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A Program for

Planetary Exploration

David Morrison and Noel W. Hinners

During the 20 years from the first
Mariner flyby of Venus to the Voyager 2
encounter with Saturn, planetary explo-
ration experienced its golden age. More
than 40 robot spacecraft probed first
toward the moon, Venus, and Mars, then
ultimately to every planet known to an-
cient peoples, from Mercury to Saturn.
Most of these spacecraft were launched
by the United States, bearing names
symbolic of their exploratory missions:
Ranger, Surveyor, Pioneer, Mariner, Vi-
king, and Voyager. The Soviet Union,
the other nation to contribute to this era
of discovery, focused its efforts more
narrowly on the moon and Venus, but it
too achieved remarkable successes.
Within less than a generation, there was
a revolution in our understanding of the
solar system.

After such a brilliant beginning, it is
natural to ask, What next? What new
worlds remain to be explored? How do
we best capitalize on our past success-
es? And perhaps most important in a
time of constrained budgets, how do we
justify continuing planetary exploration
in the face of so many other worthy
programs competing for federal re-
search dollars?

As the 1970’s drew to a close, plane-
tary scientists asked these questions
with increasing urgency. Following the
1977 approval for development of a Gali-
leo orbiter and probe to Jupiter, there
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was increasing resistance to proposals
for further initiatives in planetary explo-
ration. Galileo was postponed repeatedly
by launch vehicle delays, and its status
remained precarious until the decision
last August to adapt the powerful Cen-
taur upper stage for the Shuttle (/).
Meanwhile, the funds available to NASA

SCIENCE

The Basis for Planetary Exploration

Planetary science is a relatively young
discipline which has flourished in the
United States primarily in response to
the development of a deep space launch
capability. Before the space age, plane-
tary research was largely the province of
a handful of astronomers, such as those
working with Gerard P. Kuiper at the
University of Chicago, while in the geo-
sciences a few workers, notably Harold
C. Urey, had begun to look at the mete-
orites as an important potential source of
information on the formation of the solar
system. Today, planetary science has
more than a thousand full-time partici-
pants (6), drawn from backgrounds in
physics, astronomy, meteorology, mete-
oritics, geology, geophysics, and geo-
chemistry, and is supported by tens of
millions of dollars in federal funds.

Summary. On the basis of a two-year study, the NASA Solar System Exploration
Committee recommends a core program of planetary missions through the year 2000.
By incorporating a number of cost-saving measures, an exciting program of planetary
exploration can be achieved within a highly constrained NASA budget.

for planetary exploration have dropped
to 20 percent of their mid-1970’s peak
(2), and even the excitement of the Voy-
ager encounters with Jupiter and Saturn
and the once-in-a-lifetime opportunity to
send a spacecraft to Comet Halley in
1986 (3) failed to reverse the declining
support for planetary science.

The need for a fresh look at planetary
priorities prompted the NASA adminis-
trator in late 1980 to appoint a special
committee of the NASA Advisory Coun-
cil to recommend an implementation
strategy for planetary missions through
the year 2000. This Solar System Explo-
ration Committee (SSEC) (4) has now
completed the first part of its task with
the publication of a recommended core
program of low- and moderate-priced
missions. The program is intended to
establish a stable basis for planetary sci-
ence, so that scientifically exciting mis-
sions can be carried out within a frame-
work of cost-saving engineering and
management approaches. We report
here the most important elements of this
core program (5).

Drawing on this multidisciplinary back-
ground and spacecraft data of unprece-
dented quantity and quality, planetary
science has achieved a new perspective
in the way we view our own planet.
From the complex atmospheric chemis-
try of Venus to the evidence for climatic
change on Mars, from the sulfur volca-
noes of Io to the spiral density waves
propagating through the rings of Saturn,
from the superheated plasma of the Jovi-
an magnetosphere to the isotopic imprint
of supernova nucleosynthesis in the
Allende meteorite, planetary perspec-
tives now pervade our approach to a
wide variety of problems in physics,
astronomy, and the geosciences.

The fundamental goals of scientific
exploration of the solar system have
been (i) to determine the present state,
origin, and evolution of the solar system,
(i) to better understand the Earth by
comparative studies, and (iii) to improve
our understanding of the relation be-
tween the appearance of life and the
chemical history of the solar system. In
the case of the moon, the Ranger, Sur-
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veyor, and Lunar Orbiter missions also
provided critical support to the manned
Apollo Program, and in the future the
need to assess resources for utilization
by an increasing human presence in
space may become an important sup-
porting objective of planetary explora-
tion (7).

To translate these general goals into a
plan of action, we may consider a ma-
trix. Along one dimension lie the diverse
objects within the solar system: (i) the
inner or terrestrial planets; (i) the outer
or Jovian planets, with their rings and
satellite systems; and (iii) the comets and
asteroids, chemically primitive debris
surviving from the origin of the solar
system. The second coordinate of the
matrix is a measure of our level of
knowledge. This knowledge has pro-
gressed, through a series of missions of
increasing technological sophistication,
from flyby reconnaissance spacecraft to
orbiters, entry probes or landers, and
ultimately return of samples for terrestri-
al analysis. Our progress in filling in this
matrix has been uneven. We have been
most successful in the inner solar sys-
tem, reaching the level of landers on
Venus and Mars and of sample return
from the moon. In the outer solar sys-
tem, we have accomplished flybys of
Jupiter and Saturn, and in 1988 Galileo
will provide an orbiter and entry probe
for Jupiter. No missions have yet been
launched to the small, primitive bodies,
although several non-U.S. flyby mis-
sions are planned for Comet Halley

when it approaches the sun three years
from now (3).

Excluding the special case of the
moon, the United States has launched 17
successful planetary spacecraft, includ-
ing two Viking Mars landers and a group
of Pioneer Venus atmospheric entry
probes (Table 1). The U.S.S.R. has
achieved success with 11 Venera mis-
sions to Venus, including seven landers.
These missions have demonstrated our
ability to apply the most advanced tech-
nology to important and challenging
tasks outside the national security arena.
But the pictures returned by a Viking or
Voyager can also distort our perspec-
tive, because our approach to planetary
exploration is the reverse of that used
over centuries in the exploration of
Earth. From space, we begin with a
global view of another planet and only
later move to detailed observations and
measurements in selected regions. This
has proved to be a powerful approach,
but only because scientists have been
able to extrapolate from their knowledge
of basic processes learned on Earth. It
generates an immediate global perspec-
tive, even from a first mission, but also
tends to create an overly optimistic im-
pression of the state of our knowledge.
Experience has shown that many inter-
pretations based on data from first-gen-
eration reconnaissance missions require
substantial revision when more capable
spacecraft arrive later (8). The impor-
tance of following up on our early dis-
coveries cannot be overemphasized if we

Table 1. NASA planetary missions (not including lunar flights).

Desti- Type of
Spacecraft Launch date nation Encounter date encounter

Mariner 2 26 August 1962 Venus 14 December 1962 Flyby
Mariner 4 28 November 1964 Mars 14 July 1965 Flyby
Mariner 5 14 June 1967 Venus 19 October 1967 Flyby
Mariner 6 25 February 1969 Mars 31 July 1969 Flyby
Mariner 7 27 March 1969 Mars S August 1969 Flyby

Mariner 9 30 May 1971 Mars 13 November 1971 Orbiter
Pioneer 10 3 March 1972 Jupiter 4 December 1973 Flyby
Pioneer 11 6 April 1973 Jupiter 3 December 1974 Flyby
Saturn 1 September 1979 Flyby
Mariner 10 3 November 1973 Venus S February 1974 Flyby
Mercury 29 March 1974 Flyby

Viking 1 20 August 1975 Mars 19 June 1976 Orbiter

20 July 1976 Lander

Viking 2 9 September 1975 Mars 7 July 1976 Orbiter

3 September 1976 Lander
Voyager 1 S September 1977 Jupiter S March 1979 Flyby
Saturn 12 November 1980 Flyby
Voyager 2 20 August 1977 Jupiter 9 July 1979 Flyby
Saturn 25 August 1981 Flyby
Uranus? 1986 Flyby
Neptune? 1989 Flyby

Pioneer Venus 20 May 1978 Venus 4 December 1978 Orbiter
8 August 1978 Venus 9 December 1978 Probes

Galileo? 1986 Jupiter 1988 Orbiter
Jupiter 1988 Probe
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desire a true understanding of other plan-
ets and the processes that mold them.

A critical appraisal of where we stand
today in planetary science also reveals
large parts of the solar system where we
have not even begun to explore. The
entire surface of Venus and half that of
Mercury remain terra incognita (9). No
spacecraft has yet visited Uranus, Nep-
tune, or Pluto (10), and we have only
flyby data on Jupiter, Saturn, and their
ring and satellite systems. We have yet
to send a spacecraft to a comet or aster-
oid. These small, volatile-rich messen-
gers from the distant past have not expe-
rienced the large-scale chemical and
physical modification that has affected
the larger planets and satellites, and they
promise especially rewarding insights
into the earliest history of the solar sys-
tem.

Recommendations by the

Space Science Board

In formulating a mission strategy, the
SSEC has depended on scientific prior-
ities for space science articulated by the
National Academy of Sciences through
its Space Science Board. Created in
1958, the Space Science Board has ad-
vised NASA throughout its history on
overall scientific priorities (//). During
the past several years, specific recom-
mendations in planetary science have
been developed by the Board’s Commit-
tee on Planetary and Lunar Exploration
(COMPLEX) and published in three re-
ports (12). These reports are viewed as
being of equal priority in shaping the
scientific basis for the planetary explora-
tion program.

For the inner planets, COMPLEX rec-
ommended a major focus on studies of
the triad Venus, Earth, and Mars. These
terrestrial planets, which are roughly
similar in size, location, and composi-
tion, have followed strikingly different
evolutionary tracks, and comparative
studies should lead to a profound ad-
vance in knowledge, particularly with
respect to our own planet. COMPLEX
emphasized the gap in our knowledge
repréesented by the unknown surface of
Venus, and it accorded highest priority
to the acquisition of a surface map with a
resolution of ~ 1 kilometer.

The comets and asteroids represent
the major planetary area in which space-
craft studies have not yet been initiated,
and COMPLEX emphasized the urgency
of beginning their study in order to probe
the earliest periods of solar system his-
tory. Exploratory missions should sam-
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ple the diversity of both comets and
asteroids, as well as measure a few ob-
jects in detail.

Outer solar system studies are the one
area of the planetary program that has
retained a fair degree of momentum,
with the forthcoming Voyager 2 flybys of
Uranus and Neptune and development
of the Galileo mission for a 1986 launch
to Jupiter. For the next step, COMPLEX
endorsed in-depth study of the Saturn
system from an orbiter and a follow-up
to the Voyager discoveries for Saturn’s
cloud-shrouded satellite Titan.

While COMPLEX and the Space Sci-
ence Board have established the scien-
tific objectives for future planetary ex-
ploration, they have not addressed the
specific means by which these objectives
should be accomplished. The develop-
ment of a mission plan, with appropriate
attention to technological and fiscal con-
straints, is the task of the SSEC.

Technological Considerations

Choice of missions has always de-
pended in part on technological capabili-
ty, and improvements in technology
have led to more ambitious missions of
increasing complexity, such as Viking,
Voyager, and Galileo. In a period of
budgetary constraint, it could be argued
that the planetary community was pric-
ing itself out of the market (/3). Further,
a cycle was developing in which the long
intervals between flights decreased the
opportunities for cost-saving use of hard-
ware and designs from previous missions
(“‘inheritance’’), while increasing the
pressure to include the maximum sci-
ence payload in each flight. One of the
first priorities of the SSEC was to break
this cycle, increasing the opportunities
for new missions by reducing their indi-
vidual costs and phasing them together
more efficiently (Fig. 1).

A first step was to identify the key
elements that drive mission costs. There
are three primary factors: (i) the degree
of hardware and software design inheri-
tance from mission to mission, (ii) the
scientific scope and hence complexity of
any given mission, and (iii) the degree of
change that occurs after the mission is
approved. The first two of these factors
appear to be reinforcing, as noted above.
The SSEC decided to limit its recom-
mendations for a core program to mis-
sions that are restrained and focused in
scope and where high inheritance can be
achieved (14).

The missions in the core program must
be insulated as far as possible from cost-
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ly changes and delays once they are
approved. In the past, many such
changes have been outside the control of
planetary program management, as in
the delays and redirection in Galileo that
arose from repeated launch vehicle
changes. To avoid such costly problems,
the SSEC has restricted its recommenda-
tions to missions that do not require new
enabling technologies, such as specially
designed upper stages, low-thrust pro-
pulsion systems, mobile landers, or sam-
ple return capabilities. Instead, it recom-
mends vigorous utilization of the basic
mission types that have been successful
in the past: flybys, orbiters, and atmo-
spheric entry probes. Such an approach
promises a maximum scientific return on
investment and a minimum probability of
costly and disruptive delays.

Essential to the realization of the mis-
sion plan is the availability of the high-
performance Centaur upper stage for the
Shuttle. The Shuttle/Centaur brings
within reach a number of missions, in-
cluding comet and asteroid rendezvous,
that were once thought to require such
new technologies as low-thrust propul-
sion. Many missions in the core program
require Shuttle/Centaur, but none de-
mand more performance than will be
provided by this combination (15).

Additional savings can be achieved in
spacecraft design. For the inner solar
system, the SSEC recommends the mod-
ification of spacecraft developed by
aerospace companies for a variety ‘of
commercial applications in Earth orbit
(16). Although there are few true produc-
tion lines for spacecraft, the production
rates within this industry are such that
the costs of high-capability spacecraft
are modest compared with those of the
specialized spacecraft generally used for
planetary exploration. Such spacecraft
are limited to the inner solar system,
however, since their thermal control,
power, and communications systems
would generally prove inadequate for
more distant operations.

For exploration of the small bodies
and the outer planets, the most efficient
approach is to develop a modular space-
craft free of unnecessary complexity and
designed for maximum inheritance and
ease of reconfigurability. If the mass of
this spacecraft (excluding fuel) can be
held below 600 kilograms, a number of
missions are possible that cannot be
achieved with the larger Galileo-class
vehicles. This new spacecraft, which
would be similar in power, guidance,
pointing, and communications capabili-
ties to the Mariners and Voyagers, has
been informally termed the Mariner

Mark II. Its design, including the devel-
opment of an integrated ground support
system, is under way at Jet Propulsion
Laboratory (17).

Additional efficiency for probe mis-
sions to the outer planets can be
achieved by taking advantage of the
highly capable Galileo entry probe. The
Jovian entry problem will be the most
demanding one; having solved it, we can
use the same probe design for Saturn,
Uranus, Neptune, and Titan. For these
missions, the Mariner Mark II could
serve as a probe carrier.

The use of derivatives of commercial
Earth satellites for inner planet missions
and of the Mariner Mark II for missions
beyond Mars should lead to significant
savings in both mission development and
operations. Efficiency will be increased
in both cases if the science objectives for
each mission are carefully controlled and
the frequency of launches is high. These
approaches provide the key to carrying
out planetary exploration within a con-
strained budget.

Proposed Missions for the Core Program

Consistent with its conviction that our
understanding of the solar system is best
served by a balanced exploration pro-
gram, the committee recommends mis-
sions in all three major areas: inner plan-
ets, small bodies, and outer planets. For
the core program discussed here, only
modestly priced missions that do not
require new enabling technology are pro-
posed (see Table 2).

Inner planets. A principal scientific
objective of inner solar system explora-
tion is to understand the nature and
evolution of the interiors, surfaces, and
atmospheres of Earth, Venus, and Mars.
It has been apparent for some time that
the single largest gap in our data base for
these planets is our ignorance of the
geology of Venus. While the Pioneer
Venus Orbiter was able to produce a
global altimetry map with a maximum
horizontal resolution of 50 ta 75 km (18),
there is virtually no information on the
surface topography on scales that might
reveal most geological processes and his-
tory. The SSEC assigns its highest mis-
sion priority to a Venus Radar Mapper
(VRM), which will provide a global re-
connaissance of the surface equivalent to
that carried out by cameras on the first
Mars orbiter, Mariner 9 (19). The objec-
tives of this mission are to (i) obtain a
near-global map by using synthetic aper-
ture radar with subkilometer resolution,
(ii) provide global and local topographic
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Table 2. Missions in the SSEC core program. These are not listed in order of priority, except as

noted in the text.

Inner planets

Small bodies

Outer planets

Venus Radar Mapper

Mars Geoscience/Clima-
tology Orbiter

Mars Aeronomy Orbiter

ple Return

Comet Rendezvous
Comet Atomized Sam-

Main Belt Multiasteroid

Titan Probe/Radar Mapper
Saturn Orbiter

Saturn Probe

Uranus Probe

Mars Surface Probe Orbiter/Flyby
Lunar Geoscience Orbiter Near-Earth Asteroid
Venus Atmospheric Probe Rendezvous

information with a radar altimeter, and
(iii) extend the global gravity field mea-
surements obtained by Pioneer Venus.
This mission is proposed for launch in
1988 and will complete its primary phase
after 243 days in Venus orbit (20).

The VRM mission has been derived
from studies of a more complicated,
twice as expensive mission, the Venus
Orbiting Imaging Radar (VOIR) (21). As
presently conceived, it capitalizes on a
number of the cost-saving measures, in-
cluding (i) limited science objectives (fo-
cused on radar mapping, to the exclusion
of various atmospheric studies planned
for VOIR), (i) high hardware inheritance
(for instance, use of a spare Voyager
antenna for both the radar mapper and
Earth communications), and (iii) use of
new technology to reduce costs (ad-
vances in synthetic aperture radar allow
imaging from an elliptical orbit, provid-
ing major cost and weight savings rela-
tive to the low circular orbit planned for
VOIR).

The highest priority scientific objec-
tives for Mars require the return of a
surface sample to Earth and therefore lie
outside the boundaries of the core pro-
gram. However, many objectives that
are basic to understanding Mars are at-
tainable within the SSEC guidelines.
These include studies of surface compo-
sition and mineralogy, of the distribution
and atmospheric transport of volatiles,
of global atmospheric dynamics, and of
the structure and photochemistry of the
upper atmosphere. All these investiga-
tions, which would produce major ad-
vances over the limited measurements
made by the two Viking orbiters, can be
carried out with relatively simple space-
craft derived from commercial Earth sat-
ellites.

The SSEC recommends early initia-
tion of a Mars orbiter, emphasizing in-
vestigation of the geology and climate of
the planet. The Mars Geoscience/Clima-
tology Orbiter, the first of the new class
of low-cost inner planet missions, should
be launched in 1990 into a 300-km polar
orbit, where it would operate for one
Mars year. Its objectives are to obtain
global maps of elemental and mineralogi-
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cal surface composition and of the plan-
et’s figure and surface topography, to
deduce the nature of the magnetic field
(if any), to measure the seasonal cycles
of carbon dioxide, water, and dust, and
to study the interactions between vola-
tile reservoirs (such as the polar caps)
and the atmosphere. High-resolution im-
aging is not a part of this mission. The
Viking orbiters have already given us
excellent maps of Mars, and our greatest
scientific need now is for quantitative
data of the type discussed for this mis-
sion.

If humans are to consider the estab-
lishment of a permanent and self-suffi-
cient presence in space, we must learn
more about our nearest neighbors, the
moon and the near-Earth asteroids. The
same spacecraft and instruments used to
map the figure, surface topography, and
composition of Mars can also be used to
carry out similar studies of the moon
from polar orbit (22). The SSEC recom-
mends that a Lunar Geoscience Orbiter
be included as a follow-up to the Mars
orbiter to realize the maximum savings
from hardware inheritance and joint mis-
sion operations. A similar early opportu-
nity exists to send a geochemical space-
craft, supplemented by imaging cameras,
to rendezvous with an Earth-approach-
ing asteroid and initiate our exploration
of this new class of objects (23).

Other inner planet missions in the
SSEC core program are a Venus Atmo-
spheric Probe, a Mars Aeronomy Orbit-
er, and Mars hard landers or penetrators.
These are all missions to be initiated in
the 1990’s, and it is hoped that one or
more of them might be carried out by
other nations, either independently or in
collaboration with NASA.

Small bodies. Comets and asteroids
compensate for their diminutive size by
their large numbers and by the extraordi-
nary interest they hold as chemically
primitive objects, little modified since
their presumed formation 4.6 X 10°
years ago. The diverse populations of
comets and asteroids have been much
studied by telescope in recent years (24),
but no mission has been launched to any
of these objects, in spite of studies and

recommendations that go back to the
early days of NASA (25). To maintain a
balanced perspective on the planetary
system and particularly to probe the con-
ditions of its birth and early evolution,
the SSEC concurs with COMPLEX and
other advisory bodies in recommending
early initiation of missions to comets and
asteroids.

An essential element of comets and
asteroids is their diversity. No one ob-
ject holds the key to either class. How-
ever, there is sufficient information
about the characteristics of the major
classes of comets and asteroids to permit
an intelligent selection of targets, while
the Shuttle/Centaur has the capability to
launch spacecraft that can visit more
than one target in a single mission. Thus
we are technologically and scientifically
poised to begin the direct exploration of
these smaller worlds.

Following the fast flybys of Comet
Halley in 1986, the next step in cometary
exploration should be a rendezvous mis-
sion with a short-period comet. The
spacecraft would match orbit with its
target many weeks before perihelion and
follow it through its activity cycle as it is
heated by sunlight and then recedes
again into deep space. Among the acces-
sible short-period comets, three suitable
targets have been identified: Encke,
Tempel 2, and Honda-Mrkos-Pajdusa-
kova (HMP). Each has a period of less
than ten years, and each has suitable
apparitions during the late 1980’s and the
1990°’s (26). The spacecraft would carry
cameras and other remote sensing instru-
ments (similar to those on Voyager or
Galileo) in addition to direct sensing in-
struments to study the gas and dust in
the cometary atmosphere. Comet HMP
presents one of the first opportunities for
a rendezvous, with a 1990 launch, 1994
arrival, and 1995 perihelion. En route to
its primary target, the spacecraft would
fly by a main-belt asteroid, initiating a
study of this class of objects. A comet
rendezvous is the first Mariner Mark II
mission in the core program.

Complementing a rendezvous is the
acquisition and return to Earth of a sam-
ple of cometary material. It is usually
assumed that sample returns can be at-
tempted only after a sequence of recon-
naissance and exploration missions. For
comets, however, a novel kind of sample
return can be carried out even within the
restrictions of the SSEC core program.
A simple fast-flyby spacecraft can ac-
quire an atomized sample return of dust
particles that are vaporized by impact on
a foil diaphragm and recondense on the
walls of a collection cell, which is re-
turned to Earth for laboratory analysis.
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In this way, a detailed analysis of the
elemental and isotopic composition of
the nonvolatile component of cometary
dust can be carried out. For Comet
HMP, a 1994 launch would yield an
encounter in 1995 and a return to Earth
in 1996 (27).

For initial exploration of the asteroids,
the SSEC recommends a Main Belt
Multiasteroid Orbiter/Flyby Mission. A
combination of flybys and orbiters is
required to achieve the necessary depth
and breadth, but these functions can be
combined in a single Mariner Mark II
spacecraft with Shuttle/Centaur launch
(28). The objectives are Voyager-class
imaging and remote sensing studies of
several asteroids en route to (or follow-
ing) a 60- to 90-day orbit of the primary
target. During orbit, more detailed ele-
mental and mineralogical analysis of the
asteroid surface can be carried out. One
mission studied for a 1992 launch would
have as its primary target asteroid 4
Vesta, one of the largest and most inter-
esting main-belt objects (29), with addi-
tional flybys of 313 Chaldaea and 101
Helena, two objects of differing compo-
sitional type with diameters of 120 and 70
km. In general, opportunities for good
main-belt asteroid missions recur at two-
year intervals throughout the 1990’s.

Outer planets. In the giant outer plan-
ets and their systems of rings and satel-
lites are found more than 99 percent of
the planetary system’s mass, 45 of the 48
known satellites, the only ring systems,
and (in the case of Jupiter and Saturn)
magnetospheres that are vastly larger
and more complex than those associated
with the inner planets. During the rest of
this decade, Voyager 2 will continue its
mission to Uranus and Neptune, while
Galileo will provide a much more de-
tailed investigation of the Jupiter system.
The next step, beyond Voyager and Gali-
leo, will be the in-depth exploration of
the Saturn system, especially its largest
satellite, Titan.

The SSEC’s first priority mission to
the outer solar system is a Titan Probe/
Radar Mapper, ideally to be carried out
in conjunction with a Saturn Orbiter.
Titan is unique, having an evolved re-
ducing atmosphere that contains more
nitrogen than our own, in addition to
methane, carbon monoxide, and more
complex organic compounds. The sur-
face of Titan is cold enough for methane
to condense, possibly forming pools or
oceans. A Titan probe could be a modifi-
cation of the Galileo Jupiter probe, with
an instrumented package to sound and
sample the atmosphere as it descends by
parachute to the surface. At the same
time, radar on the probe carrier could
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provide an image of part of the cloud-
shrouded surface at a resolution of a few
kilometers.

If the Titan probe carrier is a full-scale
Saturn Orbiter, a mission analogous to
Galileo could be carried out in the Saturn
system, with detailed study of the atmo-
sphere, magnetosphere, satellites, and
rings. Launches can be accomplished
every 13 months, with a flight time of six
to eight years (30). A combined Titan
Probe and Saturn Orbiter has been con-
sidered an excellent candidate for inter-
national cooperation.

The other outer planet missions in the
SSEC core program are atmospheric
probes based on the Galileo probe de-
sign. The objective of these missions is
the direct comparative study of the at-
mospheres of Saturn, Uranus, and Nep-
tune with instruments similar to those
being sent to Jupiter. The probe carriers
could be instrumented for flyby remote
sensing more advanced than that of Voy-
ager; such a capability would also pro-
vide a backup in case Voyager 2 fails
before it completes the initial reconnais-
sance of the outer two giant planets (31).

Mission summary. The recommended
core program includes 14 missions, to be
launched between 1988 and 2000. The
first four missions in this sequence have
been analyzed in some detail and can be
firmly recommended at this time. These
are (i) the Venus Radar Mapper (1988
launch), (ii) the Mars Geoscience/Clima-
tology Orbiter (1990 launch), (iii) the
Comet Rendezvous with Asteroid Flyby
(1990 launch), and (iv) the Titan Probe/
Radar Mapper. The Titan mission would
probably be launched in the early 1990’s,
but international cooperation could re-

sult in an earlier mission, perhaps in
conjunction with a Saturn Orbiter.

The sequence of other missions in the
core program will be determined by pro-
grammatic issues that cannot be foreseen
at this time. Major considerations in
their execution should include the need
to maintain scientific balance and the
desire to realize maximum efficiencies in
cost and utilization of manpower. These
additional missions are, in no order of
priority: Mars Aeronomy Orbiter, Venus
Atmospheric Probe, Lunar Geoscience
Orbiter, Mars Surface Probe, Near-
Earth Asteroid Rendezvous, Main-Belt
Multiasteroid Orbiter/Flyby, Comet At-
omized Sample Return, Saturn Probe,
Uranus Probe, and Saturn Orbiter. The
SSEC recommends that all of these mod-
erate-cost missions be undertaken be-
tween now and the year 2000, by the
United States alone or in collaboration
with other nations (32).

Costs of the Core Missions

In developing the core mission pro-
gram, the SSEC considered it unrealistic
to anticipate a return to planetary bud-
gets of $500 million or more a year. On
the other hand, it recognized that if the
launch rate of planetary missions be-
comes too low, then economies resulting
from inheritance and common operation
systems will evaporate.

The missions in the core program that
follow the Venus Radar Mapper fall very
roughly into two cost categories: the
inner planet missions based on deriva-
tives of Earth-orbital spacecraft, which
are estimated to cost on the order of $100
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million to $150 million, and the Mariner
Mark II missions, which approach $250
million to $300 million in recurring costs
(33). To sustain momentum in either
program a launch about every two years
is required. This is also the launch rate
required to carry out most of the recom-
mended core missions between 1988 and
2000. We therefore estimate an annual
cost for flight programs, exclusive of
mission operations or data analysis, of
about $150 million to $200 million.

Two other essential elements of the
planetary budget, in addition to flight
missions, are funds for basic research
(including analysis of data from past mis-
sions and planning for future flights) and
for mission operations. The minimum for
data analysis and research is about $100
million per year, while mission opera-
tions can, with implementation of a com-
mon operating system and use of new
technology to reduce costs, be held to
about half this value. Both of these items
must be added to the cost of flight mis-
sions in establishing the base cost of
planetary exploration.

The SSEC core program requires a
sustained annual funding level of $300
million to $350 million in current (FY
1984) dollars. This level, which is about
one-third of the high level of a decade
ago, is sufficient to support a vigorous
program of individually modest mis-
sions, and it promises to return a great
deal of high-quality scientific data in a
cost-effective manner.

Management Implications

The proposed core mission program
represents a new approach to NASA’s
planetary program, and its success will
depend on certain modifications of cur-
rent practice. Primarily these reflect the
interrelations among the proposed mis-
sions. Much of the efficiency of the ap-
proach can be realized only if the indi-
vidual missions are closely spaced and
planned to make maximum use of human
and material resources, including the
unique capabilities of the NASA centers.
If treated as episodic, isolated events,
these missions are unlikely to be accom-
plished in a cost-effective manner.
Therefore, the recommended SSEC core
program assumes a long-term commit-
ment to planetary exploration with rea-
sonably constant funding levels.

For these goals to be accomplished,
the core program should be judged in
terms of overall effectiveness and man-
aged for maximum return from the entire
program, not from each mission individ-
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ually. The SSEC strongly urges that the
inner planet missions in particular be
treated as a continuing series, modeled
after the highly successful Explorer pro-
gram in the NASA Astrophysics Divi-
sion (34). We endorse the concept of a
similar Planetary Observer effort, funded
as a level-of-effort program at about $60
million per year (in FY 1984 dollars), out
of which the proposed inner planet mis-
sions would be supported. (These funds
include about $10 million per year to be
used for support of U.S. investigators on
international planetary missions.) We
urge that a similar management approach
be taken for the Mariner Mark II mis-
sions, although we recognize that the
magnitude of these missions makes it
likely that each will require scrutiny as
an individual ‘‘new start’”” when full-
scale development begins (35). We rec-
ommend the rapid development of a
common mission operations system in
the planetary area, to be used for both
Observer and Mariner Mark II missions.

Missions Beyond the Core Program

Many important scientific goals are
excluded from the core program on the
basis of cost and technological chal-
lenge. These include the return of sam-
ples from Mars, the exploration of the

‘martian surface with mobile landers, the

return to Earth of pristine fragments
from a comet, and the operation of a
buoyant station in the atmosphere of
Titan. Such missions would provide sci-
entific data fundamental for understand-
ing the origin and evolution of the solar
system, and they could generate the kind
of public enthusiasm and international
acclaim associated with Apollo, Viking,
and Voyager. In addition, meeting such
challenges would contribute to the
strength of high technology in the United
States. Challenging larger missions
should be accepted (36). However, our
first priority is to restore and maintain
the health of planetary exploration in this
nation, and we believe the core program
approach advocated by the SSEC con-
tributes to this goal.
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