverage |[Interval Interval
Size %km) %)
1 35 v 300 10 | 70 50~80 - { 1 day - > 10/yr
2 35 v 300 10 70 30-60 - < 1 day - >10/yr
3 1 v 300 10 70 15-30 - - - -
4 41 MB 300 10 70 day - - - -
5 1 R 300 10 70 - - - - -
6 21 IR, 1, MB 300 10 70 - - - < 30 hr -
7 1 \' 300 60 70 70-85 - - - -
8 1 R 300 60 70 - - - - -
9 4 v, IR 100 10 70 70-90 - - - -
10 7,13 v 100 10 70 50-80 - - - -
11 4,7,10,13 V,IR,MB 100 10 70 15-30 - - - -
12 4,7,10.13 R 100 10 70 - - - - -
13 22 IR,u,MB 100 10 70 - - - ¢ 30 hr -
14 7,10 v 100 60 70 70-85 - - - -
15 7,10 R 100 60 70 - - - - -
16 5 uv, IR 0.5 10 3 70-90 - - - -
17 8,14 v 0.5 10 3 5080 - - - -
18 2 \'A 0.5 10 3 30-60 - - - -
19 5,8,11,14,20 | V,IR,MB 0.5 10 3 15+30 - - - > 1/300hr
20 41 MB 0.5 10 3 day - - - -
21 2,5,8,11,14,20| R 0.5 10 3 - - - - S 1/300he
22 23 IR,u,MB 0.5 10 3 - - - < 30 hr -
23 8,11,20 v 0.5 60 3 70-85 - - - > 1/300hr
24 8,11,20 R 0.5 60 3 - - - - > 1/300hr

*Sensor Type Definitions are:

UvV....Ultraviolet
V.....Vigible
IR....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 of manned
mission objectives. The presence of manned lunar operations
changes the premise that scientific imaging experiments control
orbital mission support requirements. Orbit selections for
lunar measurement families were not attempted in this stﬁdy,
and support requirements were not estimated.
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6. IMAGING SENSOR SYSTEM SCALING LAWS

In this study, imaging sensor systems are represented
by '"'scaling laws' which provide a quantitative relationship
between the imaging system characteristics and the demands

imposed upon sPaceéraft subsystems by imaging ekperiments.
This section summarizes and illustrates the scaling laws for
those imaging system which are useful in support of planetary
exploration objectives. The scaling laws provide a tool for
estimating imaging experiment support requirements, given the
specifications of the required imagery and an orbit definition.
In this study, the scientific objectives of planetary explora-
tion for which imaging systems are useful have been identified
and are summarized in Section 3. The nature and the quality
of the desired images have been defined in Section 4, while
Section 5 has summarized the procedures uséd for orbit selection.
Section 7, which follows this section, presents the results of
using the sensor system scallng laws,

With regard to experiment support requirements,'the
relevant imaging system characteristics are:

a, Weight

b. Volume

c. Shape

d. TField of View

e. Pointing Requirements

f. Yaw, Pitch, and Roll Rate Control

g. Power

h. Data Acquisition Rate

i. Required Operating Environment

j. Electromagnetic Interference Generation and

Susceptibility

~

Calibration Requirements
1. Command and Sequencing Requirements.
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Each different type of imaging system is described by a set of
sensor scaling laws which are designed to provide items (a)
through (h) above. These characteristics are sensitive to the
image specifications, the orbit selection, and the details

of the imaging system. Items i through k are most sensitive
to the type of imaging system, rather than to the image speci-
fications or orbit. For example, high performance optical
components require temperature stabilization within 5°F,
regardless of the orbit altitude., The command and sequencing
characteristics are most sensitive to the details of the
selected orbit. The only sequencing aspect considered here is
the relation between the orbital altitude, the image size, and
the time interval between images. Orbital parameters which
affect the sequencing requirements are noted on the orbit
selection data sheets in Volume III.

The analysis of scientific objectives, which is
summarized in Section 3, has identified the following types of
imaging systems as at least marginally useful:

ultraviolet (2000 - 4000 A)

visual (4000 - 7500 A)

infrared (0.75 - 200 )

passive microwave (0.1 - 100 cm)

radar (0.1 - 100 cm)

radio frequency (1 - 100 m)

multiband
The following subsections summarize the scaling laws for these
types of imagers in the order given above. Scaling laws are
given for both television and film photography systems in the
visual portion of the spectrum, and for both noncoherent and
synthetic aperture radar imaging systems. However, no scaling
laws are provided for radio frequency or multiband systems.
Scaling laws are valid only if they are based upon a broad
range of design or operational experience, and no such expe-
rience exists for radio frequency or multiband systems. A

complete derivation and discussion of all the scaling laws
IIT RESEARCH INSTITUTE
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is provided in Volume IV of this final report series. Only a
scaling law summary and illustrative example for each imager
type is presented here. It should be emphasized that the
scaling laws are not a substitute for detailed experiment
design. They are only intended to provide representative

sensor system configurations, thus permitting estimation of
typical support requirements demanded by specific imaging
experiments,
6.1. Ultraviolet Scanning Systems

Figure 6-1 is a logic diagram which summarizes the

design procedures developed in Volume IV for ultraviolet
scanning systems. Given a set of image specifications and a
set of orbit parameters, the logic diagram indicates each step
in the estimation of the support requirements implied by any
specific ultraviolet scanning experiment. The specific types
of image specifications and orbit parameters which signifi-
cantly influence the sensor system design are listed in the
two large boxes in the upper left hand corner of the logic
diagram (Figure 6-1). The design proceeds from the image
specifications and orbit definition as shown. The oval boxes
represent estimation of experiment support requirements, while
the rectangular boxes represent steps in the design procedure.
The scaling laws are summarized in Figure 6-2, which is de-
signed for use with the logic diagram. That is, the numbered
blocks in the scaling law chart relate to the numbered blocks
in the logic diagram, as will be made clear in the example
design below. Table 6-1 and'Figure 6-3 present data which
may be required during system design, as illustrated in the
design example given here,

To illustrate the design procedure and estimation
of experiment support requirements, consider an ultraviolet
imaging experiment for the study of cloud formation processes
at Venus. The nominal image specifications for this experi-
ment have been given in Table 4~1., The worth curves given in

Section 4 may be used to arrive at a somewhat less demanding
1IT RESEARCH INSTITUTE
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Table 6-1

Values of r¢/rO

Half-Angle Field-of-View ¢ (Deg.)

ALTITUDE

“RADIUS 10 20 30 40 50 60 70 80
0.01 1.03 1.13 1.34 1.72 2.47 4.19 9.66 69.9
0,02 1.03 1.14 1.35 1.74 2.53 4.40 11.2  --
0.03 1.03 1.14 1.35 1.76 2.59 4.64 13.4  --
0.04 1,03 1.14 1.36 1.78 2.65 4.92 17,0 --
0.05 1.03 1,14 1.37 1.80 2.72 5.24 24.1 -~
0.06 1.03 1.15 1.38 1.82 2.79 5.61 51.6 ~--
0.07 1.03 1.15 1.38 1.84 2.87 6.04 -- ~-
0.08 1.04 1.15 1.39 1.87 2.95 6.58 -- .
0.09 1.04 1,15 1.40 1.89 3.04 7.24  -- --
0.1 1.04 1.16 1.41 1.92 3.13 8,08 -- -
0.2 1.04 1.18 1.50 2.22 4.80 -- -- -
0.3 1.05 1.21 1.60 2.71 27.3 -- -- --
0.4 1.05 1.25 1,74 3.65 -- -- -- _
0.5 1.06 1.28 1.93 6.66 -- -- -- --
0.6 1.07 1.33 2,18 -- -- -- -- --
0.7 1,07 1.38 2.56  -- -- “- -- -
0.8 1.08 1.43 3,22  -- - -= -- --
0.9 1.09 1.50 &4.74 == _— - -- e
1.0 1.10 1.58 -~ -- - -- -- --
2.0 1.23 -- - - - - -— -
3.0 1.49  -- - - -- -- -- --
4,0 2.23  -- -- -- -- -- -- --
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FIGURE 6-3. LUNAR PHOTOMETRIC FUNCTION

229

€0

80

100




set of image specifications, and yet a set which describes
imagery having essentially the same scientific value as that
associated with the nominal image specifications. These
relaxed specifications are summarized in Table 6-2 and are
used as the basis of experiment design. Also shown in Table
6-2 are the orbit parameters for a typical orbit suitable for
this experiment. This particular orbit was selected to provide
maximum planetary coverage under daylight conditions in a
minimum amount of time, and is more fully described by orbit
data sheet # 101 in Volume III. Table 6-2 gives only those
image specifications which significantly influence the sensor
system design. Other types of image specifications not shown
here have been used to select an appropriate orbit. That is,
for cloud formation imagery at Venus, at least seventy percent
coverage of the planet is desired four times per planetary
year. These requirements have influenced the orbit selection,
but do not affect the sensor system design. Using the image
specifications and orbit parameters given in Table 6-2, the
sensor system design proceeds according to the logic diagram
and scaling law chart as follows:

Step 1: The attitude control requirement depends upon the
required positional accuracy and the spacecraft altitude.
Since the allowable error in the location of the imaged scene
is 10 km, the pointing accuracy requirement is 10/454 or
0.022 radians (1.3 degrees).

Step 2: For an image ground size of 600 km, the half-angle
Y subtended at the planet center by a great-circle arc length
of 600 km is 0.049 radians, taking the planet radius as 6100
km. Since Y is less than 0.1 radians, the effects of plane-
tary curvature in computing the required field-of-view may

be ignored. Thus, the scan half-angle ¢ is simply tan'l(w/ZH)
or. 0.584 radians (33.5 degrees).

1T RESEARCH INSTITUTE
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Table 6-2

Image Specifications and Orbit Parameters for
Ultraviolet Cloud Formation Imagery at Venus

Spectral Range 500-4000 X
Ground Resolution 3 km
Minimum Image Size 600 km
Solar Zenith Angle 0-90 deg
Maximum Acquisition Time 1 min
Positional Accuracy 10 km
Grey Scale 6 bits
Orbit Periapse Altitude 454 km
Orbit Apoapse Altitude 454 km
Orbit Inclination 90 deg

11T RESEARCH INSTITUTE
231



Step 3: Ignoring the effects of planetary curvature, the
required angular resolution is simply r/H or 6.6 milliradians
(0.39 degrees). However, interpolation in Table 6-1 shows

that if the half-angle field-of-view is 33.5 degrees, the
ground resolution provided by such an angular resolution is a
factor of 1.55 poorer at the edge of the field-of-view than at
the nadir or subsatellite point, Thus, the angular resolution,
or scanning beam size, must be reduced to 4.26 milliradians
(0.24 degrees) if a 3 km ground resolution is to be achieved
throughout the entire scan length.

Step 4: Since the scanning beam size is 0.24 degrees, and
the scan half-angle is 33.5 degrees, the sensor system field-
of-view is 0.24 by 67 degrees.

Step 5: For a wavelength of 4000 & and an angular resolution
of 4.26 milliradians, the optical system is diffraction-limited
to a diameter of 0,011 cm. That is, the optical system diameter
must be at least 0,011 cm, Although, in this case, the dif-
fraction 1limit is not a problem, it is useful to determine the
diffraction limit early in the design procedure. Current
state-of-art limits the optical system diameter to about one
meter, If the diffraction limit exceeds one meter, the design
may be abandoned as beyond the current state-of-art. Actually,
the optical system could be as large as two meters at the
current state-of-art. However, the scanning mirror is state-
of-art limited to about two meters, and since the scanning
mirror is roughly twice the diameter of the optics, the optical
system is limited to about one meter,

Step 6: The gravitational constant of Venus is 3.25 x lO14

m /sec2 and the planet radius is 6.1 x 1O6m. Thus for a
circular orbit of altitude &4.54 x 10°m, the speed of the sub-
satellite point on the surface of a non-rotating planet is
6.55 x lOBm/sec. The effects of planet rotation on apparent
ground speed may be neglected for orbital experiments at the
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Moon, Mercury, and Venus. Thus the apparent ground speed is
taken as 6.55 km/sec. At this ground speed, it will take the
subsatellite point 600/6.55 or 92 seconds to traverse 600 km

on the visible surface. That is, for a scanning system, 92
seconds will be required to obtain data from a ground (or cloud)
area of 600 by 600 km. The image specifications require that
the data be collected in about one minute, By using two sensor
systems, one pointing forward, the other aft, the data could

be collected in 46 seconds. This would approximately double
the experiment weight, volume, power, and data rate support
requirements. In this study, the experiment support require-
ments have been estimated by using a single sensor system and
accepting those data acquisition and repetition times provided
by the orbit characteristics,

Step 7: As an initial design guess, a single-faced scanning
mirror and a single.detector may be used. The current state-
of-art limits the system to a linear array of no more than ten
detectors.

Step 8: The minimum rotation rate of the scanning mirror is
determined by the need to avoid gaps between consecutive scans,
In this example, with a one-faced mirror and one detector, the
minimum rotation rate is 21.3 radians/sec, or about 200 rpm.
Although the design rotation rate may be selected as any value
which is not less than the minimum value of 21.3 radians/sec,
usually the minimum value itself should be selected., Rotation
rates larger than necessary will result in larger optical
systems but less stringent platform stability requirements,
because the amount of time spent observing each scene resolu-
tion element decreases as the rotation rate increases. Thus
in this example, the scanning mirror rotation rate is taken

as 21,3 radians/sec.

Step 9: The response time required of the detector is
assumed to be one-half the dwell time per resolution element.
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In this example, the detector response time must be 10'43ec,

or  less,

Step 10: The required detector response time eliminates con-
sideration of solid-state photoconductive detectors at the
design mirror rotation rate. Either a photomultiplier tube
must be used, or else the dwell time per resolution element
must be increased a factor of ten to permit use of a photo-
conductive detector., The ‘dashed line in the logic diagram
indicates this:possible iteration. The dwell time may be
increased by decreaﬁing‘the mirfof rotation rate, which may be
accomplished by increasing the number of detectors or the
number of faces on the scanning mirror.

Step 11: If both a photoconductive or photomultiplier detector
can be used, it is useful to estimate which type of detector
will require the larger optical system, Ignoring detector
response time problems for the moment, in this example the
ratio of the optical system diameter required by a photomultip-
lier to that required by a photoconductor is about 0.38. That
is, even if a solid-state detector had a sufficiently quick
response time, the optical system implied by use of a photo-
multiplier tube has a diameter only 38 percent of that implied
by use of a solid-state detector. This estimate of comparative
optical system sizes is quite approximate, and depends upon

the specific characteristics of the detectors., Reasonable
values have been assumed in deriving the formula shown in the
scaling law chart, but by changing the detector characteristics
within reasonable bounds (in particular the size of the solid-
state detector), the ratio of optical system diameters can be
changed by a factor of two. That-is, the estimate of compara-
tive optical system sizes is oily @Qéutat@ to within a factor
of about two. o

Step 12: Once it has been decided to use solid-state or
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photomultiplier detectors, the detector characteristics may be
determined. For photomultiplier detectors, the quantum effi-
ciency may be taken as abgut;ZO.percent over the spectral
region from 2000 to 4000 A, The detector effective size ({)
may be initially selected as abouf one millimeter. Rather wide
latitude is permitted in the selection of photomultiplier
detector effective size. Use of a field stop permits effective
sizes of about 0.1 millimeter, while'the photosensitive surface
of a multiplier tube could probably be made as large as ten
centimeters. For solid-state detectors (in particular, for

Sn0, and ZnS - MgS), detectivities of 4 x 10l1cm-Hz%/watt'at a

long wavelength cutoff of 3000 A are appropriate. Solid-state

detectors cannot be made with uniformly sensitive areas nearly

as large as for photomultipliers,

Step 13: The optical system collecting diameter is given by
Dc’p for photomultiplier tubesvand by DC’S for sQlid~staté
detectors. The numerical coefficients in the given formulae
presume use of MKS units. A value of 120 is recommended for
the signal/noise ratio,‘as‘thbs.correSponds_to.detection of
scene reflectivity differeﬁceSjof?fiVe percent. The solar
ultraviolet spectrum has been multiplied by the planetary
albedo and the spectral response of the detector, and then
integrated over wavelength to obtain the constants C_ and CS,
which also accounts for the heliocentric radius of the planet.
For_Cp, which is appropriate fbr.photomultiplier detectors, the
detector is assumed to have a flatcspectral response and the
spectral region from 2200 to 4000 A has been used. For Cs»
which is appropriate for solid-state detectors, the detector
sensitivity per unit incident energy is téken as proport%onal
to wavelength and the spectral region from 2200 to 3000 A has
been used. The scene photometric function is taken as cos i
for Venus, Mars, and Jupiter, where i is the solar zenith angle.
For daylight scenes, in which the zenith angle is not specified,
the zenith angle may be taken as sixty degrees. For the Moon
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and Mercury, where the surface is visible in the ultraviolet,

the lunar photometric function given in Figure 6-3 should be
used. . The expressions given for the optics collecting diameter
assume an optical efficiency of eighty percent. - Other values
may be used by noting that the diameter is inversely proportional
to the squarefrOOt\of»the‘optieal‘efficiency;, To. continue with
the sample design problem, use of a photomultiplier tube at
Venus implies that C_ is 3 X“10-5'wetts/meter,. Usingeegsoiar
zenith angle of sixty degrees,.theTVaiue‘of the phdtometric
function is 0.5. Finally, with a signal/noise ratio of 120
and a quantum efficiency ofitwenty percent, the required optical
system collecting diameter is 3;4'x‘1OT§ meters“]fSince‘the -
optical system is diffraction-limited to Oylgmillimeterf(Step'#5),
the optical system size is determined by the need to collect
adequate energy rather than'by:resqlution‘Censpraints,‘~Sin¢ee
Venus is close to the sun, and’has’afﬁigh‘albedog;the«ﬁecessary
optical size is quite small. It is not neéessary'(ih'this.ease)
to estimate the size of theeoptical system With'eny:greater
accuracy, since the optical syétem clearly‘has,iittle‘impact

upon the experiment support‘requirements, '

Step 14: With a detector effective size of ome millimeter,
the optical system focal length is 0.23 meters,

Step 15: Using an optical diameter of 3.4 millimeters, the
f-number is £/69. In most cases, the f-number can be easily
altered by changing the detector size or the collecting aper-
ture diameter. The exact valhe of the aperture stop‘is not
significant. It is, however, important to ensure that the
system can be designed with an f-number of unity or larger.

In this particular design example, it is likely that an:bptical
system diameter larger than 3.4 millimeters would be used,
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and the f-number is likely to be on the order of £/10 or £/20.
If the estimated aperture stop is less than unity, the easiest
design remedy is to increase the effective size of the detector.
This iterative loop is shown by the dashed liie in the logic
diagram. For solid-state detectors, this will also increase

the required size of the collecting optics. For photomultiplier
systems, the only effect will be to increase the'system'focal
length, and hence the size of the sensor system.

Step 16: The size of the scanning mirror depends upon the
number of faces on the mirror and the size of the collecting
optics, For a single-sided mirror, as in the design example,
the diameter of the scanning mirror is simply 1.414 times the
optical collecting diameter. Thus, continuing with the example,
the minimum diameter of the scanning mirror is 4.8 millimeters.

Step 17: An upper limit to the permissible rotation rate of
the scanning mirror has been estimated on the basis of dynamic
distortion of the optically-flat mirror surfaces. For a
berylliﬁm scanning mirror, optical distortion may become signi-
ficant when the rotation rate (radians/sec) is about'193/DS5
where D is the mirror diameter in meters. Fo; the illustrative
design problem, this implies that optical distortion will not
be serious for rotation rates up to 4 x 10% radians/sec, or
about 400,000 rpm, assuming a 4.8 millimeter diameter scanning
mirror. An additional constraint is that rotation rates of

106 radians/sec may not be feasible, regardless of the

size of the mirror. 1If the initial design rotation rate
exceeds 193/Dg or 100 radians/sec, the rotation rate must be
reduced. This will, of course, affect all the steps in the
design process from Step #8 onward. On the other hand, if the
rotation rate is acceptable, the system design is sufficiently
well-defined that the remaining experiment support requirements
may be estimated.
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Step 18: The rate at which the sensor system acquires data is
estimated as shown. For the example, this yields a data
acquisition rate of 3.0 x lO4 bits/sec, assuming that the data
from each resolution element can be described by six binary

bits . (corresponding to 64 shades of grey).

Step 19: The system average power requirement is approximately
one watt, since only one detector is used,.

Step 20: The optical system has a mass of about 2 grams (for
a 3.4 millimeter aperture), while the scanning system has a
mass of about 27 milligrams (for a 4.8 millimeter diameter
mirror). The total imaging system mass is estimated as one
kilogram, or about two pounds. The scanning system mass esti-
mates presume use of beryllium mirrors. Both the optical
system and scanning system mass scaling laws have been based on
use of larger systems than encountered during this design
example. That is, the optical system and scanning system mass
scaling laws are unreliable for small optical or scanning
systems., Clearly, it is unreasonable to consider scanning
mirror driving motors of less than 27 milligrams! However, for
purposes of this study it is immaterial whether the scanning
system has a mass of 30 milligrams, 300 milligrams, or even

300 grams. The point is that for the experiment considered
here, the optical and scanning subsystems can be made suffi-
ciently small that the detector and its associated electronics
dominates the imaging system weight, and hence the total imaging
system weight is on the order of two or three pounds.

Step 21: As with the mass scaling laws, the imaging system
size estimates are unreliable for very small optical and scan-
ning systems, For the sample design problem, it is sufficient
to know that the imaging system can be made small (see next
step). However, one dimension of the imaging system must exceed
the focal length, which is 0.23 meters,
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Step 22: The sensor system volume estimate is based on the
required collector diameter, the focal length, and the scanning
mirror diameter. The volume estimate is unreliable for very
small collectors and scanning mirrors. For this reason, the.
minimum volume is taken as 1073 m3, or about 0.04 cubic feet.

Step 23: An estimate of the maximum allowable sensor system
roll, pitch, or yaw rate is provided by permitted the optical
axis to rotate through one-half a resolution element during the
dwell time on the resolution element. This leads to an allow-
able sensor system roll, pitch, or yaw‘rate of one-half the
scanning mirror rotation rate. For the example problem consider-
ed here, the maximum roll, pitch, or yaw rate is then about 10
radians/sec. It should be noted that, in gemeral, the platform
stability requirements are détermined by the effects of smear
due to an apparent scene motion. )

The experiment support requirements implied by the
illustrative design problem given here are summarized'in'Table
6-3, which is taken directly from Volume V of this feport
series. |
6.2 Television Systems

Figure 6-4 presents a 1ogic diagram for the design
of orbital television systems, while-figuré 6-5 presents the
scaling laws, The logic diagram shows how the sensor system
design proceeds step-by-step from the desired image specifica-
tions and an orbit definition. The blocks in the scaling law
chart are numbered to correspond to the steps shown in the logic
diagram. The scaling laws are best described by considering an
illustrative design problem, The scaling laws provided here
have been derived from study of space~orbital television systems
which have already flown, or have been designed in some detail,
and represent the capability provided by currently anticipated
equipment under operational conditions. For details, the reader
is referred to Volume IV of this report series.
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Table 6-3

Sample Experiment Support Requirements
for an Ultraviolet Scanning System

PLANET: Venus

OBSERVABLE: Cloud Formation
Family No. 9a

DETECTOR: Photomultiplier

ORBIT: Data Sheet Number....................101
Periapse/Apoapse Alt., (km)...........454/454
Inclination (deg)......vveeeenieeeees 90
Imaging Altitude Range (km)..........454

Imaging On'Time (min)oltoldl..C.t‘lto 48

IMAGE: Minimum Image Width (km).....c¢00....600
Max. Ground Resolution (km).......... 3
Positional Accuracy (km).........00... 10

SCANNER: Collector Diameter (cm)....ovevevee..0.3
Aperture Stop...iveecivseveseansseess /70
No. of DetectorS.seevieeseesesessenss 1
No. of Scanner FaceS....eeveesosoaeas 1
Scanner Rotation Rate (rpm)..........200

SUPPORT REQUIREMENTS:
Field of View (deg).....covvvevsens..0,24x67
Pointing Accuracy (deg)..........s...1.3
System Volume (cu. ft.)...eeeveesee.r0.04
Max. Roll/Yaw Rate (deg/sec).........570
Operating Power (watts)........ess0..1
Data Rate (bits/secC).....eeeeeeeeesas3,0x10
System Weight (I1bS)..vivevsoseeneaead.2

A

COMMENTS :

507% planctary coverage can be achieved in daylight
without a plane change, while only 10% is required. 1.5 min is
required to obtain data from an image area of W x W,while one min
is desired., Essentially the same area can te imaged every 96 min,
while an image repetition tim%4%f 15 min is desired,



The sample design deals with surface topography on a
regional scale at Mars, with vertical height differences de-
duced from measurement of shadow lengths., A similar experiment,
but with vertical height differences deduced rirom measurements
of stereo parallax, is used as the illustrative problem in
Section 6.3, which describes the scaling laws for film syStems.
The image specifications and orbit parameters for the example
are given in Table 6-4. These specifications are derived from
Table 4-1 and the appropriate worth curves., That is, the
specifications shown are for a relaxed or "minimal' experiment.
In addition to these specifications, Table 4-1 and worth curve
D1 indicate that seventy percent planetary coverage is required.
A sun-synchronous circular orbit of 969 km altitude provides 74
percent coverage of Mars in a five day period at the proper
solar illumination. This particular orbit is described in
greater detail by orbit data sheet #14 in Volume III.

Step 1: If the location of the image on Mars is to be known
within 3 km from an altitude of 969 km, the required system
pointing accuracy is 3.1 milliradians, or 0.18 degrees.

Step 2: The ground resolution required in the imagery may
not be the same as the required resolution on the ground
horizontal, if some inferences of vertical height differences
are to be made. For example, if vertical height differences

of one km are to be detected by measurement of shadow lengths
produced by a solar zenith angle in the range 60-75 degrees,
then the necessary ground resolution is 1 km x tan 60 or 1.73
km., Thus in this design example, the required ground resolution
is determined by the vertical resolution desired, rather than
the horizontal resolution.

Step 3: For a ground resolution of 1.73 km and a minimum
image ground size of 600 km, a minimum of 495 TV lines are
required. This estimate does not account for effects of planet-
ary curvature on the ground resolution, but it is useful to
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Table 6-4

Image Specifications and Orbit Parameters
for Visual Surface Topography Imagery at Mars

Spectral Range 5000-7500 K
Horizontal Ground Resolution 3 km
Vertical Ground Resolution 1 km
Minimum Image Ground Size 600 km
Solar Zenith Angle 60-75 deg
Image Positional Accuracy 3 km |
Overlap 20%

Grey Scale 6 bits
Orbit Periapse Altitude 969 km
Orbit Apoapse Altitude 969 km
Orbit Eccentricity 0

Orbit Inclination 9% .8 deg
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compute a preliminary estimate. to ensure that TV systems might
possess the necessary resolution capability before proceeding
further with the system design. The analysis of television
system design presented in Volume IV concludes that, at the
current or near-future state-of-art, only about 3000 TV lines
can be provided for operational imagery of a low-contrast
planetary scene. If greater than 3000 lines are required, film
systems should be considered.

Step 4: Using a Mars radius of 3380 km, a great-circle arc
length of 600 km subtends an half-angle of 0.089 radians at the
planet's center. Since this value is less than 0,1 radian, the
simpler formula for the camera half-angle field-of-view may be
used to find the half-angle is 17 degrees.

Step 5: The camera field-of-view is 34 by 34 degrees.
‘Step 6: Interpolating from Table 6-1, r;/r  is 1.16, and

‘hence 575 TV lines are required to achieve a ground resolution
of 1.73 km over a 600 x 600 km area. (Compare with Step 3 above.)

Step 7: U51ng 575 TV lines and a view half-angle of 17 degrees,
the optical system is resolution-limited to 0.34 cm diameter or
larger. The equation shown in this step of the scaling law

chart presumes that the optical system lens must be at least

five times larger than the classical diffraction limit. For such a
distortion~-free lens, the modulation transfer function has a

value of about 0.78. The current state-of-art limits the lens
diameter to something on the order of two meters or less.

Step 8: The apparent camera ground speed is 2.44 km/sec,
negiecting Mars' rotation. Since the orbit inclination is

94,8 degrees, the maximum ground speed is estimated to be 2.47
km/sec when the effect of planet rotation is accounted for. For
a circular orbit, the camera does not have a vertical wvelocity
component., The expression shown for the vertical speed gives
the maximum vertical speed experienced by the spacecraft during
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orbital manuever. If the imaging system is not dperating at the
time of maximum vertical speed, a lesser value for the vertical
speed may be used, as discussed in Volume IV. Usually, it is
adequate to consider only the maximum vertical speed,

Step 9: The maximum exposure time is 0.23 seconds if image
motion compensation (IMC) is not provided, and about 2.3 seconds
if IMC is provided. The design equations given in the scaling
law chart presume that an image smear equivalent to one-half
resolution element is acceptable. As shown in Volume IV, this
corresponds to a value of 0.64 for the image motion modulation
transfer function. In particular, one-third of a resolution
element is allocated for apparent translational motion, and
one-sixth an element for rotational motion (Step #21). The IMC
result is predicated on correction for ninety percent of the
apparent scene horizontal velocity.

Step 10: The size and typé of TV image tube may be selected
using Figure 6-6. The data shown in the figure were estimated
by assuming that a value of 0.35 is required forbthe'image tube
modulation transfer function, as measured at the corners of the
image format., This value is consistent with a value of 0.64

for the image motion MIF (modulation transfer function), a value
of 0.78 for the lens MTF, an apparent scene contrast of 1,6:1,
and a value of 0.04 for the imaging system MIF, Figure 6-6
shows that a two-inch diameter vidicon tube will not quite
provide the desired resolution (575 lines), while the 2" RBV
has more than adequate resolution. Actually, the method of
analysis used here is not sufficiently accurate to eliminate

the 2" vidicon from consideration, but the 2" RBV provides

2500 TV lines under the operational conditions considered here.
This increased capability may be used to provide a larger image
ground size or better ground resolution. The choice is at the
discretion of the system designer. 1In the case considered here,
use of a 2" RBV will provide a ground resolution of 400 meters
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over a 600 x 600 km area, or a ground resolution of 1.73 km over
a 1500 x 1500 km area. Of course, intermediate combinations
are also available. A zoom lens may be useful if imagery from
an elliptic orbit is desired., Assuming that such a device will
provide focal lengths which can be adjusted over a five-fold
range, the camera tube resolution capability can be efficiently
used over a five-fold range in imaging altitude. Of course, the
zoom lens subsystem adds weight,jvolume;‘and power'requirements
to the basic imaging system, in additidn_to‘increasing'optiCal
system transmission losses. Imaging a 1500 x 1500 km area from
the selected orbit requires a camera field-of-view of 70 by 70
degrees, and at this field-of-view and 2500 TV lines, the re-
solution-limited lens diameter’(Step #7) is 0,65'cmi. From
Figure 6-7, the image size on the face of a 2" RBV is about 23
millimeters square. Thus the focalllength is 16 millimeters,
and the relative aperture stop must be f/2.5 Qr‘larger..»The
table in block #10 of the scaling laW chart shows that for a
500 mit filter (required if the spectral range is to be 5000 -
7500 A), the filter factor is 3.7. '

Step 11: For a 75 degree solar zenith angle, the scene photo-
metric function is approximately 0.06 (assuming the Martian
surface has a photometric function similar to that of the Moon),
and hence the scene luminance is estimated as 48 foot-lamberts.

Step 12: The table in the lower right hand corner of the
scaling law chart indicates that a minimum faceplate illumina-
tion of 1 x lO'3 foot-candle-sec is required for am RBV tube.
Assuming an optical system transmission of ninety percent and
an f/2 aperture stop, the minimum exposure time is about 0.0014
seconds. The minimum exposure time should be compared to the
maximum times estimated in Step #9, If the minimum time is not
less than the maximum time, the minimum time may be reduced by
increasing the lens aperture or selecting a more sensitive TV
tube. In the design example here, the minimum exposure time of

11T RESEARCH INSTITUTE
248



IMAGE FORMAT SIZE (MM)

50

40

30

20

io

{:1 ASPECT RATIO

O VIDICON
7 /\ IMAGE ORTHICON
O SEC
v PLUMBICON

| 2 3 4

TV TUBE DIAMETER (INCHES)

FIGURE 6-7. TV FORMAT SIZES

249




0.0014 seconds is less than the maximum exposure time of 0.23
seconds without IMC and 2.3 seconds:with IMC:»::If the minimum
exposure time were one second, an altermative to choosing a
more sensitive tube or opening the lens would be to use IMC.
All three design alternatives may have disadvantages. As shown
in Figure'6~6, a more sensitive tube may require a larger tube
diameter, and hence a heavier system, to provide adequate re-
solution. Increasing the lens aperture requires a larger lens
(since the focal length is already fixed) and may increase the
system weight significantly. Use of IMC will add about 15
pounds to the system weight and about 15 watts to the system
power requirement. In the current design example, these alter-
natives are not pertinent and an exposure time of 0.0l seconds
may be rather arbitrarily selected. |

Step 13: Using the values of M and q for an RBV tube given in
the lower right hand corner of the scaling law chart, the signal-
to-noise ratio is found to be about ten, The numerical co-
efficient in the formula shown in the scaling law chart requires
that the format size I be in millimeters. The signal-to-noise
ratio computed in this design step regards the signal as the
difference in brightness or intensity between two adjacent

image resolution elements differing by one shade of grey, and
the noise as due to the inherent statistical error in photon
detection. Noise contributed by the system electronics and the
image tube is not considered. That is, the signal-to-noise
ratio computed here is that of an idealized imaging system. A
signal-to~noise ratio of three is regarded as the minimum.
acceptable value for adequate image interpretation. Usually

the most convenient way to increase the signal-to-noise ratio

is to decrease the f-number or increase the exposure time. This
design iteration loop is indicated by the dashed lines in the
logic diagram.
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Step 14: The effective lens or optical system diameter is

simply the focal length divided by the f-number. For the de-
sign example considered here, the lens diameter is 8 millimeters.
The maximum permissable lens diameter is taken as about two ‘
meters without grossly exceeding the current:state-of-art, :

Step 15: For a 2" camera tube, the imaging system weight is
about 32 pounds. Additional weight is required for -imaging
systems using optical systems larger than ten cm diameter, zoom
lenses, or IMC.

Step 16: For a 2" camera tube, the imaging system volume is
estimated as 1100 cubic inches, or about 0.65 cubic feet. As
with the system weight, additional support (volume, in this
case) 1s required for systems using large optics, zoom lenses,
or IMC. It is presumed here that the zoom lens focal length is
controlled by data from an on-board radar altimeter weighing

25 pounds, of size 10 x 10 x 10 inches, and consuming ten watts
of power. If instead the zoom lens is preprogrammed, or under
some other means of control, the radar altimeter may be omitted.

Step 17: The dimensions of a television imaging system may
be tailored to fit a wvariety of accomodations. However,; one
linear dimension is constrained to be somewhat larger than the
sum of the camera tube length and the focal length, while the
other two dimensions must exéeed the larger of the camera tube
diameter or the optics diameter. Figure 6-8 shows how camera
tube length varies with the diameter of the camera tube, in-
dependently of the type of tube. Thus, for the illustrative
example considered here, the 2'" RBV camera tube is about ten
inches long. Adding one inch for the focal length (16 milli-
meters), the imaging system dimensions must exceed approximately
11 x 2 x 2 inches. The volume estimated above in Step #16
greatly exceeds the volume obtained by multiplying together
these system dimensions. This simply means that great latitude
is available in designing the shape of the imaging systems
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package. That is, the total system volume is about 1100 cubic
inches; one dimension must exceed 11 inches, the other two
dimensions must each exceed twb inches.

Step 18: The imaging system average power requirement is
estimated as 32 watts for a 2" camera tube. Note that addition-
al power is required for a zoom or IMC capability.

Step 19: The cycle time, or image interval time, depends upon
the image ground size, image overlap along the heading line or
subsatellite track, and the apparent ground speed of the sensor.
For the design example, using a 1500 km image ground size and
twenty percent overlap, the cycle time is about 180 seconds, or
thrée minutes,

Step 20: For 64 shades of grey, six binary bits per resolution

element are required. Thus, the data acquisition rate is about

3.8 x 105 bits/second. Actually, this is the rate at which data
must be removed from the imaging system and placed in a data
storage or transmission subSystem, since the data cannot be
stored longer than about 100 seconds on the camera tube without
loss of information. That is, even though the image interval
time is 180 seconds, the data must be dumped in 100 seconds.

If the cycle time is less than 100 seconds, a 0.1 second inter-
val should be allowed for preparing the camera tube (erasing
the previous image). For image orthiébn or SEC vidicon camera
tubes, the image storage time on the camera tube can be as long
as desired, that is, the time used in computing the data acqui-
sition rate should be essentially the cyéle time. For pseudo-
color imagery, in which three images of very nearly the same
scene are procured through a blue, green, and red filter, three
images are acquired during each cycle time, and the data ac-
quisition rate is computed accérdingly.

Step 21: Platform stability requirements are based on
restricting the apparent image motion. It is assumed that
pitching or rolling, but not yawing, can be ninety percent

compensated for by IMC. Thus for the illustrative design,
11T RESEARCH INSTITUTE
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considered here, which does not provide an IMC capability,

the allowable yaw rate is estimated as 0.038 radians/sec, or
about 2 degrees/sec, while the allowable pitch or roll rate is
estimated as 0.030 radians/sec, or about 1.7 degrees/sec.' These
estimates are based on an allowable image smear of one-sixth a
resolution element, due to sensor system rotation, and further,
that the rotational effects are not additive.

Table 6-5, taken from Volume V, summarizes the support
requirements estimated for this illustrative design example.

6.3 Film Camera Systems

Figures 6-9 and 6-10 summarize the design procedure
and scaling laws for film camera systems, Not surprisingly,
they are very similar to those presented in the previous section
for television systems. Since the Lunar Orbiter photographic
system is the only space film system, suitable for unmanned
operations, for which operational data is available, the scal-
ing laws have'been derived from aerial reconnaissance camera
data and have then been modified to force agreemeht with Lunar
Orbiter data and other data derived from orbital mission design
studies. 1In other words, the functional depéndence of the
camera system support requirements upon the camera design para-
meters and the system capabilities has been deduced from an
analysis of aerial reconnaissance camera characteristics, but
the numerical scaling coefficients are based on admittedly
sparse data appropriate to space hardware. A complete deriva-
tion and explanation of the scaling laws is provided in Volume
IV. An example design is presented here to illustrate the
procedure.

The design example used here is similar to the tele-
vision experiment just presented, except that stereo parallax
is used to provide vertical height information. Thus the solar
illumination angles desired are different from the television
experiment in which vertical height differences were to be
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Table 6-3%

Sample Experiment Support Requirements
for a Television Imaging System

PLANET: Mars

OBSERVABLE: Surface Topography (regional)

Family No. 8b

TV TYPE: 2-inch RBV (shadowing)

ORBIT:

IMAGE:

CAMERA::

Data Sheet NUMDET s v s e enossosnsnoens L
Periapse/Apoapse Alt., (Km).uoesveosss. 969/969
Inclination (deg).evecveeerecerononesed?d
Imaging Altitude Range (Km)...........969

TImaging On-Time (Min)....oeeevoveeeoss D

Minimum Image Width (km)..eeeoevoss... 600
Max. Ground Resolution (km)...........3 (1 vert.)
Positional Accuracy (Km)...oeesoeeosoo3

Focal Length (mm)...... R X &
APETtUTE StODP.ssseosssnseccnssceneesss £/2
Exposure Time (S€C)..ovcvesessesasasss 0.0
Cycle Time (S€C).vtovvrevcscennenonsas 490
Signal-to-Noise'Ratio ..... U K

SUPPORT

REQUIREMENTS:

Field of View (deg)..... ceeeienneseaas 10X 70
Pointing Accuracy (deg)....ceeeeesosss 0.18
Camera Volume (cu. ft.)e.osseeseoooess 0.65
Max. Roll/Yaw Rate (deg/sec)..........1.7/2.2
Operating Power (WattsS)....eeeovaeeces 32
Data Rate (bits/S€C)..eevveecoceeesess 3.8 X 10
Camera Weight (1bS)..vvueveeeeoeoaceses 32

5

COMMENTS:

This sun-synchronous orbit provides 74% coverage

in five days. Image size used is 1500 x 1500 km with

ground resolution of 1.7 km permitting detection of vertical

height differences of 1 km by shadow measurements.
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inferred from measurement of shadow lengths. The image speci-
fications and orbit parameters for the illustrative design
problem are given in Table 6-6. The selected orbit is similar
to that used in the television example, and is more fully de-
scribed by orbit data sheet #5 in Volume III. The orbit has
been selected to provide sixty percent overlap at the minimum
image ground size, Stereo coverage is obtained by viewing
imagery obtained from the nth and the n + 10th orbit, the
longitudinal displacement between the two orbit ground traces
being 240 km at the Mars equator. This mode of obtaining the
stereo coverage is referred to in Volume V as '"'side stereo',
the alternative mode of obtaining sixty percent overlap along
the subsatillite path is referred to as ''forward stereo'.

Step 1: As with the television systems, the required pointing
accuracy is simply the image ground positlonal accuracy divided
by the imaging system altitude, giving 3 milliradians, or 0.17
degrees, in this case,

Step 2: For the minimum image ground size of 600 by 600 km,
the ground resolution required to infer height differences of
one kilometer by measurement of stereo parallax is about 240
meters, "

Step 3:
is obtalned by dividing the 1mage ground size by the required

An estimate of the. required number of lines per image

ground resolution. Thus approximately 2500 lines are required,
This is an underestimate because planetary curvature effects are
not considered. Comparison with the television scaling laws
shows that inclusion of the Kell factor increases the estimate
to nearly 3600 lines, which is beyond the resolution capability
of currently available television imaging systems.

Step &4: Since the image half-angle subtended at the planet
center is less than 0,1 radians, the effects of planetary
curvature on computing the field~of-view may be neglected. The
camera half-angle field-of-view is then approximately 16.8 degrees,
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Table 6-6

Image Specifications and Orbital Parameters for
Visual Surface Topography Stereo Imagery at Mars

Spectral Range

Horizontal Ground Resolution
Vertical Ground Resolution
Minimum Image Ground Size
Solar Zenith Angle '
"Image Positional Accuracy
Overlap (Forward)

Grey Scale

Orbit Periapse Altitude
Orbit Apoapse Altitude
Orbit Eccentricity
Orbit Inclination

HT RESEARCH INSTITUTE
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. } ]
5000-7500 A
3 km
1 km

600 km

- .5~20 deg
3 km -
20%

6 bits

994 km
994 km
0

94.9 deg



for a 600 x 600 km image size. Including the effects of planet-
ary curvature would result in a half-angle of 16,6 degrees.

Step 5: The camera minimum field-of-view is about 33 by 33’
degrees,

Step 6: With this field-of-view, the ground resolution at the
edge of the field-of-view is degraded by a factor of 1,16 com-
pared to the ground”resblﬁtibn"at the subsatellite point. Thus
2900 lines, rather than the 2500 lines estimated above, are
required.

Step 7: A resolution capability of 2900 lines in a field-of-
view of half-angle 16.8 degrees requires an optical system mo
less than 1.76 cm in diameter, As with the television scaling
laws, this corresponds to a diameter five times the classical
diffraction limit and implies a value of about 0.78 for the
lens modulatioﬁ transfer function, |

Step 8: The orbit semi-major axis is 4374 km, and the ground
speed of the subsatellite point is 2.42 km/sec, neglecting
planet rotation., Since the orbit inclination is 94.9 degrees,
and the equatorial speed of planet rotation is 0.24 km/sec, the
maximum apparent ground speed is estimated to be 2.45 km/sec.
For a circular orbit, the vertical speed of the imaging system
vanishes, .

Step 9: For a ground resolution of 240 meters, the maximum
exposure time is 0.033 seconds without IMC (image motion compen-
sation) or 0.33 seconds with IMC, Just as with the television
scaling laws, these exposure time constraints are based on a
maximum image smear of one-third a resolution element for smear
arising from an apparent horizontal movement of the scene. One-
sixth a resolution element smear is presumed to arise from
rotation of the imaging system (see Step #21); the total image
smear of one-half a resolution element corresponds to a value

of about 0.64 for the image motion modulation transfer function.
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Step 10: Table 6-7 presents various film characteristics
pertinent to system design. 1In particular, the total number of
lines per frame may be used to select a tentative film size.
The number of lines per frame shown in the table correspond to
- the number of lines per millimeter providing a value of about
0.35 for the product of the film modulation transfer function
and the flying spot scanmer modulation transfer function (the
scanner is assumed to have a five micron scanning beam). The
transfer functions are given in Volume IV. Thus the product of
‘the transfer functions for the film, scanner, optics, and image
motion is about 0.17. For an apparent scene contrast of 1.6:1,
the imaging system modulation transfer function has a value of
about 0.04, which is assumed here to be the minimum acceptable
value., Of course, if the optical system diameter substantially
exceeds that computed in Step #7, or if the exposure time is
substantially less than that computed in Step #9, the system
transfer may be significantly more than 0.04 at the necessary
resolution, '

Referring to Table 6-7, 70 mm S0-243 film provides
9,300 lines per frame (image), while only 2900 lines per frame
are required, Assuming there is sufficient scene luminance,
there is not much point in using a faster film because a greater
amount of film radiation shielding would be required. The
system designer may utilize the excess resolution capability to
increase the image ground size or to improve the ground re-
solution. Since an increased ground size will increase the
image cycle time and hence reduce the data acquisition rate,
this procedure has been usually followed in estimating film
system support requirements., For stereo coverage, the image
ground size controls the ground resolution for all image sizes
less than Hrh/(0.4rv), For any image size less than this value,
the number of lines required is independent of image size
(except for planet curvature effects). Therefore, when stereo
coverage is required, it is generally ineffecient to use any
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Table 6-7

’Film,Speed‘and.System Resolution

Aerial  Total Number of Lines per Frame

Film Exposure  Weight o :

Type Index _ (1bs/sq.ft) 70 mm 3_in 9% in
S0-243 1.6 0.037 - 9300 16500 33000
3404 1.6 0.022 9200 16400 32800
80-230 6 0.022 9200 16400 32800
S0-206 6 0.022 8300 14700 29400
S0-226 6 0.032 8300 14700 129400
S0-130 20 -- 8100 14500 29000
3400 20 0.022 7700 13700 27400
S0-136 20 0.033 7700 13700 27400

S0-102 64 - 7600 - 13600 27100
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image ground size less than Hrh/(0.4rv). For the experiment
under consideration, this limiting image size is 7,455 km. At
this image size, a ground resolution of 3 km would enable de-
duction of vertical height differences of 1 km and (neglecting
surface éurvature)-only 2,485 lines per frame would be required.
However, since the radius of Mars is only 3,380 km, surface
curvature effects_are important for such large image ground
sizes. It can be shwon that if L lines per frame are provided
by the film capability, and if the image ground size is less
than Hrh/(0.4rv), then the maximum acceptable value of ré/r0

is 0.4 rVL/H, For this example problem, 70 mm S0-243 film
provides 9300 lines per frame, hence ré/ro'must be less than
3.74 to permit use of such film,

Some iteration with Table 6-1 leads to the conclu-
sion that an image ground size of 2300 by 2300 km comes close
to utilizing all the available resolution capability of 70 mm
S0-243 film., For such an image ground size, the ground resolu-
tion required is about one km (actually 0.93 km), the camera
field-of-view is about 87 by 87 degrees, and the minimum optics
diameter is about 1.8 centimeters. The maximum exposure time
is increased to about 0.13 sec without IMC and 1.3 sec with
IMC. This type of iteration is not shown on the logic diagram
because it is only applicable to stereo experiments with large
image ground sizes,

To proceed with Step #10, the image format size is
64 by 64 millimeters for 70 mm film, hence the optics focal
length is about 34 millimeters. The relative aperture must be
in the range f/1 to £/1.9. To restrict the spectral range to
above 5000 A, a filter should be used, and the appropriate
filter factor is about 1.8.

Step 11: For a solar zenith angle of twenty degrees, the
surface photometric function is taken as 0.49, hence the mini-
mum Scene luminance is about 400 foot-lamberts.
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Step 12: Using an optical system transmission factor of 0,9,
an AEI (aerial exposure index) of 1.6 (from Table 6-7), and a
lens aperture of £/1.8, the minimum exposure time is 0.0057
seconds. For design purposes, an exposure time of 0.0l seconds
may be selected. If the minimum exposure time exceeds the
maximum exposure time (Step #9), either the aperture must be
opended or a faster film must be used. Apertures of less than
f/1 are not feasible, while use of a fast film reduces the
resolution capability and may require a larger film size.

Step 13: For an £/1.8 34 mm lens, the lens diameter must be
about 1.9 centimeters. TFor lens diameters larger than about

ten centimeters in the case of 70 mm £ilm cameras, -and about
twenty centimeters in the case of 5 inch or 9% inch film .
cameras, oversize optical systems must be used therebyrihcreasing
the system weight and volume. -

Step 14: Because only a small area is illuminated at the
proper solar zenith angle, at any one time,‘a veryAlohg time is
required for 70 percent of Mars to be seen at the proper illu-
mination, Orbit data sheet #5 (p.24 in Volume III) indicates
that for this experiment only 36 percent of Mars can be imaged
in the first 55 days of the mission. There is then a 60 day
waiting period before new areas are properly illuminated. To
image 70 percent of the planet will require 418 days in orbit.
For the initial 36 percent coverage, a film length of 7 feet
is required, assuming 60 percent side oVerlap and 20 percent
forward overlap. :

Step 15: Since IMC is not required, the basic system weight
is 18 + 0.56 (2.76)% + 0,199 (1.9)% or 23 pounds. From Table
6-7, the film weighs 0.037 1lbs/sq.ft. Since the processing
material weighs about 0.04 1bs/sq.ft. of processea film, the
total film and processing weight is 0.077 lbs/sq.ft, or about
0.12 pounds for 7 feet of 70 mm film. Figure 6-11 shows that
approximately one pound of shielding is required for 70 mm
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S0-243 film for a mission duration of 330 days. The flight
time to Mars is given in Volume III as about 286 days (1984
opportunity), so that 341 days are required to complete the
initial 36 percent coverage. The shielding weight is pro-
portional to the mission duration, so the estimate obtained
from Figure 6-11 should be multiplied by 341/330. 1In this case,
this factor is nearly unity and may be ignored. The shielding
weight is also proportional to the film speed and is assumed

to be inversely proportional to the planet's distance from the
Sun, The figure assumes an AEI of 1.6 and a heliocentric dis-
tance of 1.52 AU, When, for example, S0-130 film with an AEIL
of 20 is used on a 120 day mission to Mercury at 0.39 AU, the
shielding weight obtained from Figure 6-~11 should be multiplied
by (20 x 120 x 1.52 x 1.52)/(1.6 x 330 x 0.39 x 0.39). The
additional weight, volume, and power requirement estimates
appropriate when a ZBem lens is added to the system presume
that a radar altimeter is required to properly control the lens
focal length. 1If oversize optical systems are employed, addi-
tional weight is required. For example, if a 20 cm diameter
lens is employed with a 70 mm camera system, an additional
weight of 0.037 (20)% or 15 pounds is involved.

Step 16: The minimum size of a 70 mm camera system is 8 x 7
x 10 inches, Since the focal length is about 1.3 inches, and
assuming a minimum of seven feet of film, the camera system
length must be increased by about 3.7 inches and the depth
increased by about 2.6 inches. The camera system size is then
about 12 x 7 x 13 inches,.

Step 17: The camera system volume is obtained from the linear
dimensions as about 1100 cubic inches, or about 0.63 cubic feet.

Step 18: The system average power requirement is 36 watts for
a 70 mm camera without IMC.

Step 19: For an image ground size of 2300 km, and a forward
overlap of 20 percent, the cycle time is about 750 seconds.
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Step 20: Assuming six bits per resolution element, the data
acquisition rate is 6.9 x 107 bits/sec. If a forward overlap

of 60 percent is used, as would be appropriate for obtaining
stereo coverage in the direction of flight (Jorward stereo), the
cycle time would decrease to 375 sec, and hence the data rate

6 bits/sec. It may also be noted that
if the excess resolution capability of S0-243 70 mm f£ilm were
used solely to improve the ground resolution, the image ground
size would be 600 km, the cycle time 196 sec, and the data rate
2.6 x 10° bits/sec rather than 6.9 x 10°
the ground resolution would be about 75 meters.,

would increase to 1.4 x 10

bits/sec. Of course,

Step 21: The platform stability requirements are estimated in
the same manner as for television systems. In this case, the
allowable yaw rate is about 0,77 degrees/sec, while the allow-
able pitch or roll rate is about 0,89 degrees/sec.

Table 6-8 summarizes the support requirements for
the design example,

6.4 Infrared Scanning Systems

Figure 6-12 is a logic diagram for designing infrared
scanning systems in sufficient detail that the experiment support
requirements may be estimated. Figure 6-13 summarizes the
scaling laws which are used in the design procedure and support
requirement estimation. These scaling laws have been based on
an analysis of currently available equipment, or which could be
available as the result of a short development program. A com-
plete derivation and discussion is given in Volume IV. The
procedure is illustrated here by a sample design aimed at
imagery of Mars surface thermal anomalies on a local scale, The
image specifications and orbital parameters are given in Table
6~9. The image specifications have been obtained from Table 4-1
and the appropriate worth curves, That is, the image specifica-
tions represent the minimum quality imagery which will satisfy
the scientific objectives. The selected orbit is described by
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Table 6-8

Sample Experiment Support Requirements
for a Photographic Film System

PLANET: Mars

OBSERVABLE; Surface Topography (regional)
Family No. 3a

CAMERA: 70mm with S0-243 film (side stereo)

-ORBIT: Data Sheet Number...... tecesanna cesss 5
Periapse/Apoapse Alt. (km)........... 994/994
Inclination (deg)...ovvevrvnveeecanes 95
Imaging Altitude Range (km).......... 994
Imaging On-Time (Min)....veevevevee., 15

IMAGE: Minimum Image Size (km)...... ceceeses 600
Max. Ground Resolution (km).......... 3 (1 vert.)
Positional Accuracy (km)......oeveeee 3

CAMERA: Focal Length (mm)...cecevvnaeeooncess 34
Aperture StOP...eeessessersneaseesass E£/L.8
Exposure Time (Se€C)....eeveneveseeess 0.01
Cycle Time (Se€C).ceeiescnorcoensccses 750
Length of Film (ft)........vuovevenns. 7
Shielding Weight (1bs).....vceveuanns 1

SUPPORT REQUIREMENTS: _
Field of View (deg)..evvevececesoases 87 x 87
Pointing Accuracy (deg)...eceveeesss. 0.17
Camera Volume (cu. ft.)eiveeeeoeeeess 0.58
Camera Shape (ft)....eooveevoesasssss 1¥0.6x1
Max. Roll/Yaw Rate (deg/sec)......... 0.89/0.77
Operating Power (Watts)....e..eoeeess 30
Data Rate (bits/sec)...veeevseveeeess 0.9 x 10
Camera Weight (1bS)...evivereeeneeess 24

5

COMMENTS ; |
Image size is 2300 x 2300 km with ground resolution of

0.93 km. Film length based on 36% coverage which is achieved

in 55 days. 418 days are required for 70A;goverage. Forward

stereo would increase data rate to 1.4 x 10 . 268



Table 6-9

Image Specifications and Orbital Parameters for
Infrared Surface Thermal Anomaly Imagery at Mars

Spectral Range 1-200 M
Ground Resolution 0.2 km
Minimum Image Ground Size 100 km
Solar Zenith Angle -
Temperature Resolution 2 deg K
Positional Accuracy 2 km
Maximum Acquisition Time 1 hr

Grey Scale 6 bits
Orbit Periapse Altitude 340 km
Orbit Apoapse Altitude 33,809 km
Orbit Inclination 90 deg
Mission Duration 400 days
Imaging Altitude 340-370 km
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orbit data sheet #35 in Volume III.

Step 1: The pointing accuracy implied by an allowable 2 km
error on the planetary surface is 5.4 milliradians or 0.31
degrees. '

Step 2: For a ground scan length of 100 km, the scan half-

angle is 8.4 degrees,

Step 3: From Table 6-1, ré/rO is approximately 1.04, hence
the required angular resolution is about 0.52 milliradians or
0.03 degrees.

Step 4: The scanning system field-of-view is 0.03 by 17 degrees,
Step 5: At a wavelength of 50 u, the diffraction limit is

about 12 cm, That is, the optical system must be 12 cm diameter
or larger if the proper ground resolution is to be achieved at

a wavelength of 50 p. This value is only an estimate since the
detector and hence wavelength have not yet been selected,,but it
does indicate that the experiment may be feasible. To avoid
scanning mirrors which are beyond the current state-of-art, the
optical system diameter should be limited to one meter.

Step 6: The orbit semi-major axis is 20,455 km, hence the
apparent speed of the subsatellite point at periapse is 4,16 km/
sec, neglecting planetary rotation. For a polar orbit, the
effect of planetary rotation is to increase the maximum apparent
ground speed to 4.17 km/sec. ’

Step 7: As an initial design selection, one detector and one
face on the scanning mirror may be chosen.

Step 8: For p and m each unity, the minimum rotation rate of
the scanning mirror is 146 radians/sec.

Step 9: The detector response time must be less than abcut
1.8 microseconds.
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Step 10: Table 6-10 presents characteristics of selected in-
frared detectors. An initial detector selection may be made on
the basis of response time and wavelength. For photon detectors,
identified with a P in the table, wavelengths shorter than the
value given in the table can be detected. A thermistor detector
can be used at any wavelength in the infrared, but is limited to
application where the required detector response time is slower
than 500 microseconds. ' The required response time may be in-
creased by increasing the number of detectors or the number of
faces on the scanning mirror. If 50 detectors are used ' (p=50)
and four faces are used on the scanning mirror (m=4), the product
pm is 200 and the response time can be increased a factor of
200. Since it is already known (Step #5) that relatively large
collecting optics is required, the system wéight will increase
rapidly with m larger than 4. If m were 6, then pm would be
300, and the required response time would be about 540 usec.
That is, a linear array of 50 thermistor detectors could be used
in conjunction with a six-sided scanning mirror. An altermative
design approach, and one which would probably result in less
demanding experiment support requirements, is simply to use a
detector with a faster time response.

Some consideration must be given to the detector
operating temperature and cutoff wavelength. Operating tempera-
tures of 295 deg K will require no additional weight for cooling.
Operating temperatures of 195 deg K will require only a small
amount of additonal weight for radiative cooling, while operating
temperatures of 77 or 23 deg K may require a heavy cooling system.
Operating temperatures of 4 deg K are probably unfeasible for
planetary orbital missions. Selection of the operating wavelength
depends upon the type of imagery desired. For detection of
reflected solar energy, wavelengths longer than 2.5u are useless,
For thermal imagery, that is,'detection of thermal energy emitted
by the scene, the selection of wavelength depends upon the scene
temperature. Since the amount of thermal power emitted by a
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surface increases with temperature, a conservative system design
will probably result if the design is based on the minimum scene
temperature expected to be observed. This minimum temperature
varies from planet to planet and also depends upon whether
atmospheric or surface phenomena are to be observed. Estimates
of these temperatures are given in Table 6~11. Thus for observing
surface thermal anomalies at Mars, the minimum scene temperature
expected is about 200 deg K. At this temperature, the peak of
the black body spectral emission curve will occur in the vicinity
of 154, hence a detector which can respond out to 15y should be
selected. Table 6-10 indicates that a heavy cooling system will
probably be required for any detector operating at longer than

5u wavelength. Also all the detectors sensitive to this wave-
length region have sufficiently fast response times (even the
InSb detector could be used with two faces on the scanning

mirror or two detectors). Thus a reasonable detector selection
appears to be that of aluminum - doped silicon operating at

23 deg K.

Table 6-11

Estimates of Planetary Temperatures

Minimum Minimum

Atmospheric Surface Maximum

Temperature Temperature Temperature
Planet (deg K) (deg K) (deg K)
Moon -- 120 400
Mercury - 100 600
Venus 200 550 700
Mars 150 200 300
Jupiter 100 150 200

Step 11: The detector size may be taken as 0.1 mm, the re-
quired signal-to-noise ratio as 3, and the optical system
efficiency as 80 percent. For imagery of reflected sunlight the
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signal-to-noise ratio should be 120 and the optical system
efficiency may be increased to 85 percent, The difference in
signal-to-noise ratio between thermal and sunlight imagery
arises from the definition of signal. For thermal imagery, the
signal is regarded as the difference in apparent brightness
between two adjacent scene resolution elements whose brightness
temperatures differ by AT deg K, where AT is the desired tem-
erature resolution. For imagery of infrared reflectivity, the
signal is regarded as the total amount of energy detected as
being reflected from a scene resolution element. To detect
reflectivity differences of five percentbin a low contrast
scene, a high signal-to-noise ratio is required.

Step 12: The system focal length is easily estimated to be
about 19 cm for a detector size of 0.1 mm and an angular
resolution of 0.52 milliradians.

Step 13: The equation shown in the scaling law chart gives an
estimate of the minimum collector aperture diameter which will
focus enough energy upon the detector to satisfy the signal-to-
nose requirement, Table 6-12 gives a prescription for computing
the quantity B which is needed in computing the collector dia-
meter. Actually, the table gives B squared, and the square root
must be taken before using the diameter formula. For reflected
sunlight imagery, some additional constants given in Table 6-13
are required to compute B. The numerical constants are designed
for MKS units. For this reason, the detect1v1t1es given in
Table 6-10 have been given in unit of meters - sz/watt rather
than the more common centimeters - sz/watt For the design
example, AT ranges from 4x10~ -4 meter-deg K (at 24) to 3.6x10°
meters - deg K (at 18u). Thus the third formula given in

Table 6-12 should be used to compute B2 Since X, is 4 and Xq
is 36, B2 is found to be 0.163 watts/m .- Using a D_* of

4x108 meters - sz/watt the collector diameter is gstimated to
be 10.6 cm. At a wavelength of 18u, the diffraction limit is
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4.2 cm. The collector size can be reduced by decreasing the
scanning mirror rotation rate as permitted by the response time

of the detector. Increasing the number of faces on the scanning
mirror to about three or four does not affect the system power re-
quirement and does mnot greatly increase the weight of the scanning
system. Using a four-sided mirror, the scanner rotation rate

may be reduced to 36.4 radians/sec and the corresponding collector
diameter is 7.5 cm.

Table 6-13

Values of C_ and C
P t

Spectral Photon Thermal
Planet Interval Detectors Detectors 2

(microns) Cp(watts/m) C, (watts/m")
Moon 0.8-2.5 2.22 x 1074 143
Mercury  0.8-2.0 1.26 x 1073 852
Venus 0.8-2.5 6.38 x 1074 525
Mars 0.8-2.5 1.00 x 10°% 77.3
Jupiter  0.8-2.5 3.71 x 107° 3.55

Step 14: The f-number is simply 19em/7.5 cm, or £/2.5. 1If
the f-number comes out less than one, the focal length should
be increased byriﬁcreasing the detector size, or the collector
diameter decreased.

Step 15: For a four-sided scanning mirror, the mirror base
has a diameter of 2.3 times the collector diameter, if the scan
half-angle is 8.4 degrees. Thus, the scanning mirror diameter
is about 17.3 cm. Mirror diameters of more than two meters are
regarded as beyond the state-of-art.
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Step 16: The rotation rate is limited to 193/DS, by optical
distortion. In this case, the limit is about 1100 rad/sec,
while the design rate is 36.4 rad/sec. If the design rate is
not less than 193/D_, the rotation rate must be reduced by
increasing the number of detectors or the number of mirror faces.

Step 17: With a single detector and six binary bits per re-
solution element, the data acquisition rate is 4.1x105 bits/sec.
This estimate does not take into account the duty cyéle of the
scanning mirror, and hence is the maximum data acquisition rate,

Step 18: The system average power requirement is estimated to
be four watts.

Step 19: The maximum allowable pitch, roll, or yaw rate is
estimated as 18.2 radians/sec.. This estimate‘is based on an
allowable image smear of one-half resolution element.

Step 20: Since cooling is required, an estimate must be made
of the dissipated power. It is assumed that 20 milliwatts are
delivered to each detector by conduction, and 500 watts per
square meter of detector area by radiation. The remaining term
accounts for reflected and thermally emitted energy focused on
the detector by the collector. In computing this contribution,
the maximum expected planetary temperature should be used and
is given in Table 6-11, Thus, in this example, 20 milliwatts
are delivered to the detector by conduction, 5 microwatts by
radiation, and about 0.2 microwatts by the optical system. 1In
most cases, the conductive term will completely dominate the
power which must be dissipated, and hence the dissipated power
is 0.02 watts.,

Step 21: The cooling system weight and volume estimates for
detector temperatures less than 195 deg K are based on the use
of solid gas cryogenic systems. Thus for a detector temperature
of 23 deg K, 0.02 watts of dissipated power, and an operating
time of 400 days, the cooling system has a mass of 16 kilograms
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and a volume of 0.012 cubic meters. The 400 day operating time
is based on an interplanetary flight time of nearly 300 days and
an orbit operating time a little more than 100 days. The numeri-
cal scaling coefficients given in the scaling law chart presumes
that the operating time is expressed in days. That is, for a

23 deg K system, 2 kilograms of cooling per watt-day are required.
Note that a 13 deg K system is lighter but much bulkier. Had
radiative cooling been possible for this experiment, the cooling
system mass and radiating area would have been estimated as 0.2
kilograms and 0.1 square meters, respectively.

Step 22: For the design example, approximately one kilogram
is required for the detector and the associated electronics. The
mass of the optical system is about 9.4 kilograms, for a 7.5
cm diameter collector. For a four-faced mirror of 17.3 cm base
diameter, the scanning system has a mass of about 0.6 kilograms.
Thus, the imaging system total mass is about 27 kilograms, or
60 pounds. |
Step 23: The volume of the optical, scanhing, and deteéting
systems is roughly 0.004 cubic meters, hence the total volume
(including the cooling system) is estimated to be 0.016 cubic
meters, or nearly 0.6 cubic feet.

Table 6-14, which is taken from Volume V, summarizes
the experiment support requirements for this illustrative design
example.
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PLANET :
OBSERVABLE:

Table 6-14

Sample Experiment Support Requirements
for an Infrared Scanning System

Mars

Surface Thermal Anomalies (local)

Family No. 23

DETECTOR:

IMAGE:

SCANNER:

Si: Al at 23 deg K (2-18y)
ORBIT:

Data Sheet Number.,...eee0eeesescaven
Periapse/Apoapse Alt., (Km)...coceeuss
Inclination (deg)..ccevevenconnenanss
Imaging Altitude Range (KM)eeeyerooees
Imaging On-Time (min)....vicenvevncves

Minimum Image Width (kMm)...vesvevoeen
Max. Ground Resolution (km).....oe00ss
Positional Accuracy (Km).eeveeacooses

Collector Diameter (CM)iseessesscosss
Aperture StOPiseevssssssecrssesanrss
No. of DetectorB.cicersssesessossonns
No. of Scanner FaceB8...seevsesstss0ss
Scanner Rotation Rate (rpm).eceesioses

35
340/33,809
90

340-370

10

100
0.2
2

7.5
£/2.5
1

4
350

SUPPORT REQUIREMENTS:

Fleld of View (deg8):vveesvrenscasnsns
Pointing Accuracy (deg)essesvssssssns
System Volume (cu. £t.)iivesvenssnnss
Max. Roll/Yaw Rate (deg/sec).eicevcs.
Operating Power (Watts8)...sosssevoosss
Data Rate (bits/sec)...ceeevvcosccons
System Weight (1b8)..seeesevvcessanes

0.03 x 17
0.31

0.6

1000

4
410,000
60

COMMENTS:

Solid neon cooling system weighs

0.02 watts dissipated for 400 days.

281
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6.5 Passive Microwave Systems

Figure 6-14 and 6-15 present a suggested design pro-
cedure and associated scaling laws for passive microwave imaging
systems. The scaling laws are similar to hose for ultraviolet
and infrared scamning systems, since the imagery is obtained by
scanning across the planetary surface normal to the direction
of flight. Rather than a scanning mirror, a scanning.antenna is
used. Mechanically-scanned antennas may be employed if relatively
long scan times are permitted, otherwise electrically-scanmed
antennas should be used. Selection of an operating frequency
may be made on the basis of the available integration time per
resolution element. A complete discussion of the design pro-
cedure, and derivation of the scaling laws, is presented in
Volume IV. Only a design example is given here,

To illustrate the design procedure, consider the
image specifications for imagery of atmospheric thermal anomalies
at Venus on a regional scale. The specifications, as derived
from Table 4-1 and the appropriate worth curves, are shown in
Table 6-15, along with selected orbit parameters. As with the
other design examples, the worth curves have been used to select
values for the image specifications which would appear to result
in the least demanding support requirements without significantly
degrading the scientific value of the imagery. The orbit selected
is more fully described by orbit data sheet #85 in Volume III.
From this orbit, total coverage of Venus can be achieved in
122 days,

Step 1: The required sensor system pointing accuracy is 50/454
radians, or 6.3 degrees.

Step 2: Since the angle subtended at the planet center by
one-half the scan length is 0.123 radians, computation of the
scan half-angle should include the effects of plamet curvature.
The scan half-angle is then 56 degrees.
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Table 6-15

Image Specifications and Orbital Parameters
for Regional Atmospheric Thermal Anomalies (Venus)

Ground Resolution
Minimum Image Ground Size
Temperature Resolution
Positional Accuracy
Maximum Acquisition Time
Grey Scale

Orbit Periapse Altitude
Orbit Apoapse Altitude
Orbit Inclination

1T RESEARCH INSTITUTE
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20 km
1500 km
5 deg K
50 km

1 hr

6 bits

454 km
454 km
90 deg
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Step 3: Since ré/rO changes rapidly with 4 in the vicinity

of 60 degrees, ré/rO should be computed using the formula given
in the scaling law chart rather than obtained by interpolation
from Table 6-1. The formula yields a value of 4.41, hence the
required angular resolution, or scanning beam size, is 10 milli-
radians, or 0.57 degrees. It should be noted that, contrary

to the situation in the case of a flat planet, if the sensor
system were operated at a higher altitude, the required angular
resolution would actually be less demanding siﬁce a more vertical
view angle could be used dat the edge of the field-of-view.

Step 4: The sensor system field-of-view is then 0.57 by
112 degrees.

Step 5: The ground speed of the subsatellite point is about
6.55 km/sec. Therefore, data from a 1500 km length along the
subsatellite track will be acquired in about 230 seconds, which
is considerably less than the desired maximum of one hour.

Step 6: The cycle time is 0.69 seconds. That is, in order
to prevent gaps between adjacent scan lines, each scan line
must be swept out and the antenna in position to start the next
scan within 0.69 seconds.

Step 7: The maximum integration time per resolution

element permitted by a mechanically-scanned antenna

has been estimated by assuming that the data integration time
can only be one-half or less of the antenna dwell time per
resolution element, and the antenna fly-back time has been
neglected. Thus the integration time estimate is an upper
limit; in practice something like one-half the estimated time
is available when one allows for a reasonable antenna fly-back
time, Very short fly-back times increase rapidly the power
requirement for a mechanically-scanned antenna (Step #14). The
integration time estimate for an electrically-scanned antenna
is based on a beam-switching time of 0.1 milliseconds and a
fly-back or calibration time of 0.2 milliseconds.
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Step 8: Figure 6-16 shows the integration time per resolution
element required to achieve a temperature resolution of one deg
K at the Moon, two deg K at Mars or Jupiter, and five deg K at
Venus or Mercury as a function of the system operating frequency.
The data given in the figure are based on a number of assumptions
regarding the receiver bandwidth, radiometer constant, signal-
to-noise ratio, background temperature, and amplifier noise
temperature which are discussed in Volume IV, The figure shows
that 5 milliseconds integration time is required to achieve a

5 deg K temperature resolution at Venus if the operating fre-
quency is 30 GHz. Also, if any other frequency is used, the
integration time must be longer. Even if an electrically-
scanned antenna is used, The available integration time is only
3.4 milliseconds. In other words, the desired temperature re-
solution cannot be achieved. The discussion in Volume IV shows
that the minimum integration time plotted in the figure is in-
versely proportional to the square of the temperature resolution.
~Thus the temperature resolution afforded by a 3.4 millisecond
integration time is (5 m sec/3.4 m sec)l/2 x (5 deg K) or about

6 deg K.

Step 9: Since figure 6-16 shows that for atmospheric thermal
emission at Venus, the minimum integration time occurs at 30
GHz, this implies that if the integration time is fixed, the
best temperature resolution is achieved at 30 GHz. Thus the
operating frequency should be about 30 GHz, the integration
time 3.4 milliseconds, and the fly-back or calibration time

0.2 milliseconds. In situations where the available integration
‘time from Step 7 exceeds the minimum integration time shown in
the figure, some flexibility is available in the selection of
operating frequency. For example, if the required ground re-
solution were only 40 km, instead of 20 km, the angular re-
solution would be 20 milliradians. The maximum integration
times would then be 6.8 milliseconds for a mechanically-scanned
antenna and about 14 milliseconds for an electrically-scanned
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antenna. Then, for an electrically-scanned antenna, the operat-
ing frequency should lie in the range 15-66 GHz. Selection of
a low operating frequency will tend to decrease the receiver
support requirements, while selection of a high operating fre-
quency will tend to decrease the antenna support requirements.

Step 10: For an operating frequency of 30 GHz, the correspond-
ing operating wavelength is 0.0l meters, or one centimeter.

Step 11: For an electrically-scanned antenna, the active length

L is about 2 meters., Figure 6-17 shows that at 30 GHz, the current
state-of-art limits the antenna size to about 5.5 meters, hence

a 2 meter antenna is well within the current state-of-art. If

the required antenna size exceeds the state-of-art capability,

the operating frequency shduld be increased, if possible. This
iterative loop is indicated by the dashed line in the logic
diagram. o

Step 12: Figure 6-18 indicates that a 30 GHz receiver weighs
about 15 pounds. For an electrically-scanned antenna, the ele-
ments should be spaced at intervals of about 0.55 cm, and hence
there should be about 370 elements. The antenna mass is then
about 40 Rg, or 87 pounds. The total imaging system weight is
then about 100 pounds. '

Step 13: The total antenna area is about 4.8 square meters,
while the receiver volume is ‘about 250 cubic inches.

Step 14: Figure 6-19 shows that a 30 GHz receiver has an
average power requirement of about ten watts., Since there are
370 elements, the antenna power requirement is about 70 watts.
The system average power requirement is then about 80 watts.

Step 15: For six binary bits per resolution element, the data
acquisition rate is about 1700 bits/sec.

Step 16: The allowable pitch, roll, or yaw rate is estimated
as 1.4 radians/sec, or 80 deg/sec. This will result in an
image smear of one-half a resolution element.
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Table 6-16 summarizes the experiment support require-
ments for this illustrative design example,

6.6 Noncoherent Radar Systems
Figure 6-20 presents a logic diagram for the design

of a noncoherent radar imaging system, while Figure 6-21 sum-
marizes the associated scaling laws. The design procedure and
scaling laws are described in detail in Volume IV. To illus-
trate the estimation of experiment support requirements, consider
a radar experiment for the study of structure of features on a
regional scale at Venus. Table 6-16 summarizes the image
specifications obtained from Table 4-1 and the appropriate worth
curves. The selected orbit is more fully described by orbit
data sheet #95 in Volume III. For a side-looking radar system,
the minimum image ground size is interpreted as the minimum
ground swath width,

Step 1: It is recommended that an operating wavelength of ten
centimeters be initially selected for imaging experiments at
Venus. At this wavelength, the atmospheric attenuation is a
minor effect, while at longer wavelengths the antenna length
becomes unwieldy. Similar comments apply to Jupiter and a 30
cm wavelength, however the estimates of atmospheric absorption
at Jupiter are unreliable. 1In general, there is a tradeoff
between system power requirement and antenna size which is
sensitive to the operating wavelength. Short wavelengths tend
to minimize the antenna size at the expense of the system
average power requirement, while long wavelengths decrease the
atmospheric absorption and power requirement but may require
large antennas,

Step 2: Because the feasibility of a noncoherent radar

system in a given situation is largely controlled by the antenna
length, it is useful to obtain an early estimate of the length.
In particular, a lower limit on the antenna azimuth aperture,
which is approximately equal to the antenna length, is easily

1IT RESEARCH INSTITUTE
293



Table 6-16

Sample Experiment Support Requirements for

PLANET:
OBSERVABLE:
Family No.

ANTENNA TYPE:
ORBIT:

IMAGE:

SENSOR:

A Passive Microwave Imaging System.
Venus

Atmospheric Thermal Anomalies (regional)
la

Electrical scan
Data Sheet Number.....ceocsevosc000s 85

Periapse/Apoapse Alt. (Km)......... 454/454

Inclination (deg)..coceecscscescecss 90
Imaging Altitude Range (km)........ 454
Imaging On"Time (min)aooooaaoc'a-u. 96

Minimum Scan Length (km)...........1500
Max. Ground Resolution (km)........ 20
Temperature Resolution (deg K)..... 5
Positional Accuracy (Km)....eeoeee0. 50

Operating Frequency (GHz)..ccoeeees 30

Integration Time (S€C)..esocsscascsd0.0034

FlY"‘Back Time (SeC) © 0900000000690 080 90.0002

SUPPORT REQUI

REMENTS:

Field of View (deg).eeeeeseeeessss0.57 x 112

Pointing Accuracy (deg)...cessssesadh,3
Max. Rotation Rate (deg/sec).cece...81
Antenna Size (ft)...ceevossssssscsdh,?
Receiver Volume (cu in).....ce0e..4250
Operating Power (WattS).ceeooesseos 82
Data Rate (bits/sec)..cesoscesscsssl700
Antenna Weight (1bS).csessosooocosd87
Receiver Weight (1bS).....eeveess..dB

COMMENTS:

The minimum integration time required to achieve a
Therefore,

temperature resolution of 5 deg K is 5.2 m sec.

only a 6.2 deg K resolution is achieved.
may be mapped twice a year as desired.
data sheet #86 affords only one coverage per year at poorer

temperature resolution.

294
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Table 6-17/

Image Specifications and Orbit Parameters for
Structure of Features (Regional) at Venus

Wavelength Range 1-100 cm
Ground Horizontal Resolution 3 km
Ground Vertical Resolution 3 km
Minimum Image Ground Size 1000 km
Grey Scale 6 bits
Positional Accuracy 10 km
Maximum Acquisition Time —_—
Orbit Periapse Altitude 454 km
Orbit Apoapse Altitude 454 km
Orbit Inclination 90 deg
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calculated as shown. For the design example, the estimate
yields a lower limit of about 22 meters for the antenna length,
Current state-of-art limitations on the fabrication and align-
ment of long antennas permit antennas which are approximately
one thousand times as long as the wavelength, in this case 100
meters for a 10 cm operating wavelength. However, an upper
limit of 500 feet, or 160 meters, has rather arbitrarily been
applied. 1If antennas in excess of either 1000 times the wave-
length or 160 meters are required for a noncoherent system, the
design should probably be abandoned and consideration given to
a synthetic aperture radar system (see following section for
design procedure and scaling laws).

Step 3: A lower limit on the antenna depression angle is
given by the depression angle to the apparent planetary horizon.
The geometry is shown in Figure 6-22. That is, the radar beam
should be directed towards the planetary surface rather than
above the horizon. For the example problem, the depression
angle to the horizon is about 21.5 degrees, hence the antenna
should be depressed more than 21.5 degrees. For a given beam
size, the azimuth resolution (the resolution parallel to the
subsdtellite track) is enhanced by large depression angles,
while the range resolution (perpendicular to the subsatellite
track) is enhanced by small depression angles. Thus a de-
pression angle of about 45 degrees is often a suitable compromize.

Step 4: To obtain a swath width of 1000 km, as measured along
a great-circle arc, the half-angle 6 subtended by the swath
width at the center of Venus is 0.082 radians. The planetary
chord length W' corresponding to a great-circle arc-length of
1000 km is then very nearly 1000 km. For most applications,

the distinction between chord length and arc length may be
ignored (if the swath width is less than ten percent of the
planet diameter). Assuming a depression angle of 45 degrees,
the grazing angle Yz at the far edge of the swath width is

1T RESEARCH INSTITUTE
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PLANET
SURFACE

FIGURE 6-22. SIDE-LOOKING RADAR GEOMETRY
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about 40.6 degrees or 0.708 radians. The slant range R, from
the antenna to the far edge of the swath width is 670 km.
Finally, the antenna range beamwidth required to intercept a
great-circle arc-length of 1000 km at an antenna depression
angle of 45 degrees is 92.8 degrees. Since the minimum azimuth
beamwidth 5% is not less than (90-0) degrees, the swath width
includes the subsatellite track. In such a situation, the
ground range resolution approaches infinity in the vicinity of
the subsatellite track. Thus the swath width must be moved off
the subsatellite track by reducing the antenna depression angle.
By reducing the depression angle to 25 degrees, the grazing
angle at the far edge of the swath width becomes 13.2 degrees,
the slant range to the far edge of the swath width 1380 km, and
the minimum range beamwidth 35.4 degrees or 0.618 radians. The
near edge of the swath is then about 30 degrees off the sub-
satellite track.

Step 5: For a ground horizontal resolution of 3 km at a
slant range of 1380 km, the required antenna azimuth beamwidth
is about 1,89 milliradians.

Step 6: The antenna range aperture corresponding to a range
beamwidth of 0.618 radians is 0.20 meters, while the antenna
azimuth aperture corresponding to an azimuth beamwidth of 1.89
milliradians is 66 meters (for a ten centimeter wavelength).
That is, the antenna is about 0.20 meters wide and 66 meters
long. The antenna length estimate used in Step 2 is based on
a slant range equal to the orbit altitude, and is thus a
lower limit to the antenna length. In cases, such as the design
example, when the slant range is considerably longer than the
orbit altitude, the estimate given by Step 2 will be poor. Since,
in the design example, the actual slant range is nearly three
times the altitude, the actual antenna length required is three
times the earlier estimate.

For very small swath widths, very wide antennas are
required. However, by imaging larger areas of ground than
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demanded by the scientific requirements, the antenna range
beamwidth may be increased, and hence the antenna width

(and weight) decreased. Of course, if the beam size is in-
creased, the transmitted power, and hence the system average
power requirement, must also be increased. A similiar tradeoff
is possible with the antenna length. By increasing the antenna
length, the transmitted power is focused on a small ground area,
thus decreasing the power requirement and improving the system
resolution. For imaging ground areas in excess of on the order
of one hundred kilometers, the system support requirements are
usually minimized by using an antenna width corresponding to

the minimum acceptable swath width and an antenna length cor-
responding to that determined by the required ground resolution.

Step 7: If it is decided that the antenna width should be
decreased or the antenna length should be increased, the beam
size should be adjusted accordingly. 1In any event, the azimuth
beamwidth should satisfy the inequality shown on the scaling
law chart if the radar return from the vicinity of the sub-
satellite point is not to interfere with the return from the
swath width.

Step 8: The sensor system field-of-view is simply described
by the antenna beamwidth. That is, in the design example, the
field-of-view is 1.89 milliradians by 0.618 radianms.

Step 9: The antenna area is approximately the azimuth aper-
ture times the range aperture, while the weight estimate is
based on one pound per square foot of antenna area. To continue
with the example, the antenna area is about 13 square meters
with a mass of 65 kilograms.

Step 10: The slant range to the near edge of the swath width
is about 530 km. If the location of the image is to be known
within an accuracy of 10 km, the implied antenna pointing
accuracy is about ten milliradians.
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Step 11: The required range resolution depends upon whether
or not vertical height information is desired. 1If not, the
range resolution may be taken as equal to the desired ground
resolution. Vertical height differences can be deduced from
measurements of shadow lengths or stereo parallax in radar
imagery, just as with imagery obtained in the visible region of
the spectrum. For shadowing, the grazing angle of the radar
beam is analogous to the solar elevation angle. For stereo
coverage, the stereo parallax may be obtained by keeping the
antenna depression angle fixed and overlapping swath widths by
proper selection of the orbit to provide sixty percent overlap
from one swath width to the next, or by imaging essentially the
same swath width on the ground from one side and then the other.
These two modes, one-sided and two-sided, are illustrated in
Figure 6-23. The two-sided mode requires a careful adjustment
of antenna pointing with ground coverage and clearly involves

a more complicated command and control sequence than the one-
sided mode., This added complexity is not fully reflected in
the support requirements estimated here. The orbit selected
for the design example is based on sixty percent overlap from
one 1000 km strip to the next,.hence the range resolution
should be computed using the one-sided stereo formula shown.
That is, for detection of vertical height differences of 3 km,
the range resolution should be 2.64 km. If a similar orbit
were to be used to obtain two-sided stereo coverage or heights
by radar shadowing, the required range resolutions would be
5.37 and 1.88 km, respectively. The range resolution should be
equal to, or less than, the desired ground horizontal resolution,
hence the range resolution provided for in the two-aided stereo
mode should be 3 km.

Step 12: To achieve the desired range resolution throughout
the swath width and to avoid excessive frequency shifts in the
pulse return due to planet rotation, the compressed pulse length
must be equal to, or less than, both upper limits shown on the

11T RESEARCH INSTITUTE
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(A) ONE-SIDED STEREO COVERAGE

{B) TWO-SIDED STEREO COVERAGE

FIGURE 6-23. RADAR STEREQC MODES
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scaling law chart. Similarly, the current state-of-art limits
the compressed pulse length to values equal to, or larger than,
both lower limits. Thus in the design example, the compressed
pulse length must lie between about three nanoseconds and 9.4
microseconds., The support requirements are usually least
stringent if the compressed pulse length is selected to be as
large as consistent with the upper limits shown. 1In other words,
the design compressed pulse length should be 9.4 microseconds.

Step 13: The uncompressed, or transmitted, pulse length can

be as large as 200 times the compressed pulse length. To put

it the more logical way, the current state-of-art in pulse pro-
cessing technology permits compression ratios of 200. That is,
by pulse compression techniques, the range resolution obtained
from the processed data is equivalent to a pulse length a factor
of 200 shorter than the pulse length actually transmitted.
Because the resolution depends directly upon the compressed
length, it is convenient to determine the compressed length be-
fore determining the transmitted length. Since the peak trans-
mitted power required to achieve a specific signal-to-noise
ratio is inversely proportional to the pulse length, it is
usually good practice to use as long a pulse length as possible.
However, in some cases, a more desirable mode of pulse timing
(Step 17) can be attained if the pulse length is decreased. 1In
the illustrative example, the compression ratio may be taken

as 200, and hence the transmitted pulse length is about 1.9
milliseconds.

Step 14: The orbit semi-major axis is 6554 km. For Venus,
the effects of planet rotation are negligible, and hence the

radar system apparent ground speed is 6.55 km/sec. As with any
scanning system, the amount of time required to observe an area

W by W km, is simply the amount of time required for the sub-
satellite point to travel W km. In this case, the data from

a 1000 x 1000 km area is collected in about 150 seconds. This
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time should be less than any maximum image acquisition time

given in the image specifications.

Step 15: If the antenna is considered fixed, and the observed
scene is regarded as moving, the time required for a point target
to move through the radar beam is the pbservation or travel

time t, Since this time increases with slant range, the ob-
servation time is computed for the slant range to the near edge
of the swath. 1In order for all targets to be observed, at

least one pulse must be transmitted in each time interval equal
to the travel time. Of course, more pulses may be transmitted,
if desired. For the design example, the travel time is about
0.15 seconds.

Step 16: The number of pulses transmitted during the travel
time, or the number of hits per target, may be selected by the
system designer, The peak transmitted power decreases as the
square root of the number of pulses m, and hence to keep the

peak power within feasible limits it may be necessary to increase
m. However, the average transmitted power increases with the
square root of m, hence m should be kept at a minimum to decrease
the system average power requirement, Thus, unless high peak
powers are anticipated, m should be chosen initially as one,

The value of m is assumed not to influence the data acquisition
rate, since the data is integrated over the observation time.

Step 17: The pulse repetition frequency must provide for m
pulses in the time t,s hence a lower limit on the pulse rate is
simply m/to. Thus for the example design with m equal one, the
pulse repetition frequency is l/tO or 6.6 pulses per second,
Pulse rates on the order of 105 per second are attainable with
current transmitter technology. However, the pulse rate is

also limited by timing constraints connected with pulse return
ambiguity and interference between the transmitted and received
pulse. The scaling law chart gives a prescription for estimating
the maximum pulse rate. The details of the various pulse timing
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modes are discussed in Volume IV. For the example design,

R, - Ry is about 850 km while H-cT is negative so that R, - R
is not less than H-ct. Also 20 c¢7 is about 11,000 km so that
Ry - R1 is not greater than 20 ct. Therefore the parameter Q

1

is equal to R, (1380 km),‘and hence the maximum pulse repetition
rate is about 90 pulses per second. That is, the design pulse
repetition frequency must lie between 6.6 and 90 pulses per
second. There is not much point in pulsing faster than necessary,
or transmitting more pulses than are received and recorded.

Thus, since m is one, p is chosen as 6,6 per second. If it is
desired to increase m, it should be noted that m can be no
greater than pt,. Since p is limited to 90 per second; m can

be no greater than about 13. This provides a limit to how much
the peak transmitted power can be reduced by increasing m.

Step 18: The maximum permissible antenna roll and yaw rates

are estimated by assuming that antemna rotation be limited to
less than one beamwidth during the time required to transmit

and receive m pulses. If m is one and the parameter Q in

Step 17 has been set equal to Ry, the computation is simplified
by noting theallowable rotation rate is simply the maximum pulse
repetition frequency from Step 17 times the appropriate beam-
width. Since this is the case in the design examplé, the allowable
roll rate is 90 per second times 0.618 radians or about 56
radians per second (3200 degrees per second), while the allowable
yaw rate is 90 per second times 1.89 milliradians or about 0,17
radians per second (9.7 degrees per second).

Step 19: The data acquisition rate represents the amount of
data collected during the travel time t,. For the design
example, the data rate is 2.1 x 104 bits per second.

Step 20: It is suggested that the radar system be designed
for a signal-to-noise ratio of ten, a target backscatter co-
efficient of 0.0005, and an input noise temperature equivalent
to black body thermal emission from a planetary surface at the

temperatures given in the scaling law chart.
IIT RESEARCH INSTITUTE
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Step 21: For the design example, the system noise figure is
about 20. It is essential that in the formula shown, the wave-
length be expressed in meters. A noise figure of 20 corresponds
to about 13 dB. This includes about 7 dB loss in the receiver
and about 6 dB loss from system degradation, transmission line
losses, etc., The receiver loss is assumed to vary with operating
frequency, while the other losses are independent of frequency,
the result being the formula shown. Thus from the standpoint

of noise, long wavelength systems are more efficient than short
wavelength systems. For ten centimeter wavelength at Venus, with
Wz equal to 13.2 degrees, the atmospheric attenuation factor is
1.33., That is, there is a 33 percent signal loss due to atmos-
pheric absorption, hence the transmitted power must be increased
by a factor of 1.33 over the power required if there were mno
atmosphere. Again it is essential that the wavelength be ex-
pressed in meters in the formula given. There is no significant
atmospheric or ionospheric absorption at the Moon, Mercury, and
Mars.

Step 22: The peak power in the transmitted radar pulse is
estimated using the rather messy expression in the scaling law
chart. The numerical coefficient of 10'30 has units of (seconds)z/
(meter-deg K), hence to avoid errors in computation, lengths

should be expressed in meters (both the range and the wavelength).
For the design example, the power in each transmitted pulse is
about four kilowatts. This is well below the capability of
transmitter technology, since current technology is on the verge

of 40 megawatts at ten centimeter wavelength. 1If the design
transmitted power exceeds the state-of-art limit, the number of
hits per traget can be increased as pointed out earlier. This
will, however, also increase the system average power require-

ment,

Step 23: The radar mass (excluding the antenna) is estimated
to be about 47 kilograms, or 100 pounds, hence the total system
weight (including the antenna) is about 240 pounds.
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Step 24:  An estimate of the radar system volume (excluding
the antenna) is based on a packing density of 16 pounds per
cubic foot. 1In this case, the radar volume is a little more
than six cubic feet.

Step 25: The average transmitted power is quickly estimated
from the power in each pulse, since there are m pulses of length
T during the time t,- For the design example, the average
transmitted power is 49 watts.

Step 26: The system average power requirement is based on a
transmitter power conversion effeciency of 33 percent and a
receiver requirement of 100 watts. Thus the input power is
estimated to be about 250 watts.

Table 6-18, taken directly from Volume V, summarizes
the experiment support requirement for the illustrative design

example.

- 6.7 SYNTHETIC APERTURE RADAR SYSTEMS
Figure 6-24 is a logic diagram which presents a

suggested procedure for the design of synthetic aperture side-
looking radar systems, Figure 6-25 is a scaling law chart,
designed for use with the logic diagram, which summarizes the
design equations for synthetic aperture systems and the scaling
laws for estimation of experiment support requirements., The
synthetic aperture technique involves transmitting a number of
pulses and processing the pulse return data in such a manner
that the data appears to represent a single pulse return from

a long antenna. That is, if m pulses are transmitted and pro-
cessed, and the antenna moves the distance d between pulse
transmissions, the data can be processed to appear as if a non-
coherent radar antenna of length md had been used. Thus, in
many respects, the scaling laws for a synthetic aperture system
are similar to those for a noncoherent system except that m is
a design variable associated with the azimuth resolution rather
than the antenna length.
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Table 6-18

Sample Experiment Support Requirements for .
Noncoherent Radar Imaging Systems

PLANET: Venus

OBSERVABLE: Structure of Features (fegional)
Family No. 6a

RADAR TYPE: Noncoherent (one-sided stereo)

ORBIT: Data Sheet Number...... -
Periapse/Apoapse Alt, (Rm)........... 454/454
Inclination (deg).....cvvvevvenenenss 90
Imaging Altitude Range (km)......e... 454
Imaging On-Time (min).......cveeeeee. 97

IMAGE: Minimum Swath Width (km)....e.0eeee.. 1000
Max. Ground Resolution (km).......... 3 (2.6 range)
Positional Accuracy (Kim)....eeeveeees 10

RADAR: Operating Wavelength (ecm)..... Ceeaaen 10
Depression Angle (deg)...veeveeeresae 25
Compressed Pulse Width (usec).eeve... 9.4
Pulse Repetition Freq. (/sec)........ 6.6
No. of Integrated Pulses....... R |
Beamwidth Travel Time (sec)..ceveeeoss 0.15

SUPPORT REQUIREMENTS:
Field of View (deg)eeeeveneenseeaasss 0.12/35
Antenna Shape (ft)...¢.evvveveeeeses.. 220/0.66
Pointing Accuracy (deg).....c.ovveves.. 0.50
Max, Roll/Yaw Rate (deg/sec)......... 3200/110
Operating Power (watts)....... vesesss 250
Data Rate (bits/sec).v.veeeeeeneans .. 21,000
Radar Volume (cu. ft.)..veeveon. R
Antenna Weight (1bs)..... Ceereeaeases 140
Radar Weight (1lbs)..... Ceiieeieaas ... 100
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To illustrate the design procedure, consider the
image specifications and orbital parameters shown in Table 6-18,
These values are appropriate for imagery of structure of features
on a local scale at Venus, and have been obtained by using
Table 4-1 and the appropriate worth curves. The experiment is
similar to that used in the preceeding section, except that
local scale rather than regional scale imagery is desired. 1In
particular, the minimum image size is 100 km, rather than 1000
km, and the resolution required, both horizontal and vertical,
is 0.2 km, rather than 3 km. The selected orbit is more fully
described by orbit data sheet #113 in Volume III, and is iden-
tical to the orbit selection for regional scale structure of

features imagery.

Step 1: As with the previous example, an operating wavelength
of ten cm is selected. The tradeoff between power requirement
and antenna weight is somewhat different than for noncoherent
systems. For synthetic aperture systems, the power requirement
decreases with the cube of the wavelength while the antenna
weight usually increases proportional to the wavelength. 1In

the case of noncoherent systems, the power requirement was less
sensitive, and the antenna weight more sensitive, to the wave-
length,

Step 2: The antenna depression angle to the horizon is about
21.5 degrees, hence the depression angle selected should be
greater then 21.5 degrees. A depression angle of 45 degrees may
be tentatively selected.

Step 3: The half-angle & subtended at the center of Venus by
a 100 km swath width is 8.2 milliradians, and hence the chord
length W' is essentially 100 km. The grazing angle ¥, at the
far edge of the swath width is about 40.6 degrees, or 0,708
radians, while the range R, to the far edge of the swath width
is 670 km. The antenna range beamwidth required to illuminate
a 100 km swath width is then about 0.11 radians, or 6.3 degrees.,

This value is clearly less than ninety degrees minus the de-~
1IT RESEARCH INSTITUTE
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Table 6-19

Image Specifications and Orbital Parameters
for Local Scale Structure of Features Imagery
(Venus)

Wavelength Range 1-100 cm
Ground Horizontal Resolution 0.2 km
Ground Vertical Resolution 0.2 km
Minimum Image Ground Size 100 km
Grey Scale 6 bits
Positional Accuracy 2 km

Maximum Acquisition Time -

Orbit Periapse Altitude 454 km
Orbit Apoapse Altitude 454 km
Orbit Inclination 90 deg
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pression angle, hence no iteration is required to ensure that
the swath width fits between the subsatellite point and the
apparent horizon.

Step 4: The slant range to the near edge of the swath width
is 596 km., Thus the antenna pointing accuracy corresponding to
2 km on the ground is about 3.2 milliradians, or 0.2 degrees.

Step 5: The order of steps in the design procedure now departs
radically from that appropriate to noncoherent systems. For
synthetic aperture systems, the minimum antenna length is usually
controlled by the pulse repetition frequency. Since the maximum
pulse repetition frequency depends upon the transmitted pulse
length, the pulse length must be determined before the antenna
can be sized. The orbit selected provides sixty percent side
overlap, hence operating in the one-sided stereo mode requires

a ground range resolution of 17.6 meters. To achieve this range
resolution, a compressed pulse length of about 79 nanoseconds

is required., Since this value is larger than 10 A/c, as
required, the system design may proceed using a 79 nanosecond

compressed pulse length.

Step 6: Using a compression ratio of 200, the transmitted
pulse length is about 16 microseconds,

Step 7: Since R, minus Ry (74 km) is less than H minus cT
(449 km), the parameter Q has the value 74 km, and the maximum
permissible pulse repetition frequency is about 1960 pulses per
second. Since both the minimum antenna length and transmitted
power per pulse are inversely proportional to the pulse repeti-
tion frequency, the design pulse rate is usually the maximum,
in this case 1960 per second.

Step 8: As in the previous example, the ground speed of the
antenna is 6,55 km/sec,

Step 9: The number of pulse returns which must be processed
to provide an azimuth resolution of 0.2 km is 50 for a slant
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range of 670 km. At closer ranges in the swath, a lesser number
of pulse returns may be processed. The system need not be a
focused system, that is, phase differences in the pulse returns
need not be accounted for in the processing, since as many as

77 pulse returns per azimuth element can be accurately handled
by an unfocused system, and this value is larger than the 50
pulses required. Thus m may be selected as 50,

Step 10: The antenna azimuth aperture, or length, must lie in
the range 13.4 to 502 meters. However, the same state-of-art
constraints as for noncoherent systems apply here. That is, the
antenna cannot be manufactured and kept in alignment for lengths
larger than the smaller of one thousand times the wavelength or
160 meters., Thus, in this case, the minimum antenna length is
13.4 meters while the maximum length is state-of-art limited to
100 meters. A 13.4 meter antenna may be tentatively selected,

Step 11: The antenna azimuth beamwidth corresponding to an
aperture of 13.4 meters is 9.3 milliradians or about 0.5 degrees,

Step 12: The time required for a point target to travel through
the antenna azimuth beamwidth is about 0.85 seconds for targets
at the near edge of the swath. Since the pulse repetition fre-
quency is 1960 pulses per second, mnearly 1700 pulses can be
transmitted during this time. If resolution requires more than
can be transmitted during the travel time, some adjustment must
be made in the system design parameters. If the necessary ad-
justment canmot be tolerated by the other design constraints,
then no adequate system can be designed. A careful reader will
note that the minimum number of pulses has been fixed by the
azimuth resolution required at the far edge of the swath, while
the travel time has been computed for targets at the near edge
of the swath. This inconsistency is not usually troublesome
since in those cases where synthetic aperture systems are
appropriate, the swath widths tend to be small.
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Step 13: Since the minimum antenna range beamwidth has been
determined in Step #3 as 0.11 radians, the maximum antenna range
aperture, or width, is 1.04 meters., 1If it appears that use of
the maximum value for the range aperture will result in an
excessively massive antenna, the range aperture can be reduced
at the expense of system operating power. In this case, it
appears that the antenna is not very large, hence a range aper-
ture of 1.04 meters is selected, with a corresponding range
beamwidth of 0.11 radians.

Step 14: The antenna field-of-view is 9.3 milliradians by
0.11 radians, or 0.5 by 6.3 degrees.

Step 15: The antenna area is 13.4 by 1.04 meters, and hence
the antenna mass is about 68 kilograms, or 150 pounds,

Step 16: A time interval of about 25 milliseconds is required
to transmit and receive 50 pulses., Assuming that the antenna
should not move more than one beamwidth during this time implies
that the antenna maximum allowable roll rate is about 20 deg/sec,
while the maximum allowable yaw rate is about 250 deg/sec.

6 bits/sec

Step 17: The data acquistion rate is about 2.1 x 10
assuming that 50 pulse returns must be acquired from each re-
solution element during 0.85 seconds, and that six binary bits

are required to describe each resolution element,

Step 18: This step is the same as Step #20 in the previous
example. That is, the required signal-to-noise ratio is taken
as ten, the target backscatter coefficient as 5 x 10'% and the
input noise temperature as 700 deg K.

' Step 19: This step is also the same as Step #21 in the previous
example, since the operating wavelength is the same. That is

the system noise figure is 20 and the atmospheric attenuation
factor is 1.33.

Step 20: The power transmitted by the antenna is estimated to
be 0.56 megawatts per pulse. As with the previous example, this
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value is well within the state~of=-art limit of 40 megawatts.

If the state-of-art constraint is exceeded, the system designer
may, among other things, increase the operating wavelength (which
will not only decrease the transmitted power but will increase
the state-of=-art limit as well as the antenna size) or decrease
the antenna azimuth aperture by making the antenna longer.

Step 21: For the example design, the radar weight (excluding
the antenna) is about 92 kilograms, or about 200 pounds. Thus
the entire system, including the antenna, weighs about 350
pounds.

Step 22: The radar system volume (excluding the antemna) is
estimated to be 0.36 cubic meters, or about 12 cubic feet.

Step 23: The average transmitted power is 525 watts. This
estimate includes the dead time during which the antemna is not
pulsing at the design rate. That is, the antenna transmits 50
pulses, each of 0.56 megawatts, at a pulse repetition rate of
1960 pulses per second. The antenna thus transmits all the re-~
quired pulses in about 25 milliseconds. The average power
transmitted during the transmitting cycle is then about 18 kilo-
watts. However, the transmitter is now turned off and waits

825 milliseconds until new targets come into view, and the cycle
is repeated,

Step 24: The system average power requirement is about 1700
watts.,

Table 6-20 summarizes the experiment support require-
ments for this illustrative design example. As pointed out
earlier, the specific values generated by the scaling laws should
be regarded as representative of a specific experiment., As should
be clear by this time, sufficient design flexibility exists that
one type of support requirement can usually be made less (or
more) demanding at the expense (or gain) of some other type of
support requirement., This is particularly the case with radar
imaging systems. The following section summarizes the typical
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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

RADAR TYPE: Synthetic Aperture (one-sided stereo)
ORBIT: Data Sheet Number....oecoesoesesces 113

Periapse/Apoapse Alt. (km).......454/454
Inclination (deg)ececscosccccosso 90
Imaging Altitude Range (km)...... 454
Tmaging On-Time (MiN).seecosooooo 97

TMAGE: Minimum Swath Width (km)......... 100
Max. Ground Resclution (km)......0.2 (0.02 range)
Positional Accuracy (Km)...oeceoo 2

RADAR: Operating Wavelength (cm)....cc.eo 10
Depression Angle (deg)...ccoc0000 45
Compressed Pulse Width (usec)....0.079
Pulse Repetition Freq. (/sec).... 2000
No. of Integrated Pulses....oco00 50
Beamwidth Travel Time (sec)..e... 0.85

SUPPORT REQUIREMENTS:
Field of View (deg).eeecoesssnss.0:5/6.3
Antenna Shape (ft)oeecesecsssossobbx3.b
Pointing Accuracy (deg)....ceee0.0.2
Max. Roll/Yaw Rate (deg/sec).....20/250
Operating Power (watts)..........L1700
Data Rate (bits/sec)....,........2,1x106
Radar Volume (cu.ft.)sceceecccosssl2
Antenna Weight (1bS)eoecssnesacesasl50
Radar Weight (1bS).eeesccsscesss 200

COMMENTS:
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experiment support requirements obtained by applying the
imaging system scaling laws to specific sets of image specifica-

tions and specific orbit selections.
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7. EXPERIMENT SUPPORT REQUIREMENTS
This section summarizes, for each spectral region,

typical imaging experiment support requirements for planetary
exploration. These support requirements are based upon a
detailed analysis of the goals of space exploration and the
scientific objectives which satisfy these goals. An imaging
experiment has been defined for each observable property for
which orbital imagery is useful. Each measurement definition
has led to a conceptual experiment. An experiment is regarded
as a specific sensor system operating in a specific mode from
a specific orbit. The experiment  support requirements are
estimated by use of the sensor system scaling laws, together
with an orbit description and a set of image specifications
appropriate to the experiment. The sensor system scaling laws
have been summarized in Section 6, the orbit selection process
described in Section 5, and the image specifications given in
Section 4.

In order to estimate typical support requirements, all
variables which influence the requirements must be specified.
For example, in the case of a television camera experiment to
determine surface topography, a specific image ground size must be
chosen on the basis of the science requirements, An acceptable
range of image specification values are provided for each experiment
by the worth curves of Section 4. 1In determining the support
requirements, the value selected has been that value which
would appear to result in the least demanding support
requirements without degrading the scientific value of the
experiment. 1In general, there is not a unique set of support
requirements which can be associated with a specific
planetary observable, orbit, and type of sensor system. That
is, the sensor system designer has some freedom in designing a
sensor system to procure specified imagery from a specified
orbit, although the image specifications, the orbit parameters,
and the current sensor system state-of-art tend to constrain

the amount of design flexibility. For example, the television
: 11T RESEARCH INSTITUTE
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system designer may elect to use a relatively large optical
system to permit a short scene exposure time. This may result
in a heavier optical system than necessary, but may ease the '
platform stability requirements. Because of this flexibility
in system design, the experiment support requirements summarizéd
here are properly regarded as representative, rather than
definitive. _

Detailed support requirements for each eXperiment are
tabulated in Volume V (Support Requirements for Planetary
Orbital Imaging), and are summarized here in order of spectral
region, Support requirements are given for ultraviolet, wvisual,
infrared, passive microwave, and radar imaging experiments in
orbit about Mars, Venus, Mercury and Jupiter. Since no orbits
have been selected for the Moon, no support requirements have
been estimated for lunar missions. Similarly no support re-
quirements are presented for radio frequency and multiband
experiments, since no scaiing laws are available.

7.1 Ultraviolet Scanning Systems

The analysis of planetary exploration scientific
objectives presented in Volume II suggest that ultraviolet
imaging systems are relatively useless. This denunciation is
valid only in the context of orbital imaging experiments and
the current state-of-art of image interpretation. Non-imaging
ultraviolet systems, such as UV spectrometers, may indeed play
a very useful role in planetary exploration; some UV spectromet-
er flyby experiments have already provided useful information
on the possible composition of planetary atmospheres and
ionospheres. Nonetheless, orbital UV imaging experiments
appear to be useful only in the study of cloud formation
processes at Venus and Mars. An assessment of the potential
scientific value of orbital UV imaging experiments is '
summarized in Table 7-1. Only three types of planetary
observables can be even marginally studied by UV imagers. The
blank circles in the table 1indicate that orbital UV imaging

experiments are expected to provide information which is not
IHT RESEARCH INSTITUTE
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very useful in the study of the appropriate planetary observable.
Similarly, the half-dark circles indicate that such experiments
may be expected to provide useful data. The analysis presented
in Volume II identified no cases in which orbital UV imagery
could be expected to provide very useful data. For all other
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
Utility of Orbital Ultraviolet Imagery
MARS MERCURY
VENUS JUPITER
Observable
Contacts

Global Cloud Coverage

Cloud Formation

(O = not very useful
z useful

il

Experiment support requirements have been estimated
for all the planet-observable combinations identified in
Table 7-1. These support requirements are listed in full by
the data sheets in Volume V, and are summarized here in Table
7-2. In each case shown in the table, the sensor systém 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 resolution to 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 components which are beyond the current
state-of-art. The striking conclusion 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. This conclusion is substantiated
by the more complete list of experiment support requirements
given in Volume V. That is, the volume, pointing 3accuracy, and
platform stability requirements of these experiments are equally
lenient. The only feasible experiment with substantial suﬁport
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,
all require optical systems of greater than one meter in
diameter, which is considered to be the limit of current
technological capability. 1In these cases, unreasonably large
optical systems are required to collect sufficient detectable
energy during the time available for observing each scene
resolution element., 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.

Photomultiplier detectors were found to be more
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. At the high scanning mirror rotation rates
required by the finer resolution experiments, the solid-state
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detectors do not have a sufficiently fast response time.
However, for most of the experiments, in which structural
integrity and electronics dominate the system weight, solid-
state detectors could be used without increasing the experiment
support requirements.

Only the Mercury local-scale contacts experiment satis-
fies, in all respects, the measurement achievement standards
implied by the image specifications and the associated worth
curves, At Mars, imaging experiments for determining the ex-
tent of global cloud coverage should cover at least 70 percent
of the planet in one planetary day, and these coverages should
be repeated twenty times per planetary year, with particular
attention to the polar areas. The 931 km altitude circular
orbit indicated in Table 7-2 results in 95 percent planetary
coverage every three days, but the poles are not included in
the coverage, while the elliptic polar orbit affords only 58
percent coverage every six days. Only one pole is in daylight
at any time. The data acquisition rate is higher for the
elliptic orbit because the smaller angular resolution, lower
periapse altitude, and faster orbital speed while imaging
require a faster scanning mirror rotation rate. Only ten percent
planetary coverage at Mars is required for study of cloud
formation, but each image should be acquired in less than one
minute and the same area (or cloud formation process) should
be imaged again in ten or fifteen minutes. Since the ground
speed of an orbiting spacecraft is about two or three km/sec,
approximately three to five minutes are required to traverse
600 km on the ground. Therefore, scanning systems require
considerably more than one minute to collect data from an
area 600 by 600 km. Very nearly the same area can be imaged
on the next orbital pass, which occurs in about 2.4 hours. Use
of an ultraviolet television camera would tend to solve these
timing problems, since an image of the entire desired ground
area could be acquired instantaneously and an image of'nearly

the same area could be procured one or two minutes later. 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
planetary coverage is desired in 100 hours, and this coverage
should be repeated ten times per planetary year (240 Earth days).
Unless the orbit is changed during the mission, only 507 daylight
planetary coverage is possible and requires 112 days. Section
5.5.2 has indicated that 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 116 days) are probably not feasible for Venus. For study of
cloud formation at Venus, a 600 x 600 km ground size image should
be acquired in no more than one minute, and the same area should
be viewed again in ten or fifteen minutes. Emphasis should be
placed upon subsolar and polar areas. Use of the 454 km altitude
circular polar orbit indicated in Tgble 7-2 requires 1.5 minutes
to acquire the desired image of a 600 x 600 km area by using a
scanning sensor system. The orbital period is 1.6 hrs. so the
same area could be imaged again in 96 minutes. The elliptic
orbit indicated in the table affords a faster spacecraft velocity
during imaging operations, hence a single image can be acquired
in one minute as required, but the orbital period is now 17 hours.
As with Mars, a television sensor system would alleviate these
problems.

Mercury also has a slow rotation rate, and similar
coverage problems are encountered. 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. Since at
least 70 percent planetary coverage is desired for imagery of
contacts on a regional scale, the desired experiment canmot be

performed with a passive imaging system. However, for study of
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- contacts on a local scale, only ten percent coverage is required,
and the desired experiment can be performed. As mentioned
earlier, this is the only ultraviolet imaging experiment, using
a scanning system, which completely satisfies all the image
specifications.

The ultraviolet imaging experiments considered here are
intended to supplement, rather than compete with, visual imaging
experiments in support of the same scientific objectives., None-
theless, it is interesting to compare the support requirements
of UV imaging experiments to those of visual systems in support
of the same objectives., The wvisual experiment support requirements
are summarized in the next section. Comparison with the UV sup-
port requirements given above will show that, in general, the UV
support requirements are less demanding than the corresponding
visual experiment, provided the UV sensor system design is with-
in the current state-of-art. For example, a visual imaging
experiment, for studying the extent of global cloud coverage
at Mars, using the same 931 km altitude orbit as for the UV
experiment, Will weigh about eight pounds, consume eight watts
of power, and will collect data at 4500 bits/sec, compared with
two pounds, one watt, and 430 bits/sec for the UV experiment.

In other cases, the data acquisition rates may be of similar
magnitude. Those readers searéhing for evidence of a universal
system of justice will note that although the UV experiments
place less demands upon the spacecraft support subsystems, they
will also provide less useful data than visual systems if one
is forced to measure one against the other., This is not the
desire here, since the two types of imagery will in fact
supplement each other.

In summary, the support requirements demanded by
ultraviolet orbital imaging systems are found to be rather
modest. Systems affording ground resolutions of 3-20 km over
scan lengths of 600-1500 km can be provided at the current
state-of-art. These systems weigh about two pounds ccusume

one watt of power, and collect data at rates of less than 106
IIT RESEARCH INSTITUTE

327



bits/sec. Some difficulty is encountered in providing the
necessary planetary coverages, both in the extent of coverage
and the times permitted to achieve and repeat the coverage, but
these problems are not unique to ultraviolet imaging systems.
Occasionally, the images cannot be acquired or repeated at the
desired time intervals. These difficulties are common to all
optical-mechanical orbital scanning systems.

7.2 Visual Imaging Systems

Imagery in the visible portion of the spectrum is
more useful than imagery in any other single spectral region, in
the sense that visual imagery contributes to the study of more
observables than any other type of imagery. This is partly be-
cause visual imagery is usually easy to interpret and partly
because both atmospheric and surface phenomena can be observed
visually, at least if the atmosphere is not impenetrable. Table
7-3 lists the different planetary phenomena which might be ob-
served visually at the different planets. The degree of useful-
ness is indicated by the blackness of the circles; the fully
black circle signifies that visual imagery is expected to be very

useful, the half-black circle signifies that visual imagery is
expected to be useful, while the empty or white circle signifies
that visual imagery is expected to be not very useful. The assess-

ments shown in the table are substantiated in Volume II, which
deals with the planetary phenomena individually. The usefulness
of visual imagery in investigating both surface and atmospheric
phonomena is shown quite clearly in the case of Mars, Mercury
‘does not possess as many‘phenomena for which visual imagery is
dappropriate because of its virtually non-existent atmosphere

and presumed lack of biological substances. Thus, at Mercury,
the emphasis in the visible region is upon surface phenomena,

At Venus and Jupiter, the emphasis is upon atmospheric phenomena,
since both planets exhibit active atmospheres, and the surface
can probably not be seen visually from orbit.
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Table 7-3

Utility of Orbital Visual Imagery

Observable

MARS

VENUS

Surface Elevations

Layering

Contacts

Structure of Features

Surface Topography

Surface Appearance

Variable Surface Appearance

MERCURY

Surface Winds

Topographic Changes

Global Cloud Coverage

Convective Cells and Turbulence

Cloud Formation

Cyclone Formations

Surface to Atmosphere Transfer

Auroras

Animal Life

Plant Life

11T RESEARCH

329

INSTITUTE

JUPITER




Experiment support requirements have been estimated
for experiments suggested by all the observable/planet combina-
tions indicated in Table 7-3. These support requirements are
reported in detail by Volume V, and are summarized here for each
planet. The support requirements are based on orbit selections
described in Volume II and on the image specifications given in
Table 4-1 of this volume. In each case, the appropriate worth
curves have been utilized to select those image specifications
which would appear to result in the least demanding support re-
quirements without appreciably degrading the scientific utility
of the imagery. That is, the experiment support requirements
are based on sensor system designs which will minimally satisfy
the scientific requirements for imagery.

7.2.1 Mars

Because of the large number of visual imaging experi-
ments considered at Mars, it is convenient to organize the ex-
periment support requirements on the basis of the image scale:
regional, local, and detailed. As shown earlier in Table 4-1,
the image specifications reflect, for many observables, a hier-
archy of investigation commencing with first-order, regional
studies, usually covering seventy percent of the planet,
,contributing to a general identification or understanding of the
phenomenon, and its large scale distribution in location or time.
Second-order, or local, studies are aimed at developing a more
detailed understanding, usually by more accurate investigations
over ten to twenty percent of the planet. Finally, third-order,
or detailed scale, imagery usually covers less than one percent
of the planet and is expected to focus on observed anomalies or
deviations. The minimum ground, or scene, area which should be
covered in a single image, or frame, is related to the scale of
the imagery. 1In particular, for Mars, the worth curves of Section
4 show that the minimum scene area is 600 x 600 km, or larger,
for regional scale imagery, 100 x 100 km for local scale imagery,
and about 0.5 x 0.5 km for detailed scale imagery. For example,
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imagery procured for the study of lithologic contacts on a re-
gional scale should consist of imaged areas no smaller than

600 x 600 km in a single image. With some exceptions, all visual
imaging experiments which collect imagery of the same scale
(regional, local, or detailed) tend to have similar support re-
quirements., Further, the support requirements tend to place

more demands ﬁpon the spacecraft, in terms of experiment weight,
power, etc., as one goes from regional scale experiments to local
scale experiments, or from local scale experiments to detailed

scale experiments.

Regional Scale Experiments

Table 7-4 summarizes the weight, power, and data ac-
quisition rate support requirements for regional scale visual
imaging experiments at Mars. The values given in the table for
the image ground size and the horizontal resolution have been
obtained from the appropriate worth curves and represent the
minimum acceptable values. Thus for global cloud coverage experi-
ments, the minimum ground, or scene, area which should appear in
a single image is 1000 x 1000 km, while the linear size of a
resolution element in the processed imagery should correspond to
a linear extent on the ground, or scene, of no larger than 20 km.
In each case, the imaging system design satisfies, or even exceeds,
these specifications. That is, ground size and resolution values
in the table refer to the image specifications and not to the
values actually achieved by the imaging experiment design,

Regional scale visual imagery at Mars requires sensor
systems weighing from 10 to 30 pounds, consuming 10 to 35 watts

6 bits/sec, assuming

(average) and collecting data at 10° to 10
64 shades of grey in the processed imagery. For similar experi-
ments, use of stereoscopic coverage increases the support re-
quirements, while use of a 3-celor filter wheel may or may not
increase the data acquisition rate. Film systems are not required,
but may be useful, and may even result in less demanding support
requirements than TV systems. The support requirements have been
IIT RESEARCH INSTITUTE
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estimated using scaling laws based on the current state-of-art.
Advances in microminiaturization could easily lead to a four-fold
reduction in weight and a two~fold reduction in power, but would
have no effect on the data rates. With few exceptions, all the
scientific requirements pertaining to regional scale imagery can
be met. The exceptions arise, not from state~of-art limitations
on the sensor system, but from basic incompatibilities between
the orbit selections and the image specifications, most notably
the coverage acquisition time and the image repetition rate.

The three groupings in Table 7-4 represent different
combinations of scene size and horizontal resolution. The first
grouping consists of all those experiments designed to provide
20 km resolution over a minimum area of 1000 x 1000 km. Only
experiments for study of global cloud coverage require such
large image ground sizes. Neglecting curvature of the planetary
scene, not much more than 70 TV lines are required to achieve
the necessary resolution, However, for low-contrast targets,
even a %-inch vidicon system will provide 275 TV lines, This
excess resolution capability can be used to increase the imaged
area and improve the resolution to the nominal values given in
Table 4-1. Thus a %-inch vidicon system operating in a circular
orbit of 931 km altitude will actually provide 10 km ground re-
solution over an imaged area of 1200 x 1200 km. Use of a 3-
filter color wheel to provide pseudo-color coverage does not
increase significantly the support requirements, except for the
total data load.For the non-color experiment, images are acquired
approximately every 400 seconds. For the color experiment,
three images are acquired in the same time, hence the image in-
terval time is approximately 130 seconds. 1In either case, the
image interval time is less than the maximum acceptable image
tube storage time (100 sec). That is, the data acquisition rate
is determined not by the image interval time, but by the need
to remove the data from the tube faceplate before significant
charge leakage occurs. In this situation, the data rate is not
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affected by employment of a 3-color filter wheel,

If an elliptic orbit is used, with a fixed focal
length system, an excess resolution capability must be provided
at periapse, while a larger than necessary imaged area must be
provided off-periapse. For a fixed orbit lifetime, an elliptic
orbit will permit at least some imagery from lower altitudes
than would be possible with a circular orbit. However, this may
be a distinct disadvantage when large imaged areas are required.
In viewing a 1000 x 1000 km area from an altitude of only 440
km with a fixed angular resolution, the effects of planetary
curvature and oblique viewing angles near the edge of the field-
of-view result in a ground resolution which varies by a factor
of three across the imaged area. Thus about 200 TV lines are
required for imégery of cloud coverage from a periapse altitude
of 440 km. Since the camera system field-of-view is determined
by the necessity of observing a 1000 x 1000 km area from a
periapse altitude of 440 km, the same field-of-view will result
in an unnecessdrilylarge imaged area from 2568 km. Indeed, to
obtain a ground resolution of 20 km throughout the central
1000 x 1000 km area, 430 TV lines are required for a low-contrast
scene and a 1%-inch vidicon system is necessary, as compared to
a %-inch vidicon system, when essentially the same experiment is
performed from a constant 931 km altitude. A %-inch vidicon
system with a zoom lens could be utilized for imagery from al-
titudes of 440 to 2568 km, but if a radar altimeter is used to
control the focal length, the zoom lens imaging system would
weigh more than a l%-inch vidicon system with a fixed focal
length., As with the circular orbit, use of a 3-color filter
wheel does not increase the data acquisition rate because of
the large imaged area,but does increase the data load.

Neither the circular orbit nor the elliptic orbit
selected for global cloud coverage imagery provides the desired
70 percent planet coverage in one day. The 931 km circular orbit

with the %-inch vidicon system affords 95 percent daylight
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planetary coverage every three days, while the elliptic orbit

with the 1l%-inch vidicon affords only 60 percent daylight
planetary coverage every six days. By using a 2-inch RBV (return
beam vidicon) system on a 931 km circular orbit, the field-of-view
could be increased to cover an area of about 2200 x 2200 km per
image, and 95 percent daylight planetary coverage could be
achieved daily. Such a system would provide a ground resolution
of about 5 km, but would weigh about 32 pounds, consume about

32 watts of average power, and acquire data at about 3.8 x 105
bits/sec.

The next experiment grouping shown in Table 7-4
consists of all those visual experiments requiring a ground
resolution of 20 km over at least a 600 x 600 km area, Except
for the surface elevations experiment, all these experiments can
be performed from a circular 969 km altitude orbit by a %-inch
vidicon system of modest support requirements. In fact, for the
first four experiments listed in this group (surface winds,
convective cells, cyclone formations, and auroras), a %-inch
vidicon system provides a ground resolution of 7.3 km over a
1000 x 1000 km imaged area, For these image sizes, and the slow
orbital speed associated with a circular orbit, color imagery
can be obtained without an increase in the data acquisition rate,
As with the global cloud coverage experiments, use of an elliptic
orbit will generally result in increased support requirements.

A 2-inch RBV system will provide 1.6 km ground resolution over

a 1000 x 1000 km area from a periapse altitude of 425 km, but
this degrades to 8.3 km resolution (which is still more than
adequate) from 6481 km altitude. The higher ground speeds
associated with the elliptic orbit mean that use of color filter
wheels will slightly increase the data acquisition rate, even
though large imaged areas are still involved.

For study of surface winds and auroras, time-lapse
imagery is desired, i.e., the same area should be imaged again
after an interval of two hours or less. Although orbit periods

as short as nearly two hours can be achieved with a fifty year
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lifetime orbit, Mars rotates about 2000 km under the orbit
during this time hence the same area cannot be observed every
orbit. By increasing the image overlap along the orbit ground
trace to 60 percent, rather than 20 percent, at least more than
half the same area can be imaged again in two or three minutes.
This type of time-lapse imagery may be adequate for the surface
winds experiment, but will probably not reveal any temporal
variations of auroras. On the other hand, it is unlikely that
auroras will be observed at Mars anyway. Such time-lapse
imagery will not increase the data acquisition rate, which is
controlled by the vidicon storage time rather than the image
overlap.

The surface elevations experiments demand a more
stringent ground resolution capability than is apparent from a
20 km horizontal ground resolution requirement. In this case,
the necessary resolution in the imagery is controlled by the
desire to detect one km differences in vertical heights. The
non-stereo surface elevations experiment utilizes low sun
angles and long surface shadows to infer height differences.
If the sun is 30 degrees above the horizon, a one km high sur-
face feature will cast a shadow 1.7 km in length. Thus the
ground resolution required is actually 1.7 km, rather than 20
km, and a 2-inch vidicon system is necessary. This assumes a
low-contrast scene, and may not be the case for shadow measure-
ments, hence the estimated support requirements may be unduly
conservative. A 2-inch RBV system could also be used, providing
a much better ground resolution at an increased data rate., 1If
stereo coverage is obtained with an area of 600 x 600 km per
image, the distance between camera stations is 360 km, and the
image resolution must be equivalent to 0.24 km if stereo parallax
is to indicate height differences of one km. Doubling the
distance between camera stations permits a resolution twice as
crude, but since the linear extent of the imaged area is also
doubled, the same number of resolution elements per image is
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required, 1In fact, if planetary curvature is accounted for,
somewhat more resolution elements per image are required at
larger image ground sizes, Thus stereo imagery for surface
elevations experiments from the lowest feasible circular orbit
requires a TV system of 4000 line capability, which is beyond
the current state-of-art. Therefore a 70 mm film system has
been selected with the support requirements summarized in the
table. The system weight shown includes the weight of the film,
on-board film processing, and radiation shielding. The increased
resolution capability of the film system permits image ground
sizes of 2300 x 2300 km and ground resolutions of slightly better
than one km, which is required to detect the necessary amount
of stereo parallax. An alternative mode is to use an elliptic
orbit, imaging only in the vicinity of periapse. 1In this case,
a 3-inch RBV system is adequate and provides 0.6 km ground re-
solution over an imaged area of 600 x 600 km at periapse. The
support requirements are not radically different from the film
system, and essentially the same amount of time is required to
achieve 70 percent planetary coverage, The stereo experiment
support requirements shown in the table are based on 60 percent
image overlap in a direction normal to the orbit ground trace.
That is, each stereo image pair consists of an image obtained
from one orbit pass and an image obtained from a later orbit
pass. Use of 60 percent forward overlap, rather than side
overlap, would double the data acquisition rates, but a stereo
pair would be obtained in a few minutes rather than one day as
for side overlap. /
The orbit selected for the non-stereo surface eleva-
tions experiment results in 74 percent planetary coverage at
solar elevation angles of 15-30 degrees in five Martian days.
For stereo coverage, a much different illumination regime is
desired (solar zenith angles of 5-20 degrees) and, in a single
Mars day, the area illuminated properly is small compared to
that illuminated at larger zenith angles. 1In one day, only 35
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percent of the Martian surface is illuminated at zenith angles

of less than 20 degrees, hence to obtain 70 percent planetary
coverage, one must wait for the Sun to move from one hemisphere
to the other., 1In fact, if the Mars axis of rotation were normal
to the ecliptic plane, only 35 percent planetary coverage could
ever be obtained under the desired lighting conditions. However,
the subsolar point on Mars moves from about 25 degrees South
latitude to 25 degrees North latitude in one-half a Martian year,
or about 340 Earth days. 1If stereo imaging operations are started
at winter solstice, approximately 335 days will be required to
obtain the desired 70 percent coverage, This is the minimum
mission duration, and is independent of the orbit parameters and
sensor system design as long as solar zenith angles of less than
20 degrees are desired. Thus in comparing mission modes of
obtaining topographic information, 70 percent coverage requires
five days for shadowing experiments and a minimum of 335 days

for stereo experiments.

The last grouping in Table 7-4 consists of those
imaging experiments requiring a three km horizontal resolution
over an area of at least 600 x 600 km per image. In this grouping,
the structure of features experiments and the surface topography
experiments require vertical resolutions of three and one km ,
respectively. The first subset in the table (contacts, structure
of features, surface topography, surface appearance, and vari-
able surface appearance) is designed for solar elevation angles
of 15 to 30 degrees, facilitating image interpretation or
measurement of shadow lengths. With a ground resolution of
three km , shadow measurements may be used to infer vertical
height differences of about 1.7 km. This is inadequate for
surface topography experiments, which require a 1.7 km ground
resolution to infer height differences of one km from measurement
of shadow lengths. Therefore, a one-inch vidicon system is not
adequate for the surface topography shadow experiments. A two-
inch vidicon would provide adequate resolution over a 600 x 600
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km area, but by using a two-inch RBV considerably better resolu-
tion or larger imaged areas can be obtained at the expense of

an increased data rate. The same orbit may be used for all these
experiments, affording 74 percent planetary coverage every five
days. However, this does not quite satisfy the scientific re-
quirements for the variable surface appearance experiments, which
demand 70 percent coverage in 100 hours (about four Martian days)
and daily observation of selected areas. Note however that any
area within the 74 percent coverage can be imaged at least once
every five days, By using a two-inch RBV system providing single
image areas of 2300 x 2300 km, over 70 percent coverage could be
achieved daily.

Imagery for study of cloud formation processes can be
performed during daylight; only ten percent planetary coverage
is required. This implies that the necessary coverage can be
obtained ir. less than one day, except that time-lapse imagery
with an interval of about ten minutes is desired. As noted
earlier, unless nearly full disk imagery is provided, image inter-
vals of less than one day cannot be attained, except for high
forward overlap situations with relatively short image interval
times. In particular, with an image size covering 600 x 600 km
from a 969 km circular orbit, 60 percent forward overlap permits
more than half the same area to be pictured again in about 1.5
minutes. This image interval may be adequate for cloud formation
experiments., The image interval could be lengthened to about
six minutes by using a four-inch RBV system and an imaged area
of about 2500 x 2500 km., This would, of course, greatly in-
crease the experiment support requirements,

Color surface appearance experiments are best per-
formed when the surface illumination results from a late morning
or early afternoon sun. Thus the difficulties in obtaining 70
percent planetary coverage in a short time are similar to those
described above in connection with the stereo surface elevations
experiments. Since the lighting conditions desired for surface
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color imagery are not quite as severe as for stereo (solar zenith
angles of less than 40 degrees are acceptable for color, while
stereo coverage should be obtained at zenith angles less than
20 degrees), the situation is not as bleak. Even without the
propulsive investment required to enter a sun-synchronous orbit,
very nearly 60 percent coverage can be achieved in ten days from
‘the polar elliptic orbit referred to in the table. However,
because imaging operations are conducted over an altitude range
from 425 to 952 km, the one-inch vidicon system used on the 969
km circular orbit is inadequate, a two-inch RBV system is re-
quired. A two-inch vidicon system is adequate from altitudes
near periapse, but will not provide the necessary resolution from
952 km, On the other hand, a two-inch RBV system has an excess
resolution capability which increases the imaged area to 1250 x
1250 km at periapse while maintaining a three km ground resolution
from 952 lm. Daily observation of identical areas, as desired
for study of variable surface appearance, cannot be.provided by
the selected orbit.

Finally, stereo coverage for structure of features
and surface topography experiments can be obtained from either
circular or elliptic orbits. These experiments are similar to
the surface elevations experiments discussed above. The support
requirements shown in the table indicate that use of an elliptic
orbit need not result in more demanding support requirements than
for a similar experiment on a circular orbit. If the altitude
from which imaging is performed does not vary more than a factor
of two or so, an elliptic orbit may actually decrease the support
requirements. This is feasible with visual stereo experiments
because the surface area which is properly illuminated is rela-
tively small and the spacecraft altitude does not change greatly
while flying over this small area.
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Local Scale Experiments

Table 7-5 summarizes typical support requirements for
visual imagery of Mars on a local scale, that is, when an imaged
area 100 x 100 km (per image) satisfies the scientific require-
ments. Atmospheric imaging experiments require ground resolutions
of three km, while surface imaging experiments require ground
resolutions of 200 meters. Stereo surface experiments may require
ground resolutions better than 200 meters, depending upon the’
vertical resolution desired and the distance between camera
stations, The surface to atmosphere energy transfer imaging
experiments require 70 percent planetary coverage; all the other
experiments listed in the table can be satisfied with only ten
percent planetary coverage,

A one-half-inch vidicon system is more than adequate
for all the experiments in the first grouping in the table.

Daily coverage of selected areas is desired for study of convec-
tive cells and atmospheric turbulence, and is provided by using
an elliptic orbit having a period equal to one Mars day. Since
local scale imaging experiments will presumably be preceeded by
regional scale coverage on an earlier mission, the results of
the regional scale experiments can be utilized to select areas
fruitful for local scale imagery. The local scale cyclone
formations experiment is identical to the convective cells experi-
ment, but the scientific requirements are not satisfied in this
case because images of the same area cannot be obtained at inter-
vals on one hour or so, at least not unless nearly full disk
imagery is provided. The surface to atmosphere energy transfer
experiments provide 75 percent planetary coverage in about 27
days, while 70 percent coverage in one day, ten times per year,
is demanded by the scientific requirements. For the non-color
experiment, where solar zenith angles of 30 to 60 degrees are
desired, nearly 90 percent of Mars is properly illuminated each
day. By using a 70 mm SO~243 film system, it should be possible
to acquire more than 70 percent coverage daily with image ground
11T RESEARCH INSTITUTE
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sizes of about 2500 x 2500 km. The experiment support require-
ments would then be similar to those of the regional scale stereo
surface topography experiment. The color experiment could be
done in the same manner, but only about 65 percent daily coverage
could be achieved at the solar illumination desired for color
imagery.

The second grouping in Table 7-5 actually contains
three families of experiments which differ in the surface lighting
conditions desired. The surface winds and plant life experiments
should be conducted at solar zenith angles of 30 to 60 degrees,
the color experiments at zenith angles of 10 to 40 degrees, and
the remaining experiments at zenith angles of 60 to 75 degrees,
The surface winds and plant life experiments are very similar,
and can be performed with the same imaging system from the same
orbit, To achieve a ground resolution of 200 meters over a
100 x 100 km area, at least 700 TV lines are required. For low-
contrast targets, this exceeds the operational resolution of
a two-inch vidicon system, A two-inch RBV system has excess
capability which may be utilized by flying on an elliptic orbit
and results in a less costly capture manuever than would be
required for a circular orbit. A ground resolution of 60 meters
is attained at periapse (383 km), while at the maximum imaging
altitude (1115 km) the ground resolution is 170 meters. For
the surface winds experiment, the image specifications stipulate
that the same ground area should be observed again after an
interval of no more than two minutes, With a 20 percent image
overlap at periapse, the image interval time is 20 seconds, and
thus image interval times on the order of one minute are not
possible. However, the interval time desired is dependent upon
the ground resolution if wind velocities are being measured.
Since 60 meter resolution is provided, increasing the overlap
to 60 percent (and hence increasing the data rate to 3.8 x 10
bits/sec) would permit measurement of wind velocities in excess
of about 20 km/hour, and thereby satisfy the scientific require-

ments,
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The low-sun-angle family is designed for ease of image
interpretation (contacts and surface appearance) and measurement
of shadow lengths (structure of features and surface topography).
The structure of features experiments require detection of 200
meter height differences, the surface topography experiments
100 meters. This difference does not affect the support require-
ments, since the required horizontal resolution of 200 meters will
permit inference of 100 meter height differences throughout nearly
all of the imaged areas. Both elliptic orbits selected provide
about 75 percent planetary coverage in 50 days. The effect of
imaging over an appreciable altitude range is clearly seen as
imaging over the altitude range 340 to 976 km can be performed
satisfactorily with a two-inch RBV system, while imaging over a
range of 383-2117 km requires a 70 mm S0-243 film system with
image motion compensation, Nearly 50 feet of film is required
for ten pzrcent planetary coverage.

A high-sun-angle family (surface appearance and plant
life) designed to procure color imagery is shown in this
grouping in the table. Since a two-inch RBV system provides
adequate resolution over a 100 x 100 km area, the support require-
ments are similar to those of the experiments in the low-sun-angle
family. Because a three-color filter wheel is used, the data
acquisition rates are approximately triple those of the corres-
ponding non-color experiments. The factor is not exactly three,
because slightly different orbits and apparent ground speeds are
involved. For all local scale experiments, where the imaged area
is on the order of 100 x 100 km, the image interval time is
controlled by the ground speed, image overlap, and image ground
size, rather than the desire to avoid excessive resolution de-
gradation due to long storage times on the image tube faceplate.
Thus color imagery results in a data rate three times that of a
non-color experiment, and 60 percent forward overlap (which would
be used to obtain stereo coverage along the flight line) results
in twice the data rate of 20 percent forward overlap imagery.
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The only local scale experiments in which the imagery
is intended to provide vertical height information are surface
topography and structure of features, This may be accomplished
by measurement of shadow lengths or stereo parallax. The
shadowing experiments have been discussed briefly above; the
stereo experiments form the last grouping in Table 7-5. The
orbit selection is based on an imaged area of 100 x 100 km with
a 60 percent side overlap of adjacent orbital imaged swaths. A
retrograde orbit of 8.2 hour period affords the opportunity of
observing a properly illuminated ground area from an altitude
which does not change greatly (383 to 485 km) during imaging
operations. The structure of features experiment has the more
modest support requirements because only a 200 meter vertical
resolution is demanded. Approximately 7000 TV lines are re-
quired, and hence a film system has been used. A 70 mm SO0-243
film camera will provide adequate stereo parallax and ground
resolution (125 meters at periapse) over an area of 600 x 600 km
per image. The experiment could also be designed for a better
ground resolution over a smaller ground area, but this would
decrease the image interval or cycle time, and increase the data
acquisition rate. The second half of each stereo pair is obtained
one Mars day after the first half, but at essentially the same
lighting conditions. A 60 percent overlap along the orbit trace
would provide stereo coverage in the forward direction, with
each stereo pair being obtained in about two minutes, but the
data acquisition rate would increase to 8.6 x 106 bits/sec. The
surface topography experiment requires a better ground resolution,
to infer 100 meter vertical height differences, and a more capable
imaging system is necessary. A five-inch S0-243 film system with
image motion compensation provides the necessary resolution
(60 meters at periapse) over an area of 550 x 550 km per image.
For ten percent coverage, about 60 feet of f£ilm are requiréd; the
structure of features experiment requires only about 30 feet
(of smaller film). Forward stereo could be used, but would double
the data rate,
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A structure of features stereo experiment could be
included in the local scale color family described above, al-
though the illumination provided is not quite that desired for
stereo coverage, that is, there will be more shadows in the
imagery than desired. Furthermore, because the color family
operates over a wider range of imaging altitudes,a five-inch

/ bits/sec

film system is required. The data rate of 4.9 x 10
is based on obtaining a stereo pair in each of the primary colors,
and is probably an upper limit. It may prove feasible to use

the color triplets as two stereo pairs, or color triplets need

not be obtained at all,

Detailed Scale Experiments

Table 7-6 summarizes the weight, average power, and
data acquisition rates for detailed scale visual imagery at Mars.
There are four natural groupings, which are based on the surface
illumination desired. The first family is for color imagery at
solar zenith angles of 10-40 degrees, the second is for stereo
imagery at zenith angles of 5-30 degrees, the third is for low
-sun-angle imagery at zenith angles of 60-75 degrees, and the
last is for mid-morning or mid-afternoon imagery at zenith angles
of 30-60 degrees, Except for layering and animal life experiments,
the detailed scale experimehts are presumed to have been preceeded
by local scale experiments in support of the same scientific
objectives. These detailed scale experiments require something
less than one percent planetary coverage, the exact planetary
location of the coverage being determined by study of the local
scale imagery obtained earlier. Even the layering and animal
life experiments are part of the exploration heirarchy, since
those areas of interest for study of layering will depend upon
the results of the local scale structure of features and surface
appearance experiments, while areas most promising for animal
life searches might be selected from local scale plant life and
variable surface appearance experiments,
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The two color surface appearance experiments, which
constitute the first family in Table 7-6, have identical
support requirements, For study of variable surface appearance,
both daily and seasonal repetitions are desired (and easily
obtained for one percent coverage). The sensor system weight
is dominated by the optical subsystem, which weighs about 300
pounds for the 36-inch aperture system. A need for image motion
compensation adds slightly to the weight requirement and signi-
ficantly to the power requirement. Although the resolution re-
quirement could be met by a one-inch vidicon system, an eight
meter focal length would result, It is therefore convenient to
use the resolution capability of a two-inch RBV system, increasing
the size of the imaged area to nearly 4 x 4 km, and reducing the
focal length to about two meters., Further movement in this
direction is not useful, since for a specific type of image tube,
the image format size on the tube faceplate increases faster
than the size on the ground of the imaged scene. That is, a
three-inch RBV system, for example, would not have a shorter
focal length. Even with a 4 x 4 km scene area, three color
pictures must be taken in less than one second, before new areas
come into view, and the data acquisition rate is 2.4 x 108 bits/
sec., For non~-color imagery, the data rate would decrease to
5.6 x 10

bits/sec,
The second family or grouping in Table 7-6 consists

of stereo experiments for study of structure of features, surface
topography, and topographic changes. Since the image specifica-
tions for these detailed scale experiments are very nearly iden-
tical, as shown in Table 4-1 and the associated worth curves,

the experiment support requirements are nearly identical. The
only difference in the support requirements is a more stringent
pointing accuracy requirement for surface topography and topo-
graphic changes than for structure of features. The difference
is not apparent in Table 7-6. The orbit selected for this family
provides an opportunity for a second coverage of identical areas
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one day after the first coverage and hence permit detection of
changes in the surface topography. To detect vertical height
differences of 50 meters, an imaging system must provide either
28,000 TV lines or 19,000 film lines and therefore a 9%-inch
film system has been chosen for these experiments, Even with

an IMC-equipped system, the exposure time must be less than about
three milliseconds to prevent an unacceptable degree of image
smear. To achieve such a short exposure time with the slow
speed of S0-243 film, an £/1.3 optical system is required. By
using the faster S0-230 film, an £/1.9 optical system of 15-inch
aperture may be employed., However, more radiation shielding is
required by the faster film, the net result is that the total
system weight is very nearly the same whether S0-243 or S0-230
film is used, 1In either event, 230 feet of film is required for
stereo coverage of one percent of Mars surface area. Since 9%-
inch S0-230 film provides about 32,000 lines per frame, the
excess resolution capability has been used to broaden the ground
area per image to 125 x 125 km. This permits the procurement of
stereo pairs either along or across the orbital ground trace,
Forward stereo (along the ground trace) results in a data ac-
quisition rate of 5.0 x 108 bits/sec, while side stereo (across
the ground trace) results in a data acquisition rate of 2.5 x 108
bits/sec.

By using a faster film (S0-102) it is possible to
obtain stereo color imagery. Because of the reduced resolution
capability of the faster film, the maximum area per image is
105 x 105 km (at periapse) and a vertical resolution of 46
meters is possible, The imaging system weight is dominated by
180 1bs of radiation shielding and the 160 1b l4-inch aperture
camera system. The data acquisition rate increases somewhat
to 1.2 x 109 bits/sec, the decrease in the number of resolution
elements per frame being more than compensated by the reduced
image cycle time,

During this study, orbits were selected to satisfy
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the image specifications with regard to proper lighting condi-
tions, image overlap, planetary coverage, and mission duration
(time required to achieve the desired planetary coverage). No
detailed effort was made to minimize the experiment support
requirements by varying the orbital parameters, although such
considerations did play a role in orbit selection. 1In some
cases, the orbit selected was a poor one, in the sense that the
resulting imaging system design configurations were clearly be-
yond the current state~of-art, It is important to distinguish
between two different situations. 1In the first, an orbit may
be selected, and an attempt made to design the imaging system.
The system designer may note that although system capabilities
render the experiment unfeasible from one orbit, a somewhat
different orbit would result in system configurations within the
state-of-art, This is the case with the third family in Table
7-6, for which no support requirements are listed. Detailed
scale visual imagery at Mars requires imaging systems which push
current technologies to their limits, and hence adequate experi-
ment design often depends upon a close communication between the
imaging system designer and the orbit mechanicist, usually in-
volving design iteration. Such detailed design can be adequately
performed only within the context of a specific mission, where
tradeoff criteria can be clearly defined, and consequently is
beyond the scope of the research effort reported here. The
second situation which arises is that no amount of iteration
will result in imaging systems within the current state-of-art,
This is the case for the last group of experiments given in
Table 7-6. This type of situation can often be recognized with-
out an undue amount of iteration, and this study attempts to
point out such basic incompatibilities between scientific re-
quirements, orbital mechanics, and imaging system design,

With this philosophical background, it is useful to
consider the remaining two families of experiments listed in
Table 7-6, The low-sun-angle family uses an elliptic sun-
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synchronous orbit on which the spacecraft altitude varies from

383 to 2117 km as the spacecraft passes over the properly illu-
minated area on Mars. 1In attempting to achieve 5 meter ground
resolution from an altitude of 2117 km under operational conditions,
a television system will require an optical subsystem of greater
than 2 meter aperture - clearly beyond the current state-of-art.

A film system, on the other hand, because of a somewhat better
system modulation transfer fuanction, requires only a 1.5 meter
aperture, but the optical system would then weigh about 900 pounds.
Even with this massive optical system, a fast film (AEI greater
than 40) is required, and no currently available fast film pro-
voides the necessary resolution. A slower film could be used,

but only if the optical system diameter is increased to beyond

2 meters.

An alternative design approach would be to select a
different orbit with less altitude variation over the illuminated
surface area, or to restrict the altitude range of imaging
operation on the originally selected orbit. For example, the
orbit selected for this family of experiments using the arrival
conditions appropriate to the 1988 launch opportunity is a 1027
km circular sun-synchronous orbit. From this constant altitude,
a one meter aperture optical subsystem, weighing about 400 lbs,
is required. A one-half-inch wvidicon tube could be employed,
but the small field-~of-~view would necessitate a seven meter focal
length. By using a two-inch RBV system, with an image ground
size of 9 x 9 km, the focal length is reduced to 2.5 meters.

With an image cycle time of 2.9 seconds, the data acquisition
rate is 1.4 x 107 bits/sec. The total system weight would be
about 480 pounds, and the system average power consumption would
be about 30 watts. For this family of experiments, there is

no basic incompatibility between scientific requirements, orbital
mechanics consideration, and imaging system design. However,
experiment design iterations must be performed to keep the system
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design within feasible limits,

For the fourth family of experiments in Table 7-6, an
order of magnitude improvement in the ground resolution is
required, Even from an altitude of 383 km, the required optical
aperture is well in excess of two meters, if allowance is made
for image degradation in the non-optical system components,

That is, the classical diffraction limit is very nearly one meter
optics, and it has been shown in Volume IV that any real system
must use optical systems with apertures on the order of five
times the classical diffraction limit. Since a 383 km orbit
periapse is the lowest possible periapse from the standpoint of
orbit decay, this family exhibits a basic incompatibility between
scientific requirements and orbit mechanics. Visual imaging
experiments for the study of surface layering or animal life
cannot be performed from orbit about Mars.

In summary, all non-color visual imaging experiments
for the study of atmospheric phenomena at Mars can be performed
from orbit by a one-half-inch vidicon system (eight pounds,
eight watts, 5000 - 25000 bits/sec), except for cloud formation
experiments., Because of the combination of large imaged areas
and high resolution, cloud formation experiments require a one-
inch vidicon system (16 lbs, 16 watts, 7500 bits/sec). Color
atmospheric experiments, performed by using a three-color filter
wheel, have similar support requirements to the non-color
experiments, except that the data rate may be increased by a
factor of two. The support requirements for surface imagery
experiments tend to fall within one of three groups, depending
upon the size of the imaged area and the required ground resolu-
tion. Thus visual imaging systems capable of obtaining regional
scale surface imagery weigh about 15 to 30 pounds, consume about
15 to 30 watts of power, and acquire data at the rate of 5,000
to 500,000 bits/sec. Imaging systems for local scale imagery
weigh 30 to 60 pounds, consume 30 to 100 watts, and acquire

data at 10° to 10’ bits/sec. Imaging systems for detailed scale
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imagery weigh 300 to 500 pounds, consume 30 to 300 watts, and

acquire data at 107 to 108 bits/sec. Within each of these
groups, color experiments have similar support requirements as
non-color experiments, except that the data rate may be increased
a factor of two, Also low-sun-angle experiments tend to have
support requirements near the low end of the ranges given above,
while stereo experiments tend to have support requirements near
the high end,

Some basic incompatibilities between scientific re-
quirements and orbital mechanics constraints have been identified
by the experiment design analysis performed here. It is diffi-
cult to obtain visual imagery of large areas of Mars in a short
time, Daylight coverage of 70 percent of the planet can only be
achieved in one day by large field-of-view systems at low alti-
tudes or by high resolution systems at high altitudes., 1In either
case, the support requirements must be increased over those
given above, The situation is aggravated when constraints are
also imposed upon the desired surface illumination. Thus when
solar zenith angles of less than 20 degrees are required, as is
the case for stereo coverage, a minimum of approximately 335 days
are required for illumination of 70 percent of the planet. When
the same area of Mars is to be observed a second time to discover
temporal variations in the surface or atmospheric phenomena, the
second observation must follow quickly on the same orbital pass
or must wait at least until the next pass one orbit period later
(2 minimum of 2-3 hrs. later). That is, image repetition times
longer than a few minutes and shorter than a few hours are not
possible for single spacecraft orbital missions. However, no
severe difficulties are encountered in obtaining seasonal coverage
as is desired for many imaging experiments at Mars,
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7.2.2 _Venus

As previously indicated by Table 7-3, visual imagery
from orbit about Venus is expected to be useful only in the study
of atmospheric phenomena. It is highly unlikely that the surface
of Venus can be observed in the visible portion of the spectrum
from orbital altitudes. Table 7-7 summarizes the weight, power,
and data acquisition rates for visual imaging experiments at
Venus, As with Mars, the support requirements for atmospheric
imagery are relatively modest. Orbital imaging experiments at
Venus are greatly influenced by the slow planetary rotation
rate. The discussion in Section 5,2.2 has shown that from an
inertial orbit only 50 percent daylight coverage can be achieved,
unless a costly plane change is made sometime during the mission.
Furthermore, more than 100 days in orbit are required to achieve
the available 50 percent coverage. Sun-synchronous orbits could
provide an opportunity for complete daylight coverage, but such
orbits do not appear feasible for Venus., Thus, with the excep-
tion of cloud formation experiments, none of the regional scale
experiments can be adequately performed at Venus, unless an
expensive plane change manuever is performed,

Another difference between Mars and Venus is the size
of the planets, Venus being»nearly twice the diameter of Mars,
Thus for global cloud coverage experiments, the minimum scene
area which is useful is larger for Venus than for Mars. An
attempt to image such large areas from low altitudes is somewhat

self~-defeating, since near the edges of the imaged area
the line-of-sight is nearly horizontal, For this reason, a 1%-
inch vidicon system must be used in obtaining global cloud
coverage imagery from a 454 km altitude circular orbit. Increasing
the orbit altitude to about 1000 km would permit use of a one-
half-inch vidicon system with decreased support requirements.
With this in mind, the increase in support requirements.resulting
from imaging over a large range of orbit altitudes is more
apparent than is immediately obvious from study of the first
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grouping in Table 7-7. As is the case at Mars, color imagery
with television systems may or may not increase the data rate
by a factor of three over the non-color rate, depending upon

the image cycle time. Of course, the total mission or orbit

data load would increase by a factor of three.

The other experiment groupings in Table 7-7 also
show that the support requirements have this same dependence
upon the altitude range from which the imagery is obtained and
the use of a three-color filter wheel. It may be noted that no
visual imaging experiment at Venus requires the use of film
systems., 1In fact, except for cloud formation imagery, all the
experiments are within reach of a one-half inch vidicon system.
This was also the case at Mars, for atmospheric experiments,

In summary, visual imaging experiments at Venus have
approximately the same support requirements as similar experi-
ments at Mars, The essential differences are that more than
half of Venus cannot be observed without changing the orbit, this
coverage cannot be obtained more than twice per Venus year, but
the same areas can be overflown many times at intervals greater
than 1.6 hours. This facilitates time-lapse imagery which is
useful for studies of convective cells and turbulence, cyclone
formations, and auroras. For cloud formation studies, these
image interval times are longer than desired, but interval times
of less than one minute can be achieved on the same orbital pass
by increasing the amount of forward overlap.

7.2.3 Mercury

Table 7-8 summarizes weight, power, and data acquisi-
tion rate requirements for visual imaging experiments at Mercury,
As with all the support requirements summarized in this section,
a more detailed list is given in Volume V for each experiment,
Since Mercury has no atmosphere, only surface imaging experiments
are listed. The support requirements at Mercury are very similar
to those found at Mars for analogous experiments. For example,
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local scale stereo experiments for study of surface topography
can be performed at Mercury using a five-inch S0-243 film system
just as at Mars, However, the film systems tend to weigh more
at Mercury than at Mars because more massive amounts of radia-
tion shielding is required. Also, the same trends are present
in the support requirements - color experiments have support
requirements similar to non-color experiments except the data
rate is usually higher, stereo experiments weigh more, consume
more power, and acquire data more rapidly than non-stereo experi-
ments, and experiments performed from a range of altitudes have
more demanding support requirements than analogous experiments
performed from a circular orbit.

There are no incompatibilities between the scientific
requirements and the orbital mechanics constraints for local and
detailed scale experiments. (The layering experiment requires
optical system of greater than two meters aperture and is thus
not feasible). However, for regional scale experiments involving
nearly noon-time solar illumination, the desired amounts of
Mercury are not properly illuminated. Thus for color imagery,
for which the solar zenith angle should be less than 40 degrees,
only 64 percent of Mercury's surface is properly illuminated,
and only about half of Mercury can be imaged from an inertial
orbit., Similarly, for stereo coverage, for which the solar zenith
angle should be less than 20 degrees, only 34 percent of Mercury's
surface is properly illuminated, and thus only 15 percent of the
surface can be properly imaged from orbit., At that, nearly two
Mercury years (about 180 Earth days) are required to attain the
available coverage. Time-~lapse imagery, with image intervals of
about two or more hours, is easily achieved, but is required
for only a few of the experiments,

7.2.4 Jupiter

Atmospheric phenomena can be usefully imaged in the
visible portion of the spectrum from orbit about Jupiter.
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Table 7-9 summarizes typical weight, power, and data rate re-
quirements for such experiments. The most obvious conclusion

is that a two-inch RBV system is adequate for visual imagery at
Jupiter. High orbital altitudes have been chosen to minimize
the hazard from the Jovian radiation belts, hence the optical
systems used with the RBV tend to be large. For those experiments
requiring 20 km "ground" resolution, the optical system has a
focal length from 20 to 60 cm and a lens aperture from 10 to 20
cm. For the three km ground resolution experiments, a 90 cm
lens with a 2 meter focal length is used. Variations in experi-
ment weight arise solely from variations in the optical system,
In all cases, more than 100 seconds is required to fly from one
area to a new area, and hence the use of a three-color filter
wheel has no effect on the data rate, It does, of course,
increase the total amount of data. Because of Jupiter's fast
rotation ratre, all the coverage and image interval time require-
ments can be achieved by proper orbit selection.

7.3 Infrared Scanning Systems

The usefulness of orbital infrared imagery in the
exploration of Mars, Mercury, Venus and Jupiter is indicated in
Table 7-10. The blackness of each circle is proportional to the
usefulness of the imagery; a completely black circle indicating
that imagery from orbit is expected to be very useful, a completely
white circle indicating that imagery from orbit is not very
useful., For details of these assessments, the reader is referred
to Volume II (Definitions of Scientific Objectives). At Venus
and Jupiter, infrared imagery is expected to be very useful in the
study of nearly all atmospheric phenomena, while at Mars and
Mercury, infrared imagery is expected to be very useful in the
detection thermal anomalies on the surface and useful in the
study of lithologic contacts. Although no distinction is apparent
in the table, detection of both reflected solar and thermally
emitted infrared energy is useful. 1In particular, reflected
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infrared energy is expected to be useful in imagery of contacts,
global cloud coverage, cloud formation, and cyclone formationms,
while thermally emitted infrared imagery is useful for all the
phenomena listed in the table except contacts.

Table 7-10

Utility of Orbital Infrared Imagery

VENUS
MERCURY JUPITER
Contacts — :

Surface Thermal Anomalies

Global Cloud Coverage

Convective Cells & Turbulence

Cloud Formation

Cyclone Formations

' MARS
Atmospheric Thermal Anomalies ig
5

Surface-to-Atmosphere Transfer

7.3.1 Mars

Weight, power, and data rate requirements for orbital
infrared - imaging experiments at Mars are shown in Table 7-11.
The experiments in the table are grouped according to minimum
acceptable image ground size, or scan length on the planetary
surface. These groupings correspond to regional, local, and
detailed scale experiments. There is a very close correlation
between the support requirements and the size of the scanning
beam (system angular resolution). The scanning beam size in
turn is directly related to the imaging altitude and the re-
quired ground resolution and indirectly to the scan length.
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The regional scale experiments show surprisingly
small weight, power, and data rate requirements. The convective
cells and turbulence experiment design uses a thermistor operating

in either the 6-14 u band or the 20-40 p band, avoiding the
strong CO, absorption band at about 17 p., The support require-
ments are the same in either case, and are based on a required
temperature resolution of two deg K (appropriate for all thermal
imagery experiments at Mars), The 969 km altitude circular polar
orbit selected for this experiment affords complete planetary
coverage every five days. Seasonal coverage is desired and
easily obtained. Two surface thermal anomalies experiments are
listed in the table, both using a thermistor detector over a
broad band from 2 to 50 4., The first uses an elliptic orbit
with imaging performed only in the immediate vicinity of periapse
at 425 km, the second a circular orbit of 969 km altitude with
imaging performed over half the orbit. The higher ground speed
of the elliptic orbit results in a higher data rate, but affords
imagery of the same area after 25 hours as desired. The second
provides an image interval of five days (actually complete
planetary coverage every five days) with a less expensive capture
manuever and a lower data rate, because of the lower ground
speed. The contacts experiment uses a PbS detector operating at
295 deg K from a sun-synchronous circular orbit providing 74
percent coverage every five days. A one~faced scanning mirror
has been used. The data rate could easily be reduced a factor

of two by using a two-sided scanning mirror with a very small
increase in the system weight. Again, this emphasizes the amount
of design flexibility available to the experiment designer, and
the support requirements given here must be regarded as typical
rather than optimized in any sense,

As with the regional scale experiment, the local scale
convective cells experiment utilizes a thermistor operating
either in the 6-14 | band or in the 20-40 ¢ band. For local
scale thermal anomalies, a better ground resolution, and hence

1T RESEARCH INSTITUTE

363



a more sensitive detector is required. An aluminum-doped silicon
detector operating at 23 deg K has been chosen. The solid neon
cooling system accounts for most of the sensor system weight.
The deleterious effects of acquiring imagery over an appreciable
range of altitudes is shown by the local scale contacts experi-
ment. The angular resolution is set by the ground resolution
which must be achieved even from an altitude of 976 km, The
resulting small scanning beam size requires a large collecting
aperture (31 cm) to collect enough energy when used with a linear
array of 50 PbS detectors at 295 deg K. By operating the linear
array at 195 deg K and using a radiation cooling system, the
system weight could be reduced to about 100 pounds and the
collector diameter to about 15 cm., The required operating power
and data rate would remain unchanged.

The detailed scale experiments involve anguiar re-
solutiors leading to diffraction-limited optical systemns greater
than one meter aperture, and hence beyond the current (and fore-
seeable) state-of-art, For Mars, the peak of the black body
spectral emission curve occurs at about 15 U, and at this wave-
length the collecting system must be at least 1.3 meters in
diameter to achieve a five meter resolution from 370 km. Even
if a sufficiently sensitive detector were available and the
required optical system could be constructed, the sensor system
would weigh well over 400 pounds. For the contacts experiment,
a similarly sized optical system is necessary, the increase in
orbit altitude counterbalancing the decrease in operating
wavelength to about two microns.

In summary, infrared scanning experiments providing
ground resolutions of 3 km weigh about five pounds, consume
about three watts of power, and collect data at 10,000 bits/sec,
or less. For ground resolutions of about 200 meters, a typical
infrared imaging system might weigh 50-100 pounds, consume 5-30
watts, and collect data at 105 or 106 bits/sec. Detailed scale
experiments at five meter resolution appear to be unfeasible.
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In comparison with visual imaging experiments, infrared experi-
ments appear to have support requirements roughly comparable to
visual experiments on the regional and local scale, but the
technology is not as well developed as for visual systems and
thus detailed scale imagery is impossible at the current level
of development. Of course, infrared systems can provide data
on the thermal environment of the imaged scene, while visual
systems cannot,except quite indirectly. Furthermore, a freedom
from stringent illumination constraints permits greater latitude
in orbit selection, facilitating achievement of coverage and
time-lapse imagery requirements,

7.3,2 Venus

Table 7-12 summarizes some of the support require-
ments for orbital infrared scanning imagery at Venus. The
thermal imaging experiments have been based on a required tempera-
ture resolution of five deg K. All the experiments desired at
Venus are quite feasible, and have rather modest support require-~
ments, This is because ground resolutions of only three km and
temperature resolutions of only five deg K (compared to two deg K
at Mars) are necessary. As with other imaging experiments, the
support requirements are increased when imagery is obtained over
a significant altitude variation, as compared to constant altitude
imaging operations. Detector cooling is not necessary at Venus.
Reflected sunlight imagery is obtained by PbS detectors, thermal
imagery by thermistors, Virtually all the scientific requirements
are met, except that complete planetary coverage cannot be achieved
in less than about 120 Earth days.

7.3.3 Mercury

Table 7-13 summarizes the weight, power, and data
rate requirements of orbital infrared imagery at Mercury. The
support requirements for regional scale imagery (3 km ground
resolution) are similar to those at Mars and Venus. The regional
contacts experiment does not quite satisfy the scientific require-
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ments in that only 63 percent (rather than 70 percent) planetary
coverage is achieved, which is the most which can be attained
with an inertial orbit., The support requirements for surface
thermal anomalies are based on a five deg K temperature resolu-
tion., The weight of the local scale contacts experiment can
probably be reduced to that of the local scale surface thermal
anomalies experiment by operating the PbS detector at 195,
rather than 295, deg K. The local scale thermal anomalies
experiment employs a boron-doped silicon detector operating at
23 deg K. The cooling system is relatively small because of a
short mission duration (60 days). The detailed scale experiments
are not feasible at the current state-of-art. The contacts
experiment requires an order of magnitude increase in detector
sensitivity, the thermal anomalies experiment, (which demands a
longer wavelength) has a diffraction-limited collecting system
in excess of one meter aperture., Disregarding the detailed
scale experiments, all the scientific requirements for infrared
imagery at Mercury can be satisfied, except for the regional
scale contacts experiment as noted above.

7.3.4 Jupiter

Table 7-13 also summarizes the support requirements
implied by infrared imagery. at Jupiter. 1In addition to the
staggering support requirements, neither of the two feasible (?)
experiments listed completely satisfy the scientific requirements,
Infrared imagery of Jupiter is difficult to obtain from orbit
because of the high orbital altitudes required to reduce exposure
to the radiation belts, the small amount of both reflected
solar and thermally emitted energy, and the two deg K temperature
resolution required, Even using the best available detector
(PbS at 195 deg K), the global cloud coverage experiment involves
a large collecting aperture (80 cm) and a correspondingly massive
scanning system. Furthermore, about 15 minutes is required to
scan an area 15000 x 15000 km, exceeding the desired acquisition

IHT RESEARCH INSTITUTE

368



time by nearly an order of magnitude. Because of Jupiter's

low temperature, thermal imagery should be obtained at about

30 ¢ wavelength. Using the best available detectors, a collector
aperture of two meters is required for imagery of thermal
anomalies. The cyclone formations experiment is similar to the
global cloud coverage experiment, except that the image acquisi-
tion time is reduced to about five minutes - one minute is re-
quired by the image specifications of Table 4-1.

7.4 Pagsive Microwave Scanning Systems

The analysis of planetary exploration scientific
objectives presented in Volume II indicates that passive micro-
wave imaging systems are potentially useful for the observation
of both surface and atmospheric thermal anomalies, convective
cells and turbulence, and surface to atmosphere transfer. This
assessment is summarized in Table 7-14, where it is seen that
passive microwave systems are of most value at Venus and Jupiter.
This is primarily because Mars and Mercury have no significant
atmosphere, hence the study of atmospheric structure and dynamics
does not contribute materially to an understanding of these

planets,
Table 7-14
Utility of Orbital Passive Microwave Imagery
~ &
5 o
[
Observable SI=
. |
Surface Thermal Anomalies Ny

l
L

Atmospheric Thermal Anomalies

Convective Cells and Turbulence

,%— MARS

Surface to Atmosphere Transfer Y
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Experiment support requirements have been estimated
for all those planet-observable combinations identified in
Table 7-14 as useful or very useful. These support requirements
are summarized in Table 7-15, more detailed results are provided
for these experiments in Volume V. For each experiment shown
in the table, the support requirements are based upoh minimal
achievement of the appropriate image specifications, as deter-
mined by the various worth curves. In some cases, it is not
possible to achieve the necessary temperature resolution because
of state-of-art constraints on the sensor system design. These
cases are identified in the table by the asterisk placed upon
the desired temperature resolution values. The table shows that
only at Venus can any of the desired imagery be obtained, within
the constraints imposed by the orbital selections and current
microwave system technology.

At Mars, only regional scale microwave experiments
are at all feasible, Two alternate orbits have been chosen for
the regional surface thermal anomalies experiment. The first
is a circular polar orbit providing complete coverage of Mars
every five days. The second is an elliptic polar orbit on which
imagery is obtained only in the immediate vicinity of the 425
km periapse, thus sacrificing mission duration for a lower
imaging altitude and a more economical capture manuever. Approxi-
mately 120 days is required to achieve 70 percent planetary
coverage, The lower imaging altitude results in a dramatic
decrease in antenna weight, although the two experiments are not
quite comparable., The first experiment provides a temperature
resolution of 4.6 deg K, the second 7.4 deg K. A temperature
resolution of two deg K cannot be achieved, even by a noise-free
receiver, An electrically-scanned antenna has been used in both
cases, The local and detailed scale experiments cannot be per-
formed because the required antenna size and beam switching time
exceeds the current state-of-art by orders of magnitude, It would
appear that surface thermal anomalies at Mars are much easier
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to observe in the infrared portion of the spectrum than in the
microwave,

The surface of Venus cannot be adequately observed
from orbit by any passive microwave system which is within reach
of the current state-of-art. 1In order to penetrate the atmosphere,
frequencies of less than ten GHz are necessary, implying antenna
diameters of about 100 feet for three km resolution. Surprisingly
enough, the detailed scale atmospheric thermal anomalies experi-
ment has less demanding support requirements than the corresponding
regional scale experiment. This is because the regional scale
experiment actually contains more resolution elements per scan
line, severely limiting the integration time per resolution
element. The operating frequency must therefore be chosen to
reduce the bandwidth rather than the antenna size. The regional
scale experiment therefore operates at 30 GHz and an antenna
size of 7 x 7 ft, while the detailed scale experiment utilizes
a 2 x 2 ft antenna at 65 GHz, Even at that, the regional scale
experiment provides a temperature resolution of slightly more
than six deg K, while five deg K is desired, This design pe-
culiarity doesnot occur for the convective cells experiments
since the regional scale experiment requires scan lengths of
only 600 km, This latter experiment is the only passive micro-
wave experiment found for which a mechanically-scanned antenna
is feasible. The surface to atmosphere energy transfer experi-
ment doe not satisfy the scientific requirements in that 120 days
is required to obtain full planetary coverage, rather than 100
hours as desired. As noted with other imaging systems, this is
a basic incompatibility between orbital operations and scientific
requirements at Venus., Comparison of microwave to infrared
imaging at Venus suggests, as at Mars, that for similar scientific
objectives infrared imagery can be obtained more easily than
passive microwave, However, different information is obtained
and may be worth the increased support requirements.
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At Mercury and Jupiter, no passive microwave imagery
which completely satisfies the scientific requirements can be
obtained by imaging systems within reach of the current state-
of-art, The only feasible experiment is study of surface thermal
anomalies on a regional scale at Mercury. Even operating at the
optimum frequency (from the standpoint of the temperature re-
solution produces imagery from which temperature differences of
only seven deg K can be deduced, while five deg K resolution is
required. At that, the relatively long wavelength requires an
antenna 21 x 21 ft in size. By increasing the operating fre-
quency, the antenna size could be reduced at the expense of
temperature resolution. Enormous antennas are necessary at
Jupiter to achieve the desired spatial resolutions from the
orbital altitudes considered, The best that can be done with
reasonably sized antennas is about 200 km "ground" resolution.

7.5 Radar Iméging Systems

An evaluation of the efficacy of radar imagery in
exploring the planets from orbit is shown in Table 7-16., The
table is based on data presented in Volume II of this report
series., The black circles in the table signify that radar imagery
is very useful, the half-black circles useful, the empty circles
not very useful, Radar imagery at Venus is considered to be
very useful, since it offers the only reasonable chance of
observing the surface from orbit. The atmosphere at Jupiter is
presumed to be so thick, and the presence of a surface so un-
known, that radar imagery is regarded as not very useful.
Experiment support requirements have been estimated for all the
useful experiments suggested by the table. Only the weight,
power, and data rate requirements are reported here. A complete
set of support requirements for each useful experiment is given
in Volume V., Because radar imagery is most important at Venus,
a departure is made in the usual planetary order, and Venus
experiments are discussed first here.

11T RESEARCH INSTITUTE

373



Table 7-16

Utility of Orbital Radar Imagery
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MERCURY

VENUS
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Precipitation Rate
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Plant Life
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Table 7-17 presents the weight, power, and data rate
requirements for various radar experiments at Venus, along with
the antenna size and type of radar. Here NC signifies noncoher-
ent radar, while SA indicates a synthetic aperture system. Non-
coherent systems were used whenever possible, that is, unless the
necessary antenna size exceeded the state-of-art limitations.
Vertical height information can be obtained by stereo coverage or
by measurement of radar shadow lengths. Only side-looking radar
systems were considered. For such systems, stereo coverage can
be obtained by passing by the same area twice, that is, by using
two orbital passes. If both passes are on the same side of the
imaged area, the stereo imagery is referred to as one-sided
coverage and is identified in the table by a 1 in the stereo
column, TIf the two passes are on opposite sides of the imaged
area, the operation is referred to as two-sided stereo and iden-
tified by a 2 in the stereo column of the table., Two-sided ctereo
coverage provides superior vertical resolution, but requires a
reorientation of the antenna during the mission and hence greatly
increased command and control requirements. No detailed considera-
tion has been given to the feasibility of such stereo coverage
during a planetary mission,

The table lists experiment support requirements grouped
into similar scientific requirements as to minimum useful image
ground size (swath width) and horizontal ground resolution. A
glance at the table shows that radar imaging experiments are
generally heavier and more thirsty for power than any other
imaging system considered. On the other hand, they offer the
only possibility for penetrating thick atmospheres. The power
requirements reflect the fact that radar systems are active re-
mote sensors, All the other imaging systems considered in this
study rely upon solar or thermal energy. It should also be
emphasized that a great amount of design flexibility exists in
the design of a radar system for this very reason. The support
requirements givén here are representative values and do not reflect
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an optimized design in any sense.

Surface elevations experiments require only 20 km
horizontal ground resolution, hence antenna lengths of only _
about 30 feet are required. The two-sided stereo mode affords
a lower average power requirement and a decreased data rate as
compared to the one-sided mode. As with all other Venus orbital
imagery experiments, at least 120 Earth days are required to
achieve 70 percent planetary coverage, Three km horizontal
resolution is provided by noncoherent systems with antenna
lengths of about 200 feet., Table 7~17 indicates that regional
scale radar imagery at Venus can be provided by noncoherent
systems weighing 200-300 pounds, consuming 300-500 watts of
power, and collecting data at a rate of roughly 10,000 bits/sec.
All local scale imagery requires synthetic aperture systems of
300-400 pounds with antenna lengths of about 50 feet. Power
requirements range from about 200 to 3000 watts depending upun
the required vertical resolution and the mode of coverage. If
the one-sided mode of stereo coverage is rejected, the power
requirements reduce to 200-300 watts. Data rates for local
> - 10° bits/sec,

For detailed scale imagery, tradeoffs may be per-

scale experiments are in the range of 10

formed between the weight and power requirements by adjusting
the antenna size. By using a large antenna to focus the trans-
mitted power upon the desired ground area, the power requirement
may be reduced at the expense of antenna weight. For example,
contacts and surface appearance experiments require essentially
the same imagery. By using a ten foot wide antenna, the system
weight may be reduced to 600 pounds, but 20 kilowatts of power
are required, Alternatively, by increasing the antenna width a
factor of ten, the power requirement is reduced by a factor of
100, while the system weight is increased mnearly a factor of ten.
A reasonable compromise might result in system weights about
1000 pounds and power requirements of about one kilowatt. 1In
any event, the data acquisition rate is about 108 bits/sec.
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Experiments requiring less than one meter ground resolution are
either prohibitively expensive (1000 pounds and 100 kilowatts)

or are beyond the state-of-art.

Support requirements for radar imaging experiments

at Mars and Mercury are similar to those at Venus. Noncoherent
systems can be used for regional scale experiments, but local and
detailed experiments demand synthetic aperture systems if the
antenna length is to be kept within reasonable bounds. The
scientific objectives for which radar imagery is useful at Mars
and Mercury can also be achieved by visual imaging systems and

at considerably reduced support requirements, Regional stereo
coverage is the exception to this rule. That is, stereo visual
coverage of 70 percent of Mars requires a mission duration of
about 330 days, while stereo radar coverage of 70 percent of

Mars can be acquired in less than ten days. Similarly at Mercury
only 34 percent of the planet's surface is ever properly illumi-
nated for visual stereo imagery, Radar stereo imagery of the
entire surface can be achieved in 30 Earth days,

: Radar imagery of Jupiter from the orbital altitudes
considered in this study (higher than 2.5 Jupiter radii) does
not appear feasible. Wavelengths of at least 30 cm will be
required to penetrate the visible atmosphere to any appreciable
depth. From an altitude of about 200,000 km, a noncoherent
radar system will require an antenna nearly one kilometer in
length to achieve a "ground" resolution of even 100 km. In
addition, whether a noncoherent or synthetic aperture system is
employed, the required transmitter powers are orders of magnitude
beyond the foreseeable state-of-art.
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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. This has been possible only because of the
fundamental logic and the relative simplicity of the method.
Significant contributions have been made in each of
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 constraints. 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.
The study has provided a much better understanding
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.
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The scaling laws, in most cases, provide the first
formal synthesis of the criteria which are used in the design
of experiments, They are based principally on the current
state of the art and indeed, the study results can be used to
define advanced technology development needs for the measuring
instruments themselves, 1In the performance of the study, some
insight in this direction has been gained. For instance,
although no such instrument exists, an orbiting radio frequency
imager would be invaluable for monitoring the bursts of
decameter radiation at Jupiter. Also variable focal length
systems of low distortion could be very effectively used over
much of the electromagnetic spectrum.

The vast amount of data generated by this research
effort cannot be summarized adequately without gross over-
simplification. Nonetheless, some of the more important results
of the study are recapitaled here to provide the reader with a
broad appreciation of the need for orbital imagery in planetary
exploration, the role played by various imaging sensor systems,
the limitations of orbital imagery (both in principle and in
practice), and requirements imposed upon spacecraft design by
orbital imagery.

The analysis of scientific objectives has indicated
that although no portion of the electromagnetic spectrum is
without virtue, some portions are more useful than others. It
is no surprise that the visible portion of the spectrum is the
most useful for obtaining imagery from orbit. At Mars both
surface and atmospheric phenomena demand visual imagery. The
same would be true at Mercury, except it has no atmosphere.
Venus and Jupiter both have active atmospheres which can be
investigated in the visible, but the atmospheres are undoubtedly
so dense that the surface cannot be seen from orbit. Radar
imagery, which is the only active imagery considered in this
study, is possibly the next most important type of imagéry,
since it provides the only chance of penetrating to the surface
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of Venus. Unfortunately, radar systems tend to be heavy and
consumers of power, and are probably not even feasible at
Jupiter. Infrared imagery is useful for a wide variety of
atmospheric studies and for detection and mapping of both
atmospheric and surface thermal anomalies. Therefore infrared
imagers are expected to be included in most orbiting payloads

at Venus and Jupiter. Passive microwave systems are potentially
useful for studying thermal anomalies (surface and atmosphere)
and also for mapping convective cells and associated turbulence
in the atmosphere. Ultraviolet imagers are not expected to
contribute materially to the scientific data collected by orbiting
missions, except for study of some anomalous atmospheric features
which have been observed at Venus,

The scientific requirements for orbital imagery have
been translated into specifications describing the desired imagery
to provide a starting point for the imaging system designer,
Nominal values for the image specifications have been provided
in Table 4-1, and represent the imagery which is desired without
regard to the ease (or difficulty) of obtaining the imagery.
Recognizing that this may place an undue strain upon the imaging
system designer, the nominal values have been supplemented by
"worth curves'" which suggest how far the nominal values may be
relaxed without seriously jeopardizing the scientific value of
the imagery. The experiment support requirements estimated
during this study are based upon these '"'relaxed" specifications.
These specifications imply an exploration heirarchy involving
first, second, and even third generation missions aimed at
acquiring data of increasing detail. That is, requirements for
regional, local, and detailed scale imagery have been carefully
defined. At Mars, Venus, and Mercury, the regional scale imagery
requires minimum scene areas from about 600 x 600 km to 1500 x
1500 km with ground resolutions ranging from three to 20 km.
Because of Jupiter's size, regional scale imagery at that
planet demands minimum scene areas from 5000 x 5000 km to

1T RESEARCH INSTITUTE

381



15000 to 15000 km and acceptable ground resolutions of 20 to
100 km, Local scale imagery at Mars, Venus, and Mercury implies
scene areas of about 100 x 100 km with a ground resolution of
200 meters for surface phenomena and three km for atmospheric
phenomena, Since the nature of Jupiter's '"surface" is un-
known, no requirements have been defined for surface imagery
except on a regional scale. Local scale atmospheric imagery
at Jupiter should view areas of at least 600 to 1500 km on a
side with a resolution of about three km., Detailed scale
imagery has been defined for Mars, Mercury, and Venus and in-
volves scene areas of about 500 x 500 meters and resolutions
of five meters or less.

Some types of surface imaging experiments must supply
vertical height information, if the scientific requirements are
to be achieved., 1In general, regional scale experiments are
directed towards detection of one to three km height differences,
local scale 100 to 200 meters, and detailed scale 50 meters.
Thermal mapping experiments require detection of five deg K
temperature differences at Venus and Mercury, and two deg K at
Mars and Jupiter. The fractional amount of the planet's area
which must be imaged depends on the scale of exploration. That
is, regional scale experiments generally require at least 70
percent coverage, local scale about ten percent, and detailed
scale one percent or less, Fiﬁally, since most atmospheric
phenomena are dynamic, nearly all of the regional scale atmos~-
pheric imaging experiments require rapid coverage of large
areas, and many of the atmospheric experiments require repetitive
imagery., This can be performed on a short period basis to
detect temporal variations, or on a long period basis to detect
seasonal variations.
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Orbit selection for imaging experiments is controlled
by the amount and location of the desired planetary coverage,
applicable solar illumination constraints, the minimum acceptable
ground area per image, and the amount of image overlap. The
orbits selected during this study are representative of those
orbits which are likely to be selected for specific orbital
missions, Actual mission design involves launch vehicle and
spacecraft constraints which have not been considered in any
detail here. Nonetheless a number of basic incompatibilities
between scientific requirements and orbital mechanics constraints
have been identified. Most of these difficulties are associated
with the amount of coverage required and the available solar
illumination,

At Mars, the coverage required for regional scale
imagery (70 percent) can be obtained from orbit in three to
ten days, provided there are no solar illumination constraincs
or simply daylight illumination is required. A minimum of about
330 days is necessary to achieve 70 percent coverage at solar
zenith angles less than 20 degrees, as is desired for wvisual
stereo imagery. Image interval times (the time interval between
opportunities for observing a specific location on the planet)
are normally restricted to less than a couple minutes or greater
than a couple hours. Seasonal repetitions are easily achieved.

At Venus 120 Earth days are required to obtain 70
percent coverage under daytime conditions, or if there are no
solar illumination constraints. Most of the imaging experiments
at Venus require only daylight illumination or are independent
of the solar illumination. Therefore, regional scale coverage
can be repeated at most twice a planetary year, It is difficult
to provide image interval times greater than a few minutes and
less than 1.5 hours.

At Mercury, 70 percent coverage can be achieved in
30 or 40 Earth days, provided there are no solar illumination
constraints or at worst daylight constraints. The coverage can
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be repeated every 30 or 40 days. However, only 64 percent of
the surface is illuminated at solar zenith angles less than

40 degrees, and only 34 percent at zenith angles less than 20
degrees. Only about half the available area can be covered by
an inertial orbit, and two Mercury years (about 180 Earth days)
are required to obtain this coverage. Therefore, completely
satisfactory visual color or stereo imagery at regional scale
(70 percent coverage) cannot be obtained at Mercury.

At Jupiter, the desired imaging experiments have no
stringent solar illumination constraints. Complete, or nearly
complete, planetary coverage can be obtained easily in about
20 to 40 Earth days. Virtually any image repitition rate can
be provided by proper orbit selection.

At each planet, the orbit selections have been used
with the various imaging system scaling laws to estimate the
experiment support requirements for those orbital experiments
which are expected to be useful in achieving the scientific
objectives, The estimated requirements are sensitive to the
orbital parameters, the imaging system design, and, of course,
the scientific requirements. Many tradeoffs in the analysis
are possibe, most of which affect the experiment support re-
quirements, many of which are not immediately obvious. One of
the more important tradeoffs found common to all the imaging
systems studied is that imagery obtained from an elliptic orbit
over any significant altitude range results in increased weight,
power, and data acquisition rates as compared to use of a
‘constant, or nearly constant, imaging altitude. Thus experiment
support requirements can be traded off against the velocity
change of the orbit capture manuever and the mission duration
required to achieve the desired amount of planetary coverage,

All the visual imaging experiments suggested by this
study employ imaging systems which are within reach of the
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current state-of-art, except for those few experiments which
require ground resolutions of less than five meters. 1In fact,

it appears that ground resolutions on the order of one meter

are not feasible with any type of orbital imaging system. Most
of the atmospheric imaging experiments at Mars and Venus can be
performed by a one-half-inch vidicon system weighing eight pounds,
consuming eight watts of power (average), and acquiring data at

a rate of 25,000 bits/sec, or less, assuming six binary bits

per resolution element. At Jupiter, the high imaging altitudes
and elliptic orbits require a two-inch RBV (return beam vidicon)
system using about 30 watts of power and a data rate of 4 x 10°
bits/sec. TFor 20 km ground resolution, the system weighs about
50 pounds, but for 3 km ground resolution, the system grows to
300 pounds because of the large optical subsystem required.
Support requirements for surface imagery at Mars and Mercury

are 15-30 pounds, 15-30 watts, 5,000-500,000 bits/sec for region-
al scale imagery, 30-60 pounds, 30-100 watts, 106—107 bits/sec
for local scale imagery, and 300-500 pounds, 30-300 watts, 107-
108 bits/sec for detailed scale imagery.

Orbital radar imaging experiments are not feasible
at Jupiter, at least from the orbital altitudes considered here,
as enormous amounts of power are required. At Mars, Venus, and
Mercury, the weight, average power, and data acquisition rates
are 200-300 pounds, 300-500 watts, about 10,000 bits/sec for
regional scale imagery, 300-400 pounds, 200-300 watts, 10°-10°
bits/sec for local scale imagery, and about 1000 pounds, 1000
watts, and lO6 bits/sec for detailed scale imagery. Ground
resolutions of less than five meters are not feasible .

Except at Jupiter, all the étmDSpheric infrared
imaging experiments can be performed by a scanning system
weighing two to six pounds, consuming about two watts of power,
and collecting data at a rate of less than 7,000 bits/sec.
Regional scale surface imagery at Mars and Mercury requires
2-10 pounds, about five watts, and less than 15,000 bits/sec,
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while local scale surface imagery requires 50-100 pounds, 5-30
watts, and about 10° bits/sec. Detailed scale imagery and
atmospheric imagery at Jupiter do not appear to be feasible.

Surface passive microwave imagery from orbit is
feasible only at Mars and Mercury, and then only for regional
scale imagery. A typical imaging system is estimated to weigh
about 500 pounds, consume 100 watts of power, and collect about
2000 data bits/sec., Atmospheric imaging experiments are applic-
able only to Venus and Jupiter. At Venus the atmospheric
experiments require 20-100 pounds, 20-80 watts, and 200-2,000
bits/sec. At Jupiter the experiments desired are not feasible.

Ultraviolet scanning systems can be used at Mars,
Venus, and Mercury. For three kmrground resolution, a typical
system weighs about two pounds, consumes only one watt of power,
and collects data at rates from 2,000 to 250,000 bits/sec,
depending upon the orbit. A ground resolution of 200 meters can
be achieved by a 50 pound system with a 10° bit/sec data rate
and one watt average power,

Multispectral scanning systems are likely to be very
useful at Mars, Venus, and Mercury. Support requirements for
such systems will be similar to those for infrared scanning
systems, although the data acquisition rates will depend upon
the number of channels required. Multifrequency radar systems
might be useful at Mars and Venus, especially for study of
atmospheric precipitation. The support requirements are likely
to be somewhat more demanding than for monochromatic radar systems.
Passive radiofrequency imaging systems would be especially useful
at Jupiter; but the design of such systems is so speculative
that scaling laws have not been derived during this study.
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The recommendations which have resulted from the

study can be summarized as follows:

The analytical techniques developed here should be
reviewed and extended. At present they are a
major first step, but include no tradeoffs between
subsystem requirements nor any attempt at optimiza-

tion,

The results should be carefully analyzed to identify
the demands imposed on spacecraft subsystems, and
the demands should be compared with projected
subsystem capabilities,

The subsystem requirements for non-imaging orbital
experiments should be developed and integrated
with the imaging requirements,

The requirements for outer planet missions beyond
Jupiter should be identified, since they may be
more demanding on the subsystems than the closer
planets,

The present analysis should be extended to atmospheric
probe and lander experiments, since they may ultimately
make the most severe demands on advanced technology

developments,
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APPENDIX A

ORBIT SELECTION EXAMPLE

To illustrate the use of the stereographic projection
technique in seiecﬁing spacecraft orbits for a family of imaging
measurement specifications, consider family number 7 (as defined
by Table 5-3) at Mars. This family consists of regional scale
imagery in support of the observables Contacts, Surface Winds,
and Biochemical Systems, The family measurement specifications
are summarized in Table A-1. The minimum acceptable scene area
is 600 x 600 km, and the desired solar elevation angle is in the
lrange 30~-60 degrees,

Because of the solar illumination constraints, the
most useful stereographic projection is one which uses the
Martian subsolar point as the point of tangency. The primitive
circle, which is the projection of a great circle every point
of which is midway between the point projection source and the
point of tangency, is then the projection of the terminator. The
projection of the subsolar point appears as the center of the
primitive circle or terminator. To locate the projection of Mars
orbit plane, equator, and poles, specific arrival conditions
must be considered.

Figure A-1 shows the stereographic projection appro-
priate to the arrival conditions (on October 13, 1984) for the
selected 1984 interplanetary transfer. At this time, the sub-
solar point is at twenty degrees south latitude, and hence the
projection of the South Pole appears within the primitive circle.
It is nearly mid-summer in the Southern hemisphere. The pro-
jection of the heliocentric orbit plane of Mars appears in the
figure as a straight line making an angle of 25 degrees with
the equator, since the rotation axis of Mars is tipped at 25
degrees relative to the orbit plame. The vertical line shown
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Table A-1
MEASUREMENT EAMI}Y‘SPECIFIQATIONS

FAMILY OBSERVABLES.......... ... 3 = Contacts (Regional)
18 - Surface Winds (Regional)
40 - Biochemical Systems
MINIMUM IMAGE SIZE....,..,.....600 km
MINIMUM OVERLAP...osersevovssso20%

MINIMUM COVERAGE..,........s...70%

SOLAR ELEVATION RANGE....... ,..30 - 60 deg
COVERAGE DISTRIBUTION........ ,..‘ --

TIME FOR COVERAGE. .....000evnnn -

IMAGE INTERVAL...... terresrene. < 2 hr
COVERAGE INTERVAL.......0vcvune > 4/ yr
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in the figure represents a meridian passing through the subsolar
point and the poles.

The planetary surface may be regarded as rotating
underneath the stereographic projection, rotating once each Mars
day. The planetary coverage which can be achieved at the desired
solar illumination can be visualized by drawing the solar eleva-
tion limits on the stereographic projection. If the subsolar
point has been used as the point of tangency, the locus of points
of constant solar elevation angle is projected onto the stereo-
graphic projection as a circle about the subsolar point. At the
subsolar point itself, the solar elevation angle is 90 degrees.
Figure A-2 shows the solar illumination constraints for family
number 7. 1In order to satisfy the measurement specifications,
the imagery must be acquired from within the annular region
bounded by the circles representing solar elevation angles of
30 and 60 degrees,

The direction of the approach asymptote may also be
located on the stereographic projection. The interplanetary
transfer parameters given in Table 5-1 show that, for the example
considered here, the declination of the approach asymptote is
32.92 degrees below the equator while the angle between the sub-
solar point and the approach asymptote is 77.94 degrees. Thus
the projection of the direction of the approach asymptote appears
on the stereographic projection as shown in Figure A-2,

Assuming a coplanar periapse capture maneuver, possible
locations of orbit subperiapse points form a minor circle on the
planet surface centered on the direction of the approach asymptote,
This minor circle may be projected onto the stereographic pro-
jection plane as illustrated in Figure A-2. The exact locus of
periapse locations deﬁends upon the specific value of the orbit
periapse altitude. Three different orbit sizes, which are con-
sistent with obtaining scene areas of 600 x 600 km with 20 per-
cent overlap, are given in Table A-2, The periapse altitudes
for these orbit sizes are sufficiently similar that the locus
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Table A-2
MARS CANDIDATE ORBIT SIZES

- ‘Orbit Numberf

Orbit Parameters 1 2 3
Eccentricity.oveioseoessenosonons ceeeosss 0.0 0.4633 0.6115
Periapse Altitude.....cvevvrnooses —1Y 425 385
Maximum Altitude Ratio.............. ...1.0  16.4 31.8
Number of Orbits per day,.......es00...10 5 3
Number of days to complete coverage....5 10 15
Minimum Image Size.......cc.. ceeeseessas 000 600 600
Minimum Overlap....cooeseeenvocas esee.030,6 27.8 23.1
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of periapse locations shown in Figure A-2 is valid for all three
orbit sizes,

Sufficient information is now given in Figure A-2 to
facilitate orbit selection for the measurement family. Possible
orbit selections appear on the stereographic projection plane as
circular arcs which intersect the primitive circle (in this case
the terminator circle) at two points which are 180 degrees apart.
The projection of any orbit resulting from a direct coplanar
capture maneuver must pass through the asymptotic approach direction
point shown on the projection. In order to maximize the initial
latitude coverage, the orbit arc should be oriented vertically
on the projection and should be tangent to the imner solar
elevation boundary. To maintain maximum coverage with increasing
mission duration, the orbit should be sun-synchronous if solar
illumination constraints are critical. This may be accomplished
by selecting an orbit inclination such that oblateness perturbations
move the orbit ascending node in the same direction and at the
same rate as the Sun's motion. On the stereographic projection
plane, the subsolar point appears to move along the line re-~
presenting the orbit plane of Mars.

Using orbit size number two (as defined in Table A-2),
two options which satisfy the factors discussed above are shown
in Figure A-3., Both of the options shown precess correctly with
the subsolar point motion, and both provide a large measurement
arc within the area properly illuminated by the Sun. Option
two, however, provides slightly more latitude coverage. The
circular orbit (orbit size number one) could equally well have
been selected and would yield somewhat different results. How-
ever, imagery would then be acquired from an altitude of 969 km.
Using orbit size number two it is possible to acquire the imagery
from a lower altitude. A sun-synchronous orbit of size number
three requires a low orbit inclination and hence does mot provide
as much latitude coverage as the selections shown in Figure A-3,
In the stereographic projection, the orbit inclination is simply
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the angle between the projected orbit arc and the projection of
the equator. It should be noted that neither orbit option
shown in Figure A-3 passes through the asymptotic approach direction
point. That is, a coplanar periapse capture maneuver cannot be
used to directly set up either option.

The stereographic projection is useful in determining
an appropriate intermediate orbit. An initial capture maneuver
injects the spacecraft into an intermediate (first) orbit, and
at some later time a second impulse maneuver transfers the
spacecraft from the intermediate orbit into the final orbit (either
option one or two). The projection of the intermediate orbit
must pass through the projected direction of asymptotic approach
and must also intersect the projection of the final desired orbit.
To minimize the impulse of a plane change maneuver, the periapse
of the final orbit should occur at the projected intersection of
the initial and final orbits. TFurthermore, if the final orbit
is elliptical, it is usually desirable to locate its periapse
over the region of proper solar illumination in order that imagery
may be acquired from low altitude. The point of intersection
between the initial and final orbits should be on, or near, the
arc representing the locus of periapse locations so that an
efficient capture maneuver into the initial orbit can be made at,
or near, the periapse of the hyperbolic approach trajectory.
Finally, at the point of intersection, the angle between the two
orbit projections should be small to minimize the extent of the
required plane change.

One solution to the problem is illustrated in Figure
A-4 in which orbit A is the initial, or intermediate, orbit and
orbit B is the final orbit (equivalent to option two in Figure
A-3). An initial orbit capture maneuver occuring 5.5 degrees past
the approach trajectory periapse matches the peripase points of
the initial and final orbits. Both orbits have the same periapse
altitude (425 km), but the initial orbit has an eccentricity of
0.9. This permits an economical orbit transfer impulse at
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apoapse of the inital orbit changing its plane (but not its size)
141 degrees to match the plane of the final orbit. At the next
periapse passage, a final impulse maneuver is made reducing the
eccentricity to 0.4633, thus establishing the final orbit. The

required three impulses are:

1. off—periapse'insertion - 1.36 km/sec
2, plane change - 0.46 km/sec
3. eccentricity change - 0.57 km/sec

and hence the total impulse required is 2.39 km/sec.

The maximum declination (southward) of the Sun occurs
60 days after the arrival date., Using the selected final (imaging)
orbit, complete longitude coverage is obtained every ten days,
assuming scene areas of 600 x 600 km and 23 percent scene overlap
at the equator. Thus six complete longitude coverages can be
achieved during the first 60 days of the mission. The orbit/
illumination configuration at the end of this period is shown in
Figure A-5, Further imagery obtained at this time would repeat
the coverage previously obtained as the Sun moves back towards the
Northerm hemisphere.

This example demonstrates how the various factors of
orbit selection were generally treated in the study. At times in
the selection process it was mnecessary to modify this method of
analysis to adapt to different planet characteristics and/or
measurement specifications., The one notable change to this tech-
nique occurred at Mercury. The selection process was obvious and
in all cases resulted in polar orbits. However, the degree of
measurement achievement was difficult to determine from a stereo-
graphic projection because the planet rotates slower than the Sun's
motion across its surface. Hence, actual ground traces with keyed
solar elevation limits were constructed with the aid of a computer
program for extended mission durations, The amount of coverage
was then determined directly from these plots, A more detailed

description of this analysis and ground trace plots are presented
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in the discussion of Mercury orbit selection results presented

in Section 5 of this volume,
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