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PREFACE 

This is the repor t of a s tudy convened by the Space Sc ience 
Board in cooperation with the Lunar and Plane tary Miss ions 
Board of the Na tional Aeronautics and Space Adminis tration 
to cons ider the exploration of the outer solar system in the 
per iod from 1972 to 1980. The report complements the Space 
Sc ience Board's 1968 s tudy , Plane tary Exploration: 1968-1975. 

The s tudy was conduc ted dur ing the week of  June 8, 1969, 
under the cochairmanship of  Jame s A. Van Al len and Gordon 
J. F. MacDonald and involved twenty- three sc ientists , 
representing a broad range of sc ientific interests in ou ter 
solar system s tudie s .  The recommenda tions of the group 
were presented to NASA management on the afternoon of 
June 14 and endorsed by the Space Sc ience Board at its 
mee ting on June 21 and 22, 1969. 

The Space Sc ience Board is grateful to those who 
par ticipated in this s tudy , to Bruce N. Gregory of  the 
Space Sc ience Board s taf f ,  who ably served as Staff 
Direc tor of  the s tudy , and to Mrs. Jacquel ine Boraks , 
also of the s taff , for her contribu tions to the repor t's 
publ ica tion. The Board acknowledges with apprec iation 
the suppor t of the National Aeronautic s  and Space 
Adminis tration , which helped to make this s tudy po s s ible . 

H. H. He s s , Chairman 
Space Sc ience Board 
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SUMMARY OF PR I NC I PA L  RECOMMENDATIONS 

1. We recommend that NASA in its 1971 congressional 
budgetary presentation bring to Congress a long-term plan for 
the exploration of the outer parts of the solar system 
(page 7). 

2. We fully endorse the statements of previous Space 
Science Board studies with regard to funding and recommend 
that a substantially increased fraction of the total NASA 
budget be devoted to planetary exploration (page 8). 

3. We recommend eight prime scientific objectives of 
the exploration of the outer solar system (page 8). 

4. We recommend the continuation of the Pioneer capa
bility for outer-solar-system studies and the development of 
a new spacecraft of flexible capability and increased payload 
capacity (page 14). 

5. We recommend a series of missions in order of scien-
tific significance (page 15). 

a. Jupiter deep-entry probe and flyby (1974) 
b. Jupiter orbiter mission (1976) 
c. Earth-Jupiter-Saturn-Pluto missions (1977) 
d. Earth-Jupiter-Uranus-Neptune missions (1979) 
e. Earth-Jupiter-Uranus entry-probe missions 

(early 1980's) 
6. We recommend immediate start on detailed design 

studies of possible probes for the atmospheres of the major 
planets (page 16). 

7. We recommend development of a hybrid spinning space
craft, design studies leading to a data system that can 
handle both cruise mode and encounter operation, and that 
special attention be devoted to design of a spacecraft that 
can survive and remain magnetically clean after passing 
through the Jovian environment (page 17). 

8. We recommend that design studies be made of mass 
spectrometers for deep-entry probes and of several types of 
imaging systems (page 19). 

9. We make several recommendations with regard to radio 
links, bistatic radar, and ground-based radar (page 20) . 
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10. We make several recommendations with regard to ground
based studies and earth-orbital observations (page 22). 

11 . We recommend that NASA proceed with the development 
of advanced methods of propulsion useful for exploration of 
the solar system (page 24). 
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SUMMARY OF PR I NC I PA L  F I ND I NGS 

1. Study of the outer solar system offers a rich field 
for the discovery of new phenomena, for the development of 
new concepts, and for definitive solution of long-recognized 
problems in physics, astronomy, and chemistry. 

2. In situ observations by deep-space missions offer 
great advantages in directness, sensitivity, and resolution. 

3. In many areas such as planetary magnetism, physics 
of the interplanetary medium, physics of nonthermal radio 
sources, and composition of deep planetary atmospheres, there 
is no known alternative to the techniques of direct observa
tion near, or within, the object of investigation. 

4. Considerable advances in our knowledge of the outer 
solar system can also be made by use of earth-based radio, 
radar, and optical telescopes, and of equipment flown on 
rockets, balloons, aircraft, and earth-orbiting satellites. 

5. The successful conduct of flight missions during the 
next two decades to all the outer planets and, indeed, to 
heliocentric radial distances of the order of 100 astronomical 
units is well within the technological capabilities of the 
United States. 

6. Chemical propulsion systems, such as the Titan IIID/ 
Centaur/Burner II launch vehicles, and radioisotope thermal 
generators are adequate for a large variety of flyby, orbit
ing, and probe missions, as well as missions involving solar
captive orbits in planes at inclinations up to 90° to the 
ecliptic and trajectories that escape the solar system. Ad
vanced propulsion schemes, ion propulsion, for example, may 
be important for certain specialized missions such as prolonged 
flight within the asteroid belt. 

7. Exceptionally favorable astronomical opportunities 
occur in the late 1970's for multiplanet missions. Equally 
favorable opportunities will not recur for approximately 180 
years, although there will be some multiplanet opportunities 
in the period 1989 to 1996. 

8. Professional resources for full utilization of the 
outer-solar-system mission opportunities in the 1970's and 
1980's are amply available within the scientific community, 
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and there is a widespread eagerness to participate in such 
missions. 

9. A vigorous national program of exploration of the 
outer solar system can be mounted for a small fraction of the 
total cost of the program of the National Aeronautics and 
Space Administration. 
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Chapter I 

I NTRODUCT I ON 

In the Summer of 1968 the Space Science Board convened a group 
to recommend a planetary exploration program for the years 
1968-1975. The emphasis of the study was on the earth's near 
neighbors -- Venus, Mercury, and Mars. This emphasis resulted 
in part from technological considerations, since boosters were 
available in this time period that would permit substantial 
scientific exploration of the inner planets. In addition, the 
strong interest in possible life forms on Mars made the explo
ration of that planet a goal with high priority. The present 
report proposes a program for the exploration of the outer 
reaches of the solar system in the years 1974 to 1980. The 
stress on the giant planets and their surroundings does not 
imply that we do not support a continuing program in the 
study of the smaller planets. We believe, however, that 
there are compelling reasons for directing attention to the 
outer solar system. First, existing knowledge suggests that 
� � study of the solar system may provide answers to some 
of the great scientific problems of our day. Second, an 
unusual configuration of the great planets in the late 1970's 
makes possible missions in which several planets can be 
visited on a single operation -- the "grand tour" concept 
discussed in the 1968 report. An equally favorable opportu
nity will not be available for 180 years, although subsidiary 
opportunities for multiple planet missions will recur in the 
period 1989-1996. Third, rapid developments in chemical 
booster technology and in particular the Titan !liD-Centaur 
combination make it possible to place, in the vicinity of the 
giant planets, scientifically meaningful payloads. Finally, 
with the approaching end of the Apollo program it is essential 
that the scientific community examine opportunities for the 
advancement of science making use of the technology of space 
developed during the past ten years. In proposing a program 
for the exploration of the outer solar system we recognize 
that the technological requirements of the many-year missions 
and the vast distances represent new and difficult challenges 
in many technological areas such as communication, reliability, 
and miniaturization. 
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This report examines the nature of the program for the 
exploration of the outer parts of the solar system. We 
present a substantive account of the major scientific objec
tives of flight missions to the outer planets, and we discuss 
the technical requirements in typical missions. We note that 
for certain missions, in particular those probing the planetary 
atmospheres, engineering studies have not been completed; there
fore, final statements cannot be made at this time. 
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Chapter 2 

MAJOR RECOMMENDAT I ONS 

A NATIONAL PROGRAM 

The 1965 study of the Space Science Board identified three 
goals for the nation's planetary program. The total plane
tary program should be designed to provide for progress in 
our understanding of: (1) the origin and evolution of the 
solar system, ( 2) the origin and evolution of life, and (3) 
the dynamic processes that shape man's terrestrial environ
ment. We believe that these goals remain valid with regard 
to the study of the outer solar system, and that all  three 
should be recognized in the deve lopment of the program for the 
study of the outer solar system. The major emphasis of the 
program should be the study of the planets and their near en
vironments. However, spacecraft will spend many years in 
interplanetary space en route to the planets, and there will 
be the opportunity for the observation of particles and fields 
of the interplanetary medium during these times. We wish to 
emphasize that a study of the interplanetary medium contributes 
both to an understanding of the origin and evolution of the 
solar system and to the processes that shape the space environ
ment near the earth. Furthermore, flyby missions offer the 
possibility of out-of-the-ecliptic and even interstellar tra
jectories, and such flights will  great ly enhance the under
standing of how our solar system interacts with the rest of 
the galaxy. The program for investigation of the outer parts 
of the solar system should not, in our view, be concentrated 
on a single goal or a single mission. Rather there should be 
an emphasis on those experiments and missions that contribute 
to the understanding of the solar system, the origin of life, 
and terrestrial processes. 

The rare opportunities for planetary voyages, the length 
of these voyages, their cost, and the long times required for 
preparing spacecraft and experiments all imply that planning 
for exploration of the outer solar system must take place 
years in advance of the actual missions. It is imperative 
that a decision be arrived at determining the character and 
scope of the program for the exploration of the solar system. 
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We recommend that NASA in its 1971 congressional budgetary 
presentation bring to the Congress a long-term plan for the ex
ploration of the outer parts of the solar system. In addition, 
NASA should ask Congress for initial funding for a major Jupiter 
mission, to be discussed in greater detail below, with a target 
date of 1974. 

LEVEL OF SUPPORT FOR PLANETARY EXPLORATION 

The Space Science Board 1968 study repeated the recommendation 
of the 1965 study that an increasing fraction of the space pro
grams be devoted to planetary exploration. It is our judgment 
that the current funding for planetary exploration is totally 
inadequate to take advantage of the opportunities available to 
us. Technology to place scientifically meaningful payloads 
near or on the planets is at hand, and the technology required 
for the long lifetimes and communication can be developed. The 
configuration of the planets in the 1970's presents a unique 
opportunity for studying several planets on a single mission, 
thus substantially reducing the cost of exploration of this 
part of the solar system. We believe that we must take ad
vantage of this situation. Therefore, we fully endorse the 
statements with regard to funding of the previous studies and 
recommend that a substantially increased fraction of the total 
NASA budget be devoted to planetary exploration. 

SCIENTIFIC OBJECTIVES IN THE EXPLORATION OF THE OUTER SOLAR 
SYSTEM 

In this section we present our views on the prime scientific 
objectives in the exploration of the outer part of the solar 
system. These objectives should guide the choice of missions 
and experiments. In presenting the scientific objectives we 
recognize that missions to the outer planets provide major 
values other than scientific. The requirements of the missions 
on technology will undoubtedly stimulate advances with far
reaching consequences. We are not competent to discuss in 
detail either the technological consequences of voyages to the 
distant planets or the problems of national prestige but do 
note that it is important to take these considerations into 
account in any over-all decision. 

We recommend that the prime scientific objectives of the 
exploration of the outer solar system be: 
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1 .  to conduct exploratory investigations of the ap
pearance, size, mass, magnetic properties, and dynamics of each 
of the outer planets and their major satellites; 

2. to determine the chemical and isotopic composi
tion of the atmospheres of the outer planets; 

3. to determine whether biologically important 
organic substances exist in these atmospheres and to character
ize the lower atmospheric environments in terms of biologically 
significant parameters; 

4. to describe the motions of the atmospheres of 
the major planets and to characterize their temperature-density
composition structure; 

5. to make a detailed study for each of the outer 
planets of the external magnetic field and respective particle 
population, associated radio emissions, and magnetospheric 
particle-wave interactions; 

6. to determine the mode of interaction of the solar 
wind with the outer planets including the interaction of the 
satellites with the planets' magnetospheres; 

7. to investigate the properties of the solar wind 
and the interplanetary magnetic field at great distances from 
the sun at both low and high solar latitudes, and to search 
for the outer boundary of the solar-wind flow; 

8. to attempt to obtain the composition, energy 
spectra, and fluxes of cosmic rays in interstellar space, free 
of the modulating effects of the solar wind. 

Chemical and Isotopic Composition 

A major problem facing all theories of the origin of the solar 
system is the determination of chemical composition of the 
material out of which the sun and the planets formed. Today 
the evidence is derived from spectroscopic observations of 
the composition of the sun, from observations of the rocks on 
the surface of the earth, and. from the determination of the 
composition of meteorites. The compositions do not agree. 
Further, it is known that the inner planets have lost their 
lighter elements during their formation and subsequent evo
lution. Presently available evidence suggests that Jupiter 
and perhaps Saturn may have retained all elements in the same 
relative abundance and be much more like the primitive solar 
system in composition. It would appear that Uranus and Neptune 
differ since they are deficient in hydrogen with respect to 
the sun and may be deficient in helium as well. In order to 
identify the variations in chemical abundance, which must ob
viously be intimately related to the processes involved in 
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the origin and evolution of the solar system , it is essential 
to have more quantitative data on the abundances of the ele
ments of those planets that dominate by mass the planetary 
system . 

It is important to emphasize that the ratio of hydrogen 
to helium in Jupiter and possibly Saturn has significance that 
goes beyond the problems associated with understanding the 
origin of the solar system .  Rival theories for the origin of 
the universe have suggested that different amounts of helium 
will be produced . In the "big bang" model , hydrogen and helium 
are produced almost immediately as part of the initial expan
sion , whereas in other cosmologies , the helium is produced by 
later nuclear synthesis . There is some question about whether 
the amount of helium observed in the sun is accurate . The val
ues currently quoted have a large uncertainty but appear to be 
distinctly higher than the values obtained from the observa
tions of old stars , a result that would be unacceptable to the 
big bang cosmology . Thus the determination of the hydrogen and 
helium concentration within the atmosphere of Jupiter would be 
of great significance to cosmology . 

Abundance ratios of isotopes are of great value for an 
unders tanding of the problem of element formation , a key ques
tion in cosmology . The carbon-12 to carbon-13 ratio is one of 
great interest ; but other isotopic ratios less subj ect to change 
by neutron capture would be even more revealing in view of the 
probability that solar surface electromagnetic effects may have 
modified materials exterior to the sun during the early stages 
of solar system development .  

In view of these considerations , we identify as a prime 
obj ective for missions to the outer planets the determination 
of the relative abundance and isotopic ratios of hydrogen , he
lium , carbon , and heavy elements up to mass 40 in the atmos
pheres of all the outer planets . 

Origin and Evolution of Life 

It is commonly assumed that conditions on the primitive earth 
were very different from those presently obtained . There is 
some disagreement over the details , but it is generally suppos
ed that during this early period the terrestrial atmosphere was 
highly reducing , consisting primarily of methane and ammonia . 
Chemical reactions in this atmosphere were stimulated by solar 
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ultraviolet radiation , electrical discharges ,  and local sources 
of planetary thermal energy . The initial result of these re
actions is assumed to be complex organic molecules such as amino 
acids that are necessary precursors to life itself . Under con
ditions that developed on earth , the progression of complexity 
continued to the level of formation of limited living organisms 
and ultimately the wide diffusion of life we now observe. 

It is already known that conditions in the atmosphere of 
Jupiter are very similar to this hypothetical model for the 
primitive earth . A logical first step in the investigation of 
the outer planets from the biological point of view would be 
further inves tigation of the atmospheres to determine how fav
orable conditions are for the abiogenic formation of organic 
compounds .  Are there warm regions in the lower atmospheres? 
Are electrical discharges present? What solvents are available? 
What chemical reactions are occurring in the upper atmosphere? 

The next step in sophistication is a search for the com
plex organic substances themselves .  It has already been sug
gested that some of the coloring matter observed in the Jovian 
atmosphere could be organic polymers dissolved in the cloud 
material . Laboratory experiments using mixtures of methane and 
ammonia , subj ected to electrical discharges , have produced col
ored substances, thereby lending support to this interpretation . 
An unequivocal identif ication has not yet been achieved . To 
finally resolve these ambiguities it is essential to probe the 
atmosphere of these planets and make in s itu measurements . A 
prime obj ective of outer planetary exploration is , therefore , 
the characterization of lower atmospheric environments in terms 
of biologically significant parameters and a search for and an 
identification of organic substances of importance to life. 

Atmospheric Circulation 

We would like to understand the terrestrial atmosphere much 
better than we do . The usual way of acquiring an unders tand
ing of a physical system is to do experiments on it . We can
not do large-scale experiment on the earth ' s  atmosphere . If  
it were unique , we would be s tuck . But fortunately , there 
are other planets around , in fact at least three others that 
are reasonably accessible , so we have at least four examples 
of atmospheres to work with . While we still cannot do exper
iments , we can do the next best  thing , which is to observe 
several atmospheres of different scale , structure , and compo-
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sition , and thus acquire a deeper understanding of atmospheres 
in general, and ours in particular . 

Studies of motions in the atmosphere of Jupiter have re
cently begun to achieve a quantitative status and are leading 
to new ideas about the behavior of rapidly rotating atmospheres 
and the interaction of clouds and planetary motions . Recent 
developments in the study of the atmosphere of Venus have led 
to a new understanding of the circulation originally proposed 
many years ago by Hadley for the earth ; current work on the 
diurnal circulations on Mars is leading to a fresh appreciation 
of diurnal effects in terres trial boundary layers . We may 
anticipate benefits of a similar nature to meteorology and to 
other branches of atmospheric physics from the s tudies of the 
atmosphere of Jupiter and the other outer planets . An obj ect
ive of the exploration program should be the study of the dy
namics of the atmospheres of the maj or planets . 

Magnetic Fields and the Radiation Belts of the Giant Planets 

The earth ' s  magnetic f ield is due to motions in an electric
ally conducting core . The energy source driving the motions 
is unknown . They may be due to internal thermal sources or 
to the external torques due to the moon. The moon , Venus , and 
Mars do not possess a magnetic field of internal origin . It 
is no t clear whe ther the absence of a magnetic field on Venus 
is due to the lack of rotation or lack of a satellite , while 
the absence of electrically conducting materials in the in
terior of the moon and Mars is generally thought to explain 
the lack of a magnetic field on these bodies . Jupiter has a 
very strong magnetic field as is evidenced by radio emissions 
from high-energy particles trapped by the field . The source 
of the field on Jupiter is not known; it could be in the deep 
interior or in an elec trically conducting outer shell . 

Jupiter is the only planet , other than the earth , known 
to have belts of electrically charged particles temporarily 
trapped by the external magnetic f ield of the planet . Radia
tion belts were discovered by in situ observations with a 
Geiger�MUller tube flown on the-first American satellite, 
Explorer I. Those of Jupiter were identified shortly there
af ter by the analysis of the nonthermal decimetric radio noise 
of that planet . The moon, Venus , and Mars do not have radia
tion belts. It is not known whether the other maj or planets 
have magnetic fields or trapped radiation since nonthermal 

Outer Solar System: A Program for Exploration, Report of a Study

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18530


radio emissions from these planets have not been observed. 
Detailed observation of the magnetic fields and radiation 
belts at the planets will provide information vital to the 
understanding of these planetary phenomena. Because of this, 
a prime objective of the exploration of the outer solar system 
should be a detailed study of the external magnetic field and 
charged-particle populations in the vicinity of the major 
planets. This information will be most valuable if concomi
tant observations of the nonthermal radio emissions origina
ting through cooperative phenomena are made in situ. 

Interaction of the Solar Wind with the Outer Planets and of 
Their Satellites with Their Magnetospheres 

Three examples of flow of magnetized solar plasma past a 
dense body in the solar system have been studied. In the 
case of the earth, the external magnetic field dominates the 
situation and the solar wind is held off at a great distance 
from the earth by its magnetic field. In the case of the 
moon, which has no intrinsic field, .no ionosphere, and a very 
low conductivity, the solar wind flows unimpeded into the 
surface leaving a nearly empty cavity behind the moon. In 
the case of Venus, which has little if any magnetic field but 
does have a highly conducting ionosphere, the magnetic field 
of the solar wind cannot quickly penetrate the ionosphere and 
the solar wind does not flow unimpeded into the atmosphere. 
The solar wind flows around Venus, and there is evidence for 
a wake on the downstream side of that planet. 

It is of great interest to learn whether the solar-wind 
flow past other planets and their satellites can be classified 
as one of those three types or whether there are new and sur
prising modes of interaction. Observations of the solar-wind 
interaction will not only lead to a better understanding of 
the earth's near-space environment, but they will also shed 
further light on the behavior of collisionless plasmas, a 
subject that lies at the heart of many problems in astro
physics. 

The Nature of the Solar Wind and Magnetic Fields at Great 
Distances 

The solar wind cannot continue to flow outward from the sun to 
indefinite distances. Somewhere it must merge into the inter
stellar gas and the galactic magnetic field. This transition 
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zone j oining the solar system with the rest of the galaxy is of 
great interest. The zone should not be regular in its plasma 
properties and magnetic fields , and there may be substantial 
fluxes of energetic particles covering a great range of energies .  

In the direction parallel to the sun ' s  pole of rotation 
(out of the ecliptic) the magnetic field may be more nearly 
radial, and perhaps interstellar particles of a variety of en
ergies more closely approach the sun than in the plane of the 
ecliptic. The interaction of the solar wind and the sun ' s 
magnetic f ield with the interstellar particles and fields along 
this direction will be of great interest . The study of these 
interactions can lead to maj or advances in the understanding of 
plasma physics. 

Further advances in the understanding of plasma physics 
can be expec ted from clarification of the role played by large
scale coherence in natural radio emissions from the planets. 

Galactic and Solar Cosmic Rays 

Knowledge of the composition and energy spectrum of galactic 
cosmic rays is of considerable importance in the understanding 
of a wide range of cosmological phenomena , including the origin 
of the elements. The understanding of galactic cosmic rays 
will be very much enhanced by observation in a location un
affected by the solar magnetic fields and free of energetic 
solar particles that are so abundant at 1 AU in the plane of 
the ecliptic. These kinds of observations are needed if we 
are to untangle the effects of local magnetic f ields on the 
properties of the cosmic rays . 

MISSIONS FOR THE EXPLORATION OF THE OUTER SOLAR SYSTEM 

Pioneer F/G scheduled to fly in 19 7 2  and 197 3 will provide the 
first information on conditions existing in the interplanetary 
media out to the distance of Jupiter . We recommend that space
craft of this class and capability be maintained and utilized 
as appropriate for further missions . 

Further exploration of the outer solar system will require 
larger scientific payloads and much more sophisticated instru
mentation. We therefore recommend that a new spacecraft of 
flexible capab ility and gross weight of - 1500 lb be developed 

Outer Solar System: A Program for Exploration, Report of a Study

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18530


and used as the principal working vehicle of the outer solar 
system program for the next decade . 

We recommend the following missions in order of scientific 
significance: 

1 .  Jupiter deep entry probe and flyby . The target date 
for this mission would be 19 7 4  or 1975 . Purpose of the mission 
would be to introduce into the atmosphere of Jupiter a probe 
capable of sounding to an atmospheric pressure of 10 to 100 
bars . After depositing the probe , the remaining spacecraft 
would be swung by Jupiter's gravitational field out of the 
ec liptic on such a pa th tha t it would pass over a high- lati tude 
region of the sun and have a perihelion of - 2 . 5  astronomical 
units . The entry probe would carry a mass spectrometer to 
sample the composition of the atmosphere as well as instruments 
to determine temperature, density, pressure , and physical and 
chemical properties of the clouds . The instrumentation remain
ing on the spacecraft would be designed to measure fields and 
particles over a wide energy range and to detect decametric 
radio emissions . 

2 .  Jupiter orbiter mission would be designed to place a 
spacecraft in an orbit having a high inclination (greater than 
60° ) ,  a perigee of 3 Jupiter radii , and an apogee of about 100 
Jupiter radii . The spacecraf t would carry instruments to meas
ure the particles , f ields , and radio emissions in the near
Jupiter environment and to observe , both visually and in the 
infrared , motions in the atmosphere of Jupiter . Detailed track
ing of the orbit would provide information regarding the high 
harmonics in Jupiter's gravitational field . The existence of 
harmonics other than even zonal harmonics would establish ei
ther the presence of rigid solid material or of vigorous dynam
ic processes capable of maintaining large-scale density inhom
ogeneities . We fur ther recommend that this mission carry a 
deep-entry probe , similar to that used in mission 1 ,  if the 
capability is available . 

3 . Earth-Jupiter-Saturn-Pluto missions are proposed to 
take advantage of the opportunity to visit three of the outer 
planets with a launch scheduled in 197 7 . Particles and fields 
in interplanetary space , and in the near vicinity of the plan
ets , would be examined . Thermal and visual imaging equipment 
would be used to study the surface charac teristics of the 
planets and the nature of Saturn's rings . If possible , a 
radio occultation beacon would be dropped off at Saturn . In 
this mission , as in other multiplanetary missions , full use 
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1 6  

should be made of the radio occultat ion to determine the char
acteri stics  of  the upper atmosphere of the planets .  

The feasibility of small unshielded entry probes should 
be considered for upper-atmosphere research on all multiple
planet missions , provided they do not endanger the primary 
mission obj ective . These missions provide an early opportunity 
for rapid escape from the solar system and for a variety of 
important particles and fields observations at the outer fringes 
of the solar system and beyond . 

4 .  Earth-Jupiter-Uranus-Neptune missions . Two launches 
are proposed in 19 79  to take advantage of this multiplanet 
opportunity . The instrumentation carried aboard the space
craf t would be similar to that for the Earth-Jupiter-Saturn
Pluto missions . An investigation of Neptune with an unshielded 
probe is particularly important on this mission . 

5 .  Earth-Jupiter-Uranus mission scheduled for the early 
1980's would be designed to deposit an entry probe at Uranus . 

In selecting missions we have been guided by the fact that 
in almost every observable respect the giant planets appear to 
fall into two fundamentally different classes which we may refer 
to as Jovian (Jupiter and Saturn) and Uranian (Uranus and Nep
tune) . A knowledge of the composition and structure of both 
classes is necessary as a preliminary to the formulation of a 
satisfactory theory of the origin of the solar system .  

Missions Requiring Further Study 

The smaller bodies of the outer solar system may contain in
formation vital to the understanding of the history and origin 
of the solar system .  In particular , detailed in situ observa
tions of the asteroids may be valuable in tying together the 
vas t  array of information that has been secured by observations 
on meteorites . A soft landing on an asteroid would taee the 
form of a rather simple docking . We do not believe that this 
kind of mission has been sufficiently studied so that a defin
ite recommendation for it can be made at this time . Similarly , 
the analysis of cometary material may be extremely valuable in 
that comets may indeed contain elements not associated with the 
solar system .  The determination of the chemical composition 
of the comet could be of great cosmological importance .  How
ever , we do not believe that there has been sufficient analysis 
of a cometary mission, in particular with regard to the kind 
of payloads that would be required to perform a satisfactory 
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chemical analysis of the varying materials making up a comet . 

We therefore recommend a detailed analysis of a mission 
designed to analyze chemically an asteroid or asteroids and a 
mission designed to determine the physical and chemical prop
erties of a comet . 

MAJOR ENGINEERING DEVELOPMENTS 

As we have noted earlier , we believe that the propulsion avail
able in the Titan !liD-Centaur comb ination is sufficient for 
the preliminary exploration of the outer planets . However , 
there are several maj or engineering developments which are 

.essential for the effective exploration of the outer parts of 
the solar system .  

Entry Probe 

The determination of the composition of the atmospheres of 
Jupiter and Uranus , so valuable to the understanding of the 
solar system ,  will require entry probes capable of descending 
to depths equivalent to pressures of 10 to 100 atm . It will 
require great engineering ingenuity to design and build a 
lightweight probe capable of withstanding the extraordinary 
chemical conditions of the atmosphere , the mechanical stresses 
imposed by the high pressures , and at the same time able to 
carry out a variety of sophisticated scientific experiments 
and communicate the results to the mother spacecraft .  We 
recommend an immediate start on detailed design studies of 
possible probes for the atmospheres of the maj or planets . 

Hybrid Spacecraf t 

There has been considerable discussion regarding the relative 
merits of spacecraft which are spinning or are three-axis sta
bilized . It is recognized that there are advantages to either 
system both scientifically and technically . In order to con
duct studies of energetic particles , plasmas , magnetic fields , 
and radio emissions in the interplanetary medium , planetary 
magnetosphere ,  and radiation belts, it is essential that the 
detector systems scan directionally . This is mandatory in 
order to determine uniquely the anisotropies and pitch-angle 
distributions of the particle and plasma fluxes . A spinning 
spacecraf t offers distinct advantages over an attitude-stabil-
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ized one for both magnetic-field and radio-physics experiments . 
The intrinsic rotation of the spacecraf t permits the accurate 
determination of two of the three components of the local mag
netic field somewhat independent of the presence of the contam
inating spacecraf t magnetic field . Those radio-physics experi
ments utilizing directionally sensitive antenna systems can 
properly conduct their studies only by scanning directionally 
past sources (or targets close by) and thus determining the 
spatial properties of these obj ects . On the other hand , it is 
clear that for definitive measurements of the planetary atmos
pheres a s tabilized platform is desirable and such a platform 
may facilitate communication with the earth . 

The spacecraf t would include both a spinning portion suit
able for those experiments requiring such motion and a portion 
which could be despun and accurately pointed , perhaps only dur
ing planetary encounter . We recommend that NASA develop a 
hybrid spinning spacecraft ,  a portion of which could be despun; 
the total spacecraf t would act as an optimum laboratory bench 
for the broad classes of experiments contemplated in the explor
ation of the outer solar system . 

Telemetry Data Coverage 

An important requirement of the scientific studies to be con
ducted during interplanetary cruise is effectively continuous 
data coverage . During the cruise mode , a relatively modest 
bit rate of 50 to 200 bits per second is sufficient . Continu
ous coverage can be achieved either by 2 4-hour ground-antenna 
coverage scheduled each day or by use of an on-board data 
s torage system to provide for coverage of those time gaps 
during which ground antenna facilities are not available . The 
continuous coverage is required because significant transient 
events such as shock waves and discontinuities in the solar 
wind occur irregularly and cannot be anticipated . In addition , 
any space-time correlation between several space probes will 
require such continuous coverage because of the large time 
offsets for widely separated probes . 

During planetary encounter , the data requirements will be 
quite distinct with the ins truments collecting data at a high 
rate . It is therefore desirable to design an over-all data 
system that will provide for continuous coverage during the 
cruise mode and a higher rate of data storage and subsequent 
transmission during planetary encounter .  We recommend that 
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NASA undertake design studies leading to a data system that can 
handle the varying requirements for both cruise mode and encoun
ter operation .  

Magnetically Clean Spacecraft 

The very weak magnetic f ield expected beyond 3 astronomical 
uni t s  may we l l  prove to be among the most difficult of the pa
rameters to determine with sufficient accuracy . In order to 
permit such measurements to be made on satellites and space 
probes , special nonmagnetic fabrication procedures and long 
sensor booms are required . The presently developed methods , 
applicable to satellites at distances less than 3 astronomical 
units may not be appropriate at larger distances . Indeed , the 
passage of a spacecraft through the expected very strong field 
of Jupiter may lead to the magnetization of the spacecraft which 
will contribute a large uncertainty to the data obtained sub
sequent to the encounter . We recommend that studies be carried 
out to design a spacecraft that will be magnetically clean even 
af ter passing through a strong planetary magnetic field . 

Design of Instruments for the Encounter at Jupiter 

The environment near Jupiter is very likely to be hostile to 
sensitive sensors . The high flux of energetic particles , the 
strong magnetic field , and the possibility of tenuous dust 
clouds make it essential that the spacecraf t  be designed to 
survive in this environment . This is particularly important 
for the Jupiter orbiter . The value of this mission depends on 
long-term survival of the spacecraft .  We recommend that spe
cial attention be devoted to the design of an over-all system 
that can survive the Jovian environment . 

INSTRUMENTATION 

The instrumentation for determination of the particles and 
fields in interplanetary space and near the maj or planets is 
well in hand except for the over-all design considerations 
noted above . On the other hand , the study of the deep atmos
pheres of the large planet s  will require very substantial in
strument development programs . 

Mass Spectrometer 

The only reliable way to measure the abundance of the chemical 
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compounds in the atmosphere is by mass spectrometers with suit
ably chosen sensitivity and sampling inlets; therefore , a mass 
spectrometer is to be carried aboard the deep-entry probe . The 
high pressures and possible corrosive chemical atmosphere pre
sent unusual design problems . We recommend that NASA initiate 
design s tudies for suitable mass spectrometers . 

Visual Imaging 

The study of cloud motions which in turn will lead to critical 
information regarding the dynamics of the atmospheres of the 
maj or planets requires visual imaging over a broad range of 
horizontal scales . The visual imaging should begin at a dis
tance at which the camera resolution is comparable with that 
achievable from earth and continue to a similar distance af ter 
closest approach . In addition , the imaging system should be 
adj us table to provide high resolution on selected features . 
Resolution of as little as a few kilometers at closest approach 
is needed for observations that will provide information on 
aerosol distribution and cloud s tratification . The images 
should be acquired in stereo pairs in order to determine the 
relative heights and motions of clouds . We recommend the in
itiation of design studies of such imaging systems . 

Thermal Imaging 

In nonhomogeneous , convective atmospheres , upward mass motions 
transport heat from hotter to cooler regions . At a sufficient
ly high level , this heat is radiated to the outside , and it 
can be measured remotely by an infrared sensor . If the re
ceiver is sufficient ly sensitive , the surface of the planet 
can be scanned to provide a two-dimensional representation of 
the temperature prevailing at a depth in the atmosphere de
termined by its transmission in the wavelength range admitted 
to the sensor . The temperature field can then be correlated 
with the visual field to provide further information regarding 
mo tions within the atmosphere . We recommend design studies 
of thermal imaging systems covering the infrared wavelengths 
likely to be observed in the atmospheres of the maj or planets . 

RADIO LINKS , BISTATIC RADAR , AND GROUND-BASED RADAR 

Radio links between deep space probes and the earth have po
tential for a wide array of scientific experiments . These 
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include possibilities based on measurements on direct links , and 
over paths that include intermediate reflections from a planet 
or satellite (bistatic radar ) . With improved and new ground
based radars, it should be possible to obtain echoes from the 
Galilean satellites of Jupiter (and possib ly from Jupiter, 
Saturn , Titan , and the rings of Saturn) for experiments that 
are independent of any spacecraf t .  In various sections of this 
report ,  the scientific possibilities are outlined in terms of 
s tudies of : planetary and satellite atmospheres ; solar, inter
planetary, and planetary plasmas and magnetic fields; planetary 
radii, masses , and detailed gravity fields; spin rates, radii, 
and masses of the larger satellites and Pluto; surfaces and 
topography of the satellites and Pluto; deep atmospheres and 
possib le surfaces of the Jovian planets; satellite and planet
ary orbits; ring thickness and sizes , reflectivity , velocity 
distribution , and number densi ty of the particles in the rings 
of Saturn ; the mass of the asteroid belt and possibly the mass , 
rotations , and reflectivity of a few large asteroids ; and sev
eral fundamental relativistic effects . 

Dramatic increases in knowledge of our planetary sys tem 
have come in recent years from radar and radio-propagation ex
periments . For ground-based radar , further advances and in
creases in range to Jupiter and Saturn depend on the development 
of improved and new facilities . Pas t radio-link and bistatic 
radar experiments have largely been conducted using the radio 
system provided for communications and tracking . The experi
ments were in effect af terthoughts , and while important results 
were obtained, very great improvements are possible for the 
future . 

A unified view is needed of the potentialities of the var
ious radio and radar experiments , and the interaction of these 
experiments with communications and tracking facilities , both 
on the spacecraf t and on the earth . Radio links can be improv
ed for communications in a way that could also greatly increase 
scientific capabilities . The data needed to improve tracking 
accuracy for mission-support purposes are the same data that 
would provide scientific information on space plasmas . The 
wave polarization generally used for communications makes cer
tain experiments impossible , although the communications could 
be done j us t  as well with a polarization that would provide 
scientific informa tion . The large spacecraf t antenna needed 
for communications could be used to provide maximum sensitiv
ity for scientific experiments . The transmitting portion of· 
a very powerful ground-based radar system would provide maxi- · 
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mum capability for bistatic radar and radio-link experiments 
which could make measurements to the limits  of the solar system, 
and even beyond. 

In order to maximize the scientific return from radio-link 
and radar studies of the plane ts : 

1 .  We strongly support the 1968 recommendation number 2 
of the NAS-NRC Space Science Board Panel on Planetary Astronomy, * 
leading to the upgrading of existing radar/radio astronomy fa
cilities and the construction of a maj or new facility with capa
bility for planetary radar as tronomy . 

2 .  We recommend that spacecraft radio systems be designed 
to accomplish both mission-support (communications and tracking) 
and maximum scientific purposes . To this end, we recommend that 
for the missions to the outer planets , a Radio Science and Cel
estial Mechanics Scientific Team be selected at an early enough 
date to be able to affect the design of the spacecraf t radio 
systems and the operational capabilities of the ground-based 
terminals of the Deep Space Net . 

3 . We recommend that principal investigators and instru
ments for radio-link and bistatic radar experiments , which may 
share the use of spacecraf t antennas or radio system signals , 
be chosen sufficiently early that these principal investigators 
can participate with the radio team in helping to determine 
spacecraf t and ground-based radio-system capabilities . 

GROUND-BASED OBSERVATIONS 

As has been emphasized in earlier reports , the optimum utili
zation of probes to the planets will require many supporting 
observations from ground-based, balloon-borne , aircraft ,  and 
earth-orbital observatories . The observations from the near
earth environment of the maj or planets pose special problems , 
some of which are noted below . 

Southern Hemisphere Telescope 

During the next four decades Uranus and Nep tune will be at 
southern declinations, and during the 1980's Saturn will also 
be in the southern sky . We therefore recommend the construc t ion 

*Planetary Astronomy: An Appraisal of Ground-Based Opportun
ities, NAS Publ . 1688 , Nat .  Acad . Sci . , Washington , D .  C .  (1968 ) , 
p .  7 1 .  
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of a fully instrumented high-optical- quality telescope of the 
100-in. class in the southern hemisphere for planetary observa
tions. This telescope together with the three large optical 
telescopes that NASA has already developed for planetary studies 
will provide continuing coverage of the maj or planets during 
the in � exploration . 

Fourier Spectrometers 

The study of the atmospheres of the planets will require a 
determination of the line profile of the compounds existing 
in the atmosphere. Information gained from such studies will 
be of great aid in correlating and enhancing the data secured 
by a spacecraft. We recommend that NASA support further devel
opment of Fourier spectrometers and the construction of a large 
light-gathering aperture in the 15-m class for very-high-reso
lution spectroscopy of the planets . 

Laboratory Programs 

A great deal of new laboratory data will be required in order 
to analyze high-resolution infrared spectra of the outer plan
ets. This is particularly true of the near infrared combina
tion bands of CH4 and NH3 for which line strengths, pressure
broadening coefficients , and J identifications are (with very 
few exceptions ) unavailable . We therefore recommend that NASA 
support a comprehensive laboratory program to measure the prop
erties of the bands of CH4, NH3, H2, and other relevant molecules 
and a complementary theoretical program to calculate the struc
ture of these bands. 

Our unders tanding of the interiors of the maj or planets 
is limited by a lack of knowledge of the equations of state of 
matter at high pressures and the various transport coefficients . 
Present-day technology of high pressures has progressed suffi� 
cieutly to promise important results . We , therefore , recommend 
that NASA support theoretical and experimental studies of the 
equations of s tate of hydrogen and of the hydrogen-helium system . 

Use of a Large Radio Antenna Array 

Apparently the only ground-based possibility for directly study
ing the deep atmosphere of the maj or planets is by means of 
radio and radar observations at wavelengths between 10 and 100 
em. A large antenna array having a resolution of a few seconds 
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of arc could observe structural detail in the Jovian atmos
pheres at pressures greater than 1 atm . Of particular interest 
would be structures which could be correlated with visib le sur
face features or with magnetic field structure as measured by 
the flyby spacecraf t  or orbiters . Although designed primarily 
for galactic and extragalactic observations , several large 
antenna arrays now being planned will be capable of making val
uable planetary measurements . We recommend that the designs 
of large radio antenna arrays include provisions for real-
time pencil-beam observations of the planets and that NASA 
support planetary programs that make use of such arrays . 

Earth-Orbiting Observations 

Ultraviolet spectroscopy from earth-orbiting telescopes can 
be expected to yield much valuable information on the atmos
pheres of maj or planets . The University of Wisconsin OAO-A2 
experiment has already made a substantial number of planetary 
observations , and we encourage them to obtain more . The poten
tial for doing planetary astronomy with OAO's and other earth
orbital telescopes now being planned is great . We urge that 
the design of these telescopes , which are primarily for stellar 
and galactic astronomy , be sufficiently f lexible to facilitate 
planetary observations . We recommend the funding of planetary 
programs that will make use of the capabilities for high-reso
lution imagery and ultraviolet spectroscopy of the planets from 
earth-orb iting telescopes . 

ADVANCED PROPULSION 

As we have noted, chemical propulsion would appear adequate 
for the study of the outer reaches of the solar system during 
those times when Jupiter can provide a gravitational assist to 
spacecraf t traveling beyond that planet . During the 1980's 
the configuration of the planets will not be so advantageous . 
During the 1980's it  may be necessary to use low-thrust en
gines continuously in order to decrease trip times . We rec
ommend that NASA proceed with the development of advance� 
methods of propulsion useful for exploration of the solar 
system .  
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Chapter 3 

PLANETARY ATMOSPHERES 

COMPOSITION 

Existing knowledge sugges ts that  the compositions of Jupiter 
and Saturn are es sentially the same as that of the sun , al
though the evidence for this is difficul t to obtain from 
abundances  measured in chemically differentiated regions of 
the planet. It is , however , conceivable that significant 
resul ts may be obtained from abundance ratios of elements that  
would no t be expec ted to have been separated by either differ
ential loss or concentration. 

Presently available evidence also strongly sugges ts that 
Jupiter and probably Saturn have retained all  the elements in 
the same relative abundances as  the sun. This is in marked con
trast  to the inner planets , which have los t  the lighter ele
ments during their formation and/or subsequent evolution. 
Evidently some other fractionation process  has been ac tive in 
the outermost  regions of the solar sys tem as wel l ,  since 
Uranus and Neptune are deficient in hydrogen with respec t to 
the cosmic average and may be deficient in helium as wel l .  

In order to identify the causes o f  these abundance vari
ations ,  which must  obviously be intimately related to the pro
cesses involved in the origin and evolution of  the solar sys
tem, it  is  es sential to have more quantitative data on the 
abundances  of the light and heavy elements in the atmospheres 
of these plane ts to complement models  giving the bulk com
position of their interiors .  

It is important to realize that the ratio of hydrogen to 
helium in these bodies has a significance that goes beyond 
the problems as sociated with an understanding of the solar 
systems. Rival theories for the origin of the universe have 
suggested that  different amounts of helium will be produced. 
In the '�ig -bang " model , the abundance of helium relative to 
hydrogen pre sently observed in the sun is produced almos t 
immediately as  part of the initial expansion , whereas in other 
cosmologies , the helium is produced by nuclear synthesis in 
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s tars .  There is some question of whether the amount of helium 
observed in the sun is accurate .  The values currently quoted 
have a large uncertainty but appear to be dis tinctly higher 
than values  obtained from observations of old s tar s ,  a resul t 
that would be unacceptable to the big-bang cosmology. Thus 
verification is important , and a proper inves tigation o f  the 
Jupiter atmosphere would provide the necessary data.  

The abundance of  the noble gase s ,  especially neon and argon , 
which have particular significance , canno t be determined by 
remo te sensing at  planetary temperatures .  This does no t mean 
that the possibilities  for extracting new information from 
data obtained from ground , balloons , ar ear th satel lites have 
been exhaus ted. Indeed , modern instrumentation can provide 
important new data related to the abundance problem. However , 
it is related in such an inextricable fashion to the physical 
s tate variables ,  that no hope exis ts for solving both the abun
dance and s tructure problems from such data. There is ano ther 
aspec t of the abundance problem of great importance for under
s tanding the chronology of  the solar system -- isotopic abun
dances ,  which are virtually unaffec ted by chemical reactions 
and are critical tests  of as trophysical theories for element 
formation. A weal th of data related to the abundance of iso
topic nuclei in the earth ' s  crus t and the meteorites is avail 
able , on the basis o f  which very precise determinations o f  
the time of  formation of  the elements and of  these bodies  can 
be made . The nuclei used for this purpose are relatively 
heavy and rare and include s trontium, rubidium, lead , and even 
fissionable species .  For the sun , iso topic abundayces

1
�an be 

�stfmated for only very few light nuclei, such as 3c /  C and 
D/ H. They are , nevertheless , of  great importance , because 

variations in iso topic ratios among various bodies of the solar 
sys tem imply the operation , at  certain times and places ,  of  
high-energy processes capable of  producing nuclear reactions in 
large numbers .  Any information on the abundances of these 
nuclides in the planetary atmospheres may therefore be of  
great value for an unders tanding of  this activity. 

On the basis of theories advanced to explain the observed 
abundance of certain nuclei in the earth , specific predictions 
have been made regarding isotopic abundances in other solar
system bodies , It has thus been predicted that the 2D/ 1H abun
dance ratio in Jupiter should be less than one hundredth that 
found in seawater. The verification of such a prediction for 
Jupiter would thus clarify our understanding of the composi
tion of the earth. 
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Measurements are required of the abundances  of the ele
ments ,  up to argon , with an accuracy of 10 ppm. We al so need 
to know �he abundance ratio of iso topes with special interes t ,  
such a s  H/ 1H,  3Hef4He ,  3 6At40A, and 13ct l2c .  

The lower atmosphere by definition is  wel l  mixe� but it 
does  not follow that it has a uniform composition. The abun
dance of  molecules which may undergo phase changes or are 
affected by solar radiation will vary with height in the 
atmosphere and location on the planet .  

The only reliable procedure to obtain measurements re
lated to abundances  and physical variables is by means of a 
direc t probe •. carrying mass spec trometers with suitably chosen 
sensitivity and sampling inlets , and pressure-temperature 
transducers. Because of its very nature , a direc t probe 
sample s a very small column in the atmosphere . An accurate 
direct measurement of the abundances ,  particulate content ,  
and physical variable s ,  at  a given location , however , would 
provide the basis to unravel data obtained from the ground , 
satellites , and flyby missions.  All data obtained through 
remo te sensing have to be interpreted in terms of a model 
representing the physical conditions in the atmosphere . The 
verification of a model through direct measurements wil l  pro 
vide reliability to resul ts obtained from models  applied to 
o ther parts of the same atmosphere and even to other planets .  
It  is  for this reason that we recommend an early direc t prob
ing of  the Jupiter atmosphere , for which we have the mos t  ex
tensive knowledge . The resul ts gathered in such a probing 
will enable us to interpret observations obtained from flyby 
and orbiting missions , recommended for a later date , to planets 
o ther than Jupiter . 

The physical s tructure of the atmospheres of the major 
planets is directly de termined, no t  by the abundances  of the 
atomic species but rather by the abundance of the molecular 
compounds they can form. Only H2 , NH3 , and CH4 have been de
tected, but ,  undoubtedly , H20 and H2 S are also present in 
large amounts at  lower levels  of the atmosphere . In addition , 
other more complex molecules are doubtless  present in trace 
amounts , which are formed through pho tolytic processes in
duced by solar l ight . A manifes tation of the presence of 
such complex molecules  is probably the coloration observed in 
the cloud s truc tures observed in Jupiter and Saturn , for 
which there is no concrete explanation available. Sugges tions 
have been made that such colors arise by the presence of com-
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plex molecules in the ammonia or me thane crystals forming the 
clouds.  Their actual nature , however , has been the subject  of 
widely ranging speculation. At one extreme , purely inorganic 
compounds have been suggested ; but at the other , the existence 
of organic polymers formed through nonequilibrium processes in 
the basic mixture has been hypothesized on the basis of some 
laboratory experiments .  A special significance has been attach
ed to the possible formation of such complex organic molecules ,  
because this formation is thought to be similar to the spon
taneous abiogenic chemis try that took place in the early his
tory of the ear th and eventually lead to life . 

It is commonly assumed that conditions on the primitive 
earth were very different from those we presently experience . 
There is some disagreement over the detail s ,  but one school of 
thought has maintained that during this early period the ter
restrial atmosphere was highly reducing , consisting primarily 
of methane and ammonia. Chemical reactions in this atmosphere 
were stimulated by solar ul traviolet radiation, electrical dis
charges ,  and local sources of planetary thermal energy. The 
initial results of these reactions are as sumed to be the com
plex organic molecules such as amino acids that are necessary 
precur sers to the origin of l ife itself. Under the conditions 
that developed on earth, the progression of complexity continued 
to the level of the formation of primitive living organisms and 
ultimately the wide profusion of l ife we now observe . 

It is already known that conditions in the atmo sphere of 
Jupiter are very similar to this hypothetical model for the 
primitive earth. A logical first  s tep in the investigation 
of the outer plane ts from a biological point of view wouti be 
further inves tigation of their atmospheres to determine how 
favorable conditions are for the abiogenic formation of organic 
compounds .  Are there warm regions in the lower atmospheres?  
Are elec trical discharges present?  What solvents are avail 
able? What photochemical reactions are occurring in the up
per atmosphere? 

The next s tep in sophistication is a search for the com
plex organic substances themselves .  It has already been sug
gested that some of the coloring matter observed in the Jovian 
cloud deck could be organic polymers dissolved in the cloud 
material . Laboratory experiments using mixtures of methane 
and ammonia subjected to electrical discharge have produced 
colored subs tances , thereby lending support to this interpre
tation. An unequivocal identification has not yet been achiev
ed , however. 
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To resolve these ambiguities , it is essential to probe 
the atmosphere of these planets  and make in situ measurements . 
A primary obj ective of outer plane t exploration is , therefore , 
the characterization of lower atmospheric environmen ts in terms 
of biologically signif icant parameters and a search for and 
identif ication of abiogenically produced organic substances . 

Studies of upper atmospheres play an impor tant role in a 
balanced program for exploration of plane tary atmospheres .  
The upper atmosphere can be studied rather extensive ly from a 
f lyby . Such observations have contributed significantly to 
our present understanding of Mars and Venus and would be ex
pec ted to be equally important for the outer planets . 

The atmospheric experiments which can be performed from 
a flyby with a suitable geometry are essent ially of two basic 
kinds : radio occultat ion experiments and airglow observations . 
Radio occultation provides informat ion on s�ructure of the 
neutral atmosphere between pressures of 10- atm and 1 atm .  
It  also provides information on the structure o f  the ionized 
component of the atmosphere , corresponding to neutral gas pres
sures of 10-8 atm down to essent ially zero background pressure . 
Interpretation of the ionospheric measurements can elucidate 
the pho tochemical processes which modify atmospheric composi
tion at high levels . Thus Mar iner IV and Mariner V showed , 
surprisingly , that co2 is not appreciab ly dissociated by ultra
violet radiation . In the outer plane ts , methane is expec ted 
to be photochemically modif ied by absorp tion of ultraviolet 
radiation . Present knowledge suggests that the detailed chem
ical processes lead to formation of comp licated hydrocarbons , 
an exciting prospect which may have significant biological 
overtones . Occultation measurements of the ionosphere may 
clarify these qualitative ideas . Ionospheric studies can 
also allow one to infer the temperature in the exosphere of 
the planet . It is this parame ter which in large measure con
trols the rate of gas escape from the planet and has corres
pondingly great s ignificance for studies of the t ime evolution 
of the atmosphere . We feel that it would be unwise simply to 
assume that the exospheric temperature is  low on all the outer 
plane ts as a consequence of the large dis tance from the sun . 
For example , recent work suggests that the exospheric tempera
ture of Neptune might be even higher than that of Mars . If 
so , s ignif icant hydrogen escape may be taking place , leading 
to enhancement in the H/He ratio on this planet . Upper-atmos
pheric measurements would clarify the role of escape in modify
ing composit ion of atmospheres . 
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The most �portant airglow experiment is perhaps to mea
sure helium resonance radiation at A 584, and we strongly en
dorse the fl ight of suitable instrumentation on Pioneers F and 
G.  It should be recognized , however , that the probability 
that such measurements should provide an unambiguous determina
tion of the H/He ratio in the plane tary atmosphere as  a whole 
is not high. Above some level , namely , the turbopause , atmos
pheric gases are expected to separate gravitationally.  A 
measurement o f  hel ium in the separation reg�e cannot readily 
be extrapolated to infer the hel ium mixing ratio in the lower 
atmo sphere unless  the location of the turbopause is specified 
by an independent experiment.  Al though possible in principle , 
we view this as unl ikely and conclude therefore that a defini
tive hel ium measurement would require sophisticated ins tru
mentation on a deep atmospheric entry probe . 

We recommend measurements of (1 ) neutral composition ; 
(2 ) ion composition ; (3 ) electron densities ; (4 ) temperature 
profile s ,  for electrons , ions , and neutrals ; and (5 ) airglow 
emissions.  Recommendations (3 ) and ( 5 ) may be performed from 
flybys.  Recommendation (5 ) should emphasize the search for 
possible auroral emissions .  Recommendations ( 1 ) , (2 ) ,  and 
(4 ) require entry probes and could be satisfied by unshielded 
entry probes or by more versatile probes to lower levels  in . 
the atmosphere. We therefore recommend that consideration be 
given to the development of small  and relatively simple un
shielded entry probes capable of be ing carried on all  outer
planet missions .  

THERMAL STRUCTURE AND DYNAMICS 

Studies of motions in the atmosphere of Jupiter have recently 
begun to achieve a quantitative s tatus and are leading to new 
ideas about the behavior of  rapidly rotating atmo spheres and 
the interaction of cloud and planetary motions.  While the 
atmosphere of Jupiter differs greatly from that of earth, the 
re-examination of fundamental s needed to embrace a differen t 
system should lead to ideas of importance to terrestrial mete
orology. Recent developments on Venus have led to a new under
standing of  the c irculation originally proposed by Hadley for 
the earth and current work on diurnal circulations on Mars is 
leading to a fresh appreciation of diurnal effects in terres
trial boundary layers .  We may anticipate benefits of a simi
lar nature to meteorology and to o ther branche s of atmos-

O u t e r  S o l a r  S y s t e m :  A  P r o g r a m  f o r  E x p l o r a t i o n ,  R e p o r t  o f  a  S t u d y

Copyr igh t  Nat iona l  Academy o f  Sc iences .  A l l  r igh ts  reserved.

http://www.nap.edu/18530


pherie physics from s tudies of the atmo sphere of Jupiter and 
the other outer planets .  

The interpretation in terms of  basic hydrodynamieal pro
cesses  of the hor izontal circulation patterns at the visible 
surfaces of � major planets could lead in due course to infor
mation about the interiors of these bodies (e. g . , lower atmos
pheric depths , angular momentum transfer , energy sources )  that 
may be obtainable in no other way. The acquisition of this 
information is probably as impor tant as the discovery and elu
cidation of the hydrodynamieal motions themselves ,  which in 
turn will deepen our understanding of the terrestrial atmos
phere . 

As these motions are thermally driven, by solar radiation 
and by internal heat sources ,  the determination of horizontal 
and vertical temperature gradients will be of cardinal dynam· 
ieal �portanee. The required information will not be obtain
able with ground-based observations and requires space missions 
to the planets .  

The central theoretical difficul ty in all dynamical s tud
ies of the motions of plane tary atmsopheres is that of under
standing the interaction between motions on different scales .  
Owing to the great distances of the outer planets , we have 
(a) no knowledge of the scales of motion on Neptune ; (b) indi
cations of plane tary-seale banded s truc ture which are vague in 
the ease of Uranus ,  rather better for Saturn, and pronounced 
in the ease of Jupiter ; (e)  evidence for s trong equatorial 
j e ts on Saturn and Jupiter ; and (d) a certain amount of infor
mation, going back a century or so , about large irregular mark
ings on Jupiter. (Whe ther Pluto possesses  an atmosphere has 
not yet been ascertained . )  These deficiencies in our knowledge 
of the scales  of motions present and of the details of certain 
eonspteuous features (edges of the s trong equatorial j ets on 
Jupiter and Saturn, Jupiter ' s  Great Red Spot) wil l be remedied 
if high-resolution visual pictures required can be acquired 
during the contemplated missions to the major planets.  

Thermal Mapping and Ver tical Temperature Struc ture 

In nonhomogeneous convective atmospheres ,  such as those of 
Jupiter and Saturn , upward mass motions occur which transport 
heat  from ho tter to cooler regions . At a sufficiently high 
level , this heat is radiated to the outside , and it can be 
measured remotely by an infrared sensor . If the receiver is 
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sufficiently sens itive , the surface of the plane t can be 
scanned to provide a two-dimens ional representation of the 
heat or temperature prevail ing at  a depth in the a bno sphere 
de termined by its transmis s ion in the wavelength range admit 
ted to the sensor . Infrared sensor s available for deep-space 
mis s ions are ac tually hopelessly insensitive for the pupose of  
obtaining thermal maps , comparable in scale and de tail to  a 
visual image . However , over re s tr ic ted areas or regions and 
by means o f  improved de tec tors and taking advantage o f  the 
availabil ity o f  the l ight at  al l thermal wavelengths , one 
should be able to s tudy the tempera ture fields and their cor 
rela tion with de tail s visually observed. 

Studie s  have been made of the thermal emis s ion of  Jupiter in 
the 10-�m atmospheric window. Cer tain re sul ts indicate that at  
times l i t tle or  no temperature contra s t  exists  be tween visual fea 
tures ,  such as the Great Red Spo t and its  surroundings ,  while a t  
o ther time s the brightne s s - temperature var iations can be pronounc 
ed. The Great Red Spo t has appeared cooler on two widely separate 
occasions , once by - 2o .  The shadows of  sate l l i tes  in the 8 - to 
14 -�m range have been repor ted to be tens of degrees brighter than 
the ir surrounding s ;  at o ther time s no contras t  is de tec table.  

The average emission in the to tal range o f  wavelengths 
appear s to be higher than the absorbed so lar energy , indicating 
the exis tence o f  an internal heat  source . A s imilar conclu
s ion has been reached for Saturn. 

Near 5 �m, the thermal emission appears to be from lower 
and warmer leve l s  than that for the 10-pm window. Prel iminary , 
unpublished resul ts  indica te tha t mo s t  o f  the emi s s ion come s 
from tropical regions and that it has a complex struc ture . 

The me thane band near 7 Pm shows anomalously high emi s 
s ion a t  the band center. This has been interpre ted to sug 
ge s t  the exis tence of  a temperature invers ion above the level 
of  the c louds.  A s imilar explana tion has been invoked to 
explain an apparent reversal of  l ine s in the 1 . 2 5 -cm NH3 
microwave band . 

The se remarks show that from ground-based observations 
little progre s s  has been made in unders tanding the thermal 
s truc ture of Jupiter , and there is even less  progre s s  on the 
o ther outer plane t s .  On the theoretical s ide , a great s tep 
forward was made when the importance of  pre s sure-induced 
hydrogen absorptions in the thermal emission spec trum was 
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recognized. On this basis , radiative -convec tive profile s 
have been computed for all the outer plane ts.  

Recent reasse s sment o f  the hea t balance on Jupiter has 
indicated a more complex s tate o f  affairs in which thermal 
radiation mainly influences boundary conditions : The dis tr i 
bution o f  hea t  through the lower atmosphere wil l  be dominated 
by fluid mo tions on a varie ty of scale s , from that of the gen
eral circulation down to smal l -scale convection. 

Flybys and orbiters can be used , no t only for thermal 
imaging , but for radio occul ta tions and infrared and micro 
wave thermal soundings .  Radio occul tations wil l give data 
down to - 1 a tm,  ju s t  above the cloud level .  It is unl ike ly 
that they can yield ver tical tempera ture gradients of suffi
cient accuracy for dynamical theor ie s ( the required accuracy 
depends on the closene s s  of the gradient to adi,batic : if it  
is close , very high accuracy - - be tter than 10- r - - is needed) . 
The hor izontal resolution from occul tation measurements is 
poor. Never thele s s , this type o f  measurement is  so simple and 
rel iable that it  should be per formed on all  mis s ions to the 
outer planets , and with the grea te s t  precis ion po s s ible . 

Infrared emission spec tra can be obtained from flybys and 
orbiters .  The techniques o f  temperature sounding from ir 
emis s ion spec tra are now well te s ted for terre s tr ial condi
tions , al though further inves t igation is needed to discover 
whe ther a suitable me thane band exis ts (ammonia bands are no t 
so suitable because the gas may no t have a cons tant mixing 
ratio in the reg ion of the atmosphere under consideration) . 
If a succe s s ful technique can be developed , tempera ture sound
ings in the two or three scale he ights immediately above the 
cloud tops may be pos s ible with significant spatial resolution. 
It is �portant that attention be given to the development o f  
this technique . 

The microwave spec trum o f  ammonia can be used in a s imi
lar way to give thermal soundings be tween the 120 and 180 K 
temperature leve l s .  This technique ha s  yet to be fully in
ve s t igated on ear th, and it appl ie s  to a gas whose mixing 
ratio wil l vary in the vertical . 

It is difficul t  to avoid the conclus ion that the ver ti
cal thermal s truc ture ins ide the clouds , to the required 
accuracy for dynamical inves tiga tions , can only be discovered 
from entry probes .  Thi s alone might no t justify a probe 
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mis s ion, because only one geographical location can be investi
gated at a time .  Howev�r , temperature measurements mus t also 
be made with accuracy in order to interpre t the cloud layers 
which , in turn, interac t thermodynamically with the mo t ions .  
The se measurements add j u stification to what appear s to be the 
mo s t  �por tant s ingle mis s ion concept for outer -plane t a tmo s 
pheric s tudie s .  

VISUAL IMAGING 

Studying features o f  the visible surface of  dense cloud over 
a broad range of horizontal scales requires pho tography of the 
plane t beg inning ( in the case of a flyby) at a distance where 
the camera resolution is the same as that achievable from 
ear th and continuing to a comparable dis tance after the ins tant 
o f  closest approach. In the case of Jupiter , for ins tance , 
with a mis s  dis tance o f  a few plane tary radii,  scales down to 
as  l ittle as  a few kilome ter s would be resolved with a realiz
able camera sys tem. During the 1 00 Jovian days occupied by 
the encounter , typical displacements o f  planetary-scale fea
ture s in the equa torial zone relative to nonequatorial regions 
will be of  under 100 deg of longitude ( 100 , 000 km) ; the cor 
responding relative displacements o f  features within the non
equatorial regions is about 1000 km. 

Resolution o f  as l ittle as a few kilometers (a frac tion 
of the a tmospheric scale height) at closest  approach is needed 
for observations of the l�b ( including stellar occultations 
and optical aspec ts of the ear th) , which will  lead to infor
mation on aerosol distribution and cloud s tratification. De 
terminations of the relative heights and mo t ions o f  clouds 
could be made s tereoscopically and po s s ibly by measuring the 
evolution o f  the lengths o f  shadows cas t  by some o f  the clouds.  

The camera required must have high re solution , dynamic 
range , photometric accuracy , metric integrity ,  and be capable 
of rapid sequencing and fast  movement from one target to 
another . 

CLOUDS 

Jupiter 

The mo s t  s tr iking visual feature of Saturn and Jupiter is  
their banded and ever-changing appearance : we are clearly 
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observ ing atmospher ic phenomena exclusively , and there is good 
reason to bel ieve that ,  in the case of ·Jupiter , we are observ
ing a vas t  turbulent cloud layer compo sed pr inc ipally of ammonia 
crystal s .  Spectroscopic data on the gaseous NH3 abundance above 
these clouds show that the amount of NH3 pre sent is what one 
would calculate from the vapor -pres sure equation of sol id NH3 
at the observed cloud-layer temperature , but no direc t identi
fication of the compos ition o f  the clouds can pre sently be 
made from earth-based observations.  

The polarization data sugge st  that micron-s ized cloud 
particles mus t be abundant in Jupiter ' s atmo sphere but shed 
no l ight on the compo s ition problem. 

Jupiter ' s clouds do differ from pure sol id NH3 in respec t 
to one readily observable property : color . Del icate shades 
of yellow ,  orange , brown , and even pink and very pale blue 
have been reported by numerous observers .  It is often s tated 
that these colors are due to small traces of intensely colored 
organic matter , produced by the action of solar ul traviolet 
l ight on the me thane and ammonia in Jupiter ' s upper atmosphere . 

Finally , there have been some purely theoretical s tudies 
of  the cloud-condensation proces s  in atmo spheres o f  solar com
position. These computations sugges t  s trongly that Jupiter 
(and Saturn) may be shrouded by several distinc t cloud layers 
of disparate composition. The topmos t  cloud layer is found to 
be sol id NH3 , then a layer of  NH4HS (ammonium hydrosul fide) 
clouds containing dis solved NH3 , then �Cl (ammonium chloride) 
clouds near the 47 5 K leve l .  The atmo spheric pres sure near 
the lowe s t  of these cloud layers is roughly 100 atm. 

Whether this spec ific model is correc t for Jupiter and 
Saturn canno t under any foreseeable c ircumstances be deter
mined from ear th-based observations alone . Given a Jupiter 
flyby mis s ion ( such as Pioneer F and G) or an advanced orb iter , 
it would be po s s ible to derive certain additional data concern
ing the clouds.  Measurement of the planetary phase func tion , 
which is  an effect produced by the cloud s ,  give s data useful 
for other purposes but contributes l ittle to our under s tanding 
o f  the chemis try and physic s  of the cloud s .  Photography of  
the cloud s truc tures near the terminator may help in under
s tanding the scale of motions in the atmosphere near the 
cloud level .  Such imagery could b e  conduc ted from either a 
flyby or an orbiter . 
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But even combining the data from flyby and orbiter mis 
s ions with al l the ground -based observations deemed po s s ible 
through the 1980 period , it  seems cer tain that our ignorance 
about conditions beneath the topmo s t  clouds will s till be 
great.  

In order to inve s t igate the s truc ture and compo s i t ion of 
the atmosphere and clouds below the very thin region acces s ible 
to outs ide observer s ,  it is es sential that an atmospheric entry 
probe be employed. It is neces sary for cloud s tudies that a 
Jupiter entry probe capable of withs tanding up to 100 atm pres 
sure and ins trumented with cloud-physics  and cloud-chemistry 
exper iments be developed for launch at the earl ie st po s s ible 
oppor tunity. 

One ins trument of central impor tance for analysis of  the 
atmo sphere is a mass spec trome ter . Since the pr inc ipal cloud 
layers on bo th Jupiter and Saturn are bel ieved to be due to 
condensat ion of trace gases from the atmo sphere , it  appears 
that mass spec trome tric analys is of the a tmosphere combined 
with temperature and cloud-density measurements would permit 
de termination of the cloud compo sition. At �resent , it appears 
that a mass  spec trometer of  dynamic range 10 : 1  would be cap
able of effec ting a very deta iled elemental and isotopic anal
yses for the elements H, He ,  0, C ,  N, Ne , S ,  Ar ,  and C l .  It 
is of great interes t  to note that ,  in theore tical s tudies o f  
the compo s i t ion of Jupiter ' s deep atmo sphere , the se elements , 
which are the only ones expec ted to be pre sent in meaningful 
amount ( <1 ppm) above the 500 K level , all have a tomic weights 
le s s  than 40. Thus an exhaustive analysis of the atmsophere 
and clouds at  all po ints above this level is pos s ible with a 
mass spec trome ter of  l imited mass range . 

An es sential complement of this analys is experiment is a 
d irec t measurement o f  the cloud optical density as  a function 
of altitude . This is readily accompl ished with a s imple neph
elometer . In addition , it should be po s s ible to measure the 
the cloud particle s ize distr ibution. 

Some e ssential knowledge of the depth of penetration of 
sunl ight into the atmosphere may be obtained very s imply from 
an omnidirec tional solar radiome ter. A method of detect ing 
cloud layers and distinguishing hazy and clear regions inde 
pendent of the nephelome ter would be a downward-po inting 
thermal rad iome ter. 
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Finally , there remains the problem 6f  the trace coloring 
matter in the clouds.  The in � detection and identifica
tion of such material by gas chromatography and mass spectrom.
etry might be an extremely difficul t and uncertain undertaking 
if polymeric organic matter is responsible . On the other hand , 
theoretical s tudies of the cloud-forming process imply that 
(N84)2S  (ammonium sulfide) may be produced in substantial 
quantity.  This material is a yellow-brown sol id of high vola
tility ,  and analysis of  its vapors would show only NH4 and 
H2S .  

Saturn 

Our present data on the structure and composition of Saturn 
show it to be similar to Jupiter in all important respects .  
Of  the four g iant planets , the mos t  s imilar two are Jupiter 
and Saturn. Our knowledge of Saturn ' s  clouds is severely 
limited by its smaller size and greater distance : the banded 
cloud structure is well establ ished as is the presence of  
micron-sized particles.  However , ammonia has not been detect
ed with certainty in Saturn ' s  atmosphere , and the clouds are 
essentially devoid of color. Occasional reference is made to 
a "pale-lemon tint" on the plane t.  

Theoretical models  of the clouds and atmosphere of  Saturn 
predict that its atmospheric s tructure should differ from 
Jupiter ' s  only with respec t to vertical scale . Thus the entire 
range of experiments detailed under the proposed Jupiter probe 
mission are directly applicable to Saturn. But herein l ies  a 
serious question of prioritie s :  if funding i s  l imited , can 
we then justify sending probes to the most  similar pair of 
outer planets?  A more appealing possibility appears to l ie 
in sending the second such entry probe to Uranus or Neptune . 

Uranus and Neptune 

Is an entry probe mission to Uranus or Neptune jus tifiable in 
fact?  From the point of view of atmsopheric and cloud composi
tion and structure , the answer mus t  be  a firm ''yes . "  

First ,  it is clear that ,  while Jupiter and Saturn do not 
deviate markedly from solar composition , Uranus and Neptune 
are s trongly enriched in the heavier elements .  This situation 
introduces the possibil ity of extremely complex mul ticomponent 
phase equil ibria leading to fluid-fluid immiscibility in the 
deep interiors ,  with consequent drastic al teration of the 
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a tmo spher ic compo s ition from the average for the whole planet.  

Second , it appears that the uv-vis ible reflect iv ity o f  the 
disk of Uranus can be explained satisfactorily by a model in 
which only molecular scattering and absorption by hydrogen is  
considered : clouds may not be involved above approximately 
the 10-atm pre ssure level.  Because of the formidable theoret
ical difficul ties in construc ting plaus ible phys icochemical 
mode l s  of Uranus and Neptune and the near -comple te lack of 
relevant high-pres sure phase equil ibrium data , it seems almo s t  
eas ier to probe the a tmo sphere than to a ttempt to predict its 
behavior . 

Certain useful contr ibutions to the study of the clouds 
of Uranus and Neptune may be made by flyby vehicles .  Vis ible 
and ir imaging o f  bo th plane t s ,  including s tudy of the hori
zontal and vertical cloud s truc ture near the terminator , and 
optical polar ization measurements are all experimental ly 
feas ible and of  potential value in our a ttempts to unders tand 
their cloud and atmo spher ic s truc tures .  

I t  canno t be stres sed suffic iently that earth-based 
observations of Uranus and Neptune are completely incapable 
of solving any of these problems . 

In almo s t  every observable respec t ,  the g iant planets  
appear to  fall into two fundamentally different classes , which 
we may refer to as Jovian and Uranian. It must be a sser ted 
that a knowledge of the composition and s truc ture of � 
classes is  nece s sary as a prel iminary to the formulation of  
a satisfactory theory of the orig in of the solar sys tem. Al 
mo s t  every piece of information essential to the solution of 
these problems must be der ived from the resul ts of  entry probe 
mis s ions.  We therefore s trongly recommend Jupiter and Uranus 
entry probe mis s ions at the ear l ie s t  po s s ible date. 

GROUND-BASED OBSERVATIONS 

Optimum util ization of  probes to the outer plane ts will require 
many supporting observations from ground-based , balloon-borne , 
aircraft ,  and ear th-orbital observatories .  

We endorse NASA ' s sponsorship of t he  cons truc tion of  
three large optical telescope s for plane tary s tudies ( the 
107 - in. a t  the McDonald Observatory in Texas ,  the 88 - in. at 
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the Mauna Kea Observatory in Hawaii , and the 61 -in. a t  the 
Catal ina Observatory in Ar izona) in addition to several 24 - in. 
planetary patrol telescopes.  We urge NASA ' s continuing sup
port of  the cons truc tion of large optical telescope s for plan
e tary observations.  In par ticular t we recommend the cons truc 
tion o f  a high-optical -quality telescope o f  the 100-in. class 
in the southern hemisphere ( po s s ibly at  Cerro Tololo ) .  This 
telescope wil l greatly facil itate spec troscopy t photometry , 
and imagery of  Uranus and Neptune dur ing the next four decades 
when these faint planets  will both be at southern dec l inations.  
During the 1980 ' s ,  Saturn wil l  al so be  in the southern sky. 

One aspec t of our knowledge of  the maj or planets which 
could be subs tantially �proved concerns the struc ture of 
the ir clouds.  Different cloud model s are character ized by 
different l ine prof ile s t  and compar ison of computed and mea
sured profiles of weak t mediumt and s trong l ines of CH4 and 
NH3 over a range of wavelengths should allow one to e s tabl ish 
the gro s s  feature s of the upper Jovian cloud s tructure.  A 
re solution of  at least  0. 1 cm-1 wil l  be required. Rotational 
temperature s and pres sure s  determined from these measurements 
can be used to �prove the initial model a tmospheres and , 
consequently, the cloud mode l s .  The same is true of  the 
relative abundance s  obtained from the measured equivalent 
widths and curves of  growth computed for the cloud mode l .  

The l ine profile s can b e  effic iently measured with a 
Michel son interferometer at the focus of  a large l ight col 
lec ting area o f lO· to 20-m diame ter having a resolution of a 
few seconds of arc .  We therefore recommend that NA SA  sponsor 
the construc tion of a large l ight-collecting aperture in the 
1 5 -m clas s for very-high-resolution Four ier spectroscopy of 
the planets.  This large l ight col lec tor should be located at  
a very dry site and as near to the equator as is  prac tical . 
At the same time ,  we recommend that NASA suppor t fur ther de
velopment of Fourier spectrometers so that these invaluable 
instruments may become more generally available and simpler 
to use. The development of o ther spec ial ized equipment t e . g . , 
mul tisl it spec trometers t also require s suppor t.  

New laboratory data will  be required to analyze high
resolution infrared spectra of the outer planets . This is 
particularly true o f  the near - infrared combination bands of 
CH4 and NH3 for which l ine s trengths , pre s sure -broadening 
coeffic ients t and J identifications are (with very few 
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except ions ) unavailable . A laboratory inves t igation of the 
col l ision-narrowing phenomena in the H2 quadrupole l ines wil l 
al so be required. We therefore recommend that a comprehens ive 
laboratory program to measure the proper tie s  of the bands of  
CH4 , NHJ , H2 , and o ther plausible molecule s in the atmo spheres  
of  the outer planets be vigorously pursued. At  the same time ,  
we recommend that the complementary theoretical calculations 
of the struc ture of these bands be pur sued with equal vigor . 
These laboratory and theore tical s tudies are es sential to the 
unders tanding of  the atmo sphere s o f  the maj or plane ts .  

An impor tant parame ter in any cloud model is the value 
of  the continuum s ingle scattering albedo . For a given cloud 
model , it can be determined from the measured brightnes s  
var iation over the Jovian disk.  Here measurements should be 
made in wavelength interval s special ly selec ted to be free of  
absorption l ine s .  

Ano ther important parame ter is the scattering phase 
func tion of  the cloud particle s .  In pr inc iple , it can be de 
duced from the observed l imb darkening if the cloud s truc ture 
is uniform over the plane tary disk.  In the case of Jupiter , 
the cloud s truc ture seems to vary cons iderably from the equa
tor to the poles .  However , measurements  of  the equator ial 
l imb darkening should provide information on the pha se func tion 
near the equator . High spatial re solution is important in 
such measurements s ince mo s t  o f  the variation occur s near 
the l imb of  the plane ts.  

The 24 - in. NASA planetary patrol tele scope s , operating 
at  f/7 5 ,  should provide good material for analys i s .  Al so , 
diffrac tion-l imited pho tographs of Jupiter should soon be 
ob tained with Strato scope II, a 3 6 - in. balloon-borne telescope . 
However ,  a prec ise determination of the sca ttering phase 
func tion of Jupiter ' s clouds wil l probably only come after 
analysis of the pho tome try of Jupiter planned for Pioneers 
F and G.  

It seems cer tain that de tailed models  o f  the Jovian 
clouds wil l  require a var iation in the cloud s tructure with 
Jovian latitude. Pho tographs of  Jupiter obtained with an 
interference fil ter centered on a relatively s trong C� band 
at  8850 A reveal that the methane absorption in this band is 
no t uniform over the disk but occurs in '�ands "  at different 
latitude s .  This nonuniform behavior can be surveyed with the 
aid of  monochromatic image s taken in o ther bands o f  CH4 and 
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NH3 • Particular attention should be g iven to identifying time 
variations.  Further studies should be made to de termine the 
variation of the equivalent width of weak spec tral l ines (or 
bands )  with latitude . The se weak bands are probably formed 
deeper in the clouds than the strong bands and should there 
f ore reflec t latitudinal variations of  the deeper cloud level s .  

Another aspec t o f  our knowledge o f  the major planets which 
should be improved before advanced space probes are sent is 
their energy budget.  Al though the present evidence s trongly 
sugges ts that Jupiter has a substantial source of internal 
energy , several related questions could be answered by fur ther 
observations (from the ground and from aircraft) of the far 
infrared radiation emitted by Jupiter . 

F ir s t ,  does the to tal radiation of  Jupiter vary with 
time ?  MOnitor ing the br ightnes s  temperature near 20 and 
300 �m from the ground and from 10 to 100 �m from aircraft 
al titudes should settle this que s t ion. 

Second • doe s  the brightnes s  temperature vary with lati
tude as suggested by some measurements at 20 �m? Measurements  
with the 3 6 • in. infrared telescope being cons truc ted for the 
NASA aircraft should enable us to obtain some spatial re solu• 
tion for wavelengths up to 40 �m (where the diffrac tion l imit 
is  about 10 sec o f  arc ) .  Higher spatial re solution is pos 
sible in the 20-pm window with large ground -based telescope s .  
The nearly comple ted 88 -in.  telescope on Mauna Kea seems 
particularly well  suited for this measurement. The large l ight
collecting aperture recommended above would be very advan
tageous at 300 �m. 

Third , how much east-wes t  asymmetry , if any , is present 
in the emitted radiation? From the eas t -we s t  asymme try (or 
its upper l imit) , it should be po s s ible to e s t imate the dif
ference in effec tive temperature be tween the day and night 
sides of Jupiter. Here measurements from the ground at  
20 �m will probably provide the bes t  data. 

Perhaps the s ingle mo s t  important parameter in Jupiter ' s 
atmo sphere is  the H2/He ratio .  Since the absorption coeffi
cient of the He - induced translational and rotational transi
tions in H2 has a different waveleng th dependence than the 
self-induced transitions , it should be po s s ible to estimate 
the He/H2 ratio by fitting the emis s ion spec trum from 10 to 
100 �m with model atmo sphere s .  One drawback to the proce -
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dure is the probable variat ion o f  effec t ive temperature over 
the surface . However , the theore tical resolution of a 3 6- in.  
tele scope is -25 sec of  arc at 100 �m allowing some resolution 
on Jupiter even at the longer waveleng ths . 

In cons ideration of the above discus s ion , we recommend 
tha t the 3 6 - in.  NASA aircraft tele scope be used extens ively to 
measure the far -infrared emiss ion spec trum of tte maj or plane t s .  
We al so recommend tha t the feasibil ity of operating the 3 6 - in. 
at  al titudes above 50, 000 f t .  be explored in order to reduce • 

fur ther the atmo spheric attenuation in the 100-�m reg ion. 

Apparently the only po s s ibility of direc tly s tudying the 
deep a tmo sphere of  the maj or plane ts is by means of  radio and 
radar observations at  waveleng ths be tween 10 and 100 em. A 
large antenna array having a resolution of a few seconds of 
arc could observe s truc tural de tail in the lower (pres sure 
>1 atm) Jovian atmosphere. Of par ticular interes t  would be 
s truc ture , which could be correlated with visibile surface 
features or with magne tic field s truc ture as measured by the 
early flyby spacecraft.  

Al though primar ily des igned for galac tic and extragalac tic 
observations , the large antenna arrays now being planned wil l 
be capable of making such planetary measurement s .  We there
fore recommend tha t the de signs of the large radio antenna 
arrays now being planned include provisions for real -time 
pencil -beam observations of  the plane t s .  

A number of impor tant ground-based radar observations of 
the outer plane ts and their satell ite s  will become po s s ibl e 
with present radar sys tems or sys tems now being planned. It 
now seems mo s t  l ike ly that the radar detec tion of some or al l 
of  the Gal ilean satell ite s  of Jupiter wil l be within the capa
bility of several radar systems now in existence when they are 
improved as  planned be tween now and 19 7 5 .  

Jupiter occul tations of these satell ites occur frequently , 
and in each case the detailed manner of decay or r ise of the 
radio s ignal can be s tudied in much the same way as during 
spacecraft occul ta tion. From this , deduc tions can be made 
concerning the dens i ty and s truc ture of the iono sphere of 
Jupiter , as wel l  as the struc ture o f  the upper atmo sphere and 
some indication of its  chemical compos ition. This radar infor
mation becomes clearer and le s s  ambiguous when resul ts a t  more 
than one frequency are available , because of the different 
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frequency dependence of the effec ts of  the ionized and neutral 
atmo spheres .  A resolution o f  be tter than one scale height is 
expec ted for Jupiter . 

Al though attempts at de tec tion have been made by the 
major U. s. plane tary radar sys tems , there is no clear evi
dence that any radar signal from Jupiter has yet been de tec ted. 
The difficul ty of e stimating the s ignal s trength to be expec ted 
is grea t ,  s ince it is not known whe ther any surface of d i s 
continuity exists  at any level in the atmo sphere that t he  radio 
waves can reach. Two type s o f  detec table signal might be 
searched for .  Fir s t ,  there is the po s s ibil ity that a surface 
representing a phase change or composition change does  exis t 
at an acce s s ible level in the a tmo sphere. This may be an 
ac tual l iquid or sol id surface , or it  may represent a wel l 
defined level a t  which a cons tituent o f  the atmosphere changes 
its phase or concentrat ion. A sharp boundary of clouds would 
come into this category. For these cases the reflec tion would 
occur because of a change in the dielec tric constant , and the 
surface would be required to be normal to the radio beam to 
be detec ted . Long wavelengths would be preferable for this 
type of s ignal , bo th becau se they are expec ted to suffer less  
attenuation and scat tering before reaching the level in que s 
tion and because the surface of discontinuity does no t need to 
be so sharp or smooth to g ive the specular type of return. 

The second type of radar echo that may be expec ted from 
Jupiter arises from incoherent scat ter by cloud par ticles .  
Since these par ticles are almo s t  cer tain to b e  smal l compared 
with any of the radar waveleng ths used ,  the returned s ignal 
s trength will depend on � -4 . Thus the high-frequency radar 
sys tems would seem to be advantageous al though the level at  
which large drople t s  or  cloud par t icles exist  may be low and 
atmospheric attenuation wil l disfavor the high frequenc ie s .  

Bither type of radar echo de tec tion from Jupiter would 
give new information concerning the atmo sphere : the level of  
a surface of  discontinuity ,  the amount of change in the value 
o f  the dielec tr ic constant , the a t tenuat ion above this dis 
cont inuity, and the dependence of the a ttenuation on frequency 
all would be valuable for creating a model of the atmo sphere.  
In the case of the detec tion of incoherent scatter from clouds , 
their height and par ticle size a s  well  as  windspeeds and over 
lying atmospher ic a ttenuation can . be deduced from two -frequency 
radar observations . 
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The problems of radar observations of Saturn are s imilar 
to tho se of  Jupiter , and the greater dis tance wil l require a 
much higher level of radar performance . The ring s of Saturn , 
if composed of large par tic le s ,  may , however , be good radar 
targets , as may the satell i tes , espec ially Titan. We expec t 
that the development of  radar sys tems in the next ten years 
wil l have the required capabil ity.  

Ground-based radar beyond Saturn requires  performance 
leve l s  beyond those that can be discus sed real istical ly at  
present.  

The above discus s ion on radar s tudies o f  the deep atmo s 
pheres  o f  Jupiter and Saturn i s  al so appl icable to the po ten
tial ities of bistatic radar , where the same transmitting sys 
tem i s  used on the earth but reception i s  at the spacecraft.  
This would provide an increase of sensitivity by several to 
many orders of magnitude , making it  po s s ible to s tudy the se 
atmospheres in more de tail and to search for deep atmo spheric 
charac ter is tic s  of the more dis tant Uranian planets.  Bistatic 
radar would al so be an important me thod of  s tudying the surfaces 
o f  the major satell ites of  the g iant planets and the par ticles 
in the rings of Saturn. 

In cons ideration of the above discussion , we recommend 
that NASA support radar astronomy to the extent nece ssary to 
obtain direc t measurements of the Jovian atmosphere and with 
the plan that the same ground-based fac il ities would be used 
with spacecraft for bis tatic radar inve s t igations.  

The rapid ro tation of Jup iter plus a subs tant ial magne tic 
field produce a complex magnetohydrodynamic situation. Some 
ins ight into this problem may come from sys tematic high-reso 
lution imagery of the plane t .  Such synoptic data are expec ted 
from the NASA planetary pa trol telescopes .  Extraction of quan
titative resul ts from these patrol da ta should be fac ilitated 
by the use of image -process ing computer programs in searching 
for s ignificant temporal and spat ial correlations . 

Since Uranus has an angular diame ter of  near 4 sec of  arc , 
some spatial resolution should be po s s ible on pho tographs taken 
at times of good seeing . The relatively long exposure time s  on 
Uranus (compared with Jupiter ) make s it much more difficul t to 
catch interval s  of superb seeing . Integrating television sys 
tems are now becoming available which are abou t a fac tor o f  
1 0  faster than f ilm after correc tion for their lower re solving 
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power . Util izing the reduced expo sure time po s s ible in these 
sys tems on the NASA planetary patrol telescopes increases the 
probabil ity of obtaining high-resolution pho tographs of Uranus .  
Image -proces s ing techniques could b e  used to average the bes t  
photographs . Al so , S trato scope II i s  expec ted to obtain pho to 
graphs of Uranus with a resolution of 0. 1 sec of arc . 

Diffrac tion-l imited imagery of  the major planets with 
extended time sequences wil l be po s s ible from the intermedia te 
s ize ( � 1 -m diame ter ) , all -reflec ting orbital telescopes planned 
for the mid-1970 ' s .  

Ul traviolet spectroscopy from earth-orbiting telescopes 
can be expec ted to yield much valuable information on the 
atmospheres of  the major plane ts . The Universi ty of  Wisconsin 
OAO-A2 has already made a subs tantial number o f  planetary ob
servations . The po tential for doing planetary as tronomy with 
OAO ' s and o ther earth-orbiting tele scopes now be ing planned is 
large. We urge that the des igns of  these telescope s ,  which 
are primarily for s tellar and galac tic as tronomy , be sufficient
ly flexible to facil itate plane tary observations.  Special 
care should be taken to ensure that imagery and spec troscopy 
experiments which can be done from earth orbit are not inc luded 
in planetary probes .  We therefore recommend that the capabil 
itie s  for high-resolution imagery and ul traviolet spec troscopy 
of the planets from earth-orbiting tele scope s be fully explo it
ed , and we urge that the se telescope s be des igned to fac il itate 
such observation s .  
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Chapter 4 

PART I CLES , F I E LDS , AND RAD I O  PHYS I CS 

The s tudy of  fie lds and part ic les has provided d irect ion and 
s t imulus to a large fract ion of  the sc ient ific effort in the 
U . S . space program s ince its  incept ion . It  has been demon
s t rated t hat interp lanetary space invo lves phenomena that 
are of bas ic importance to our unders tand ing of so lar
p lanet ary re lat ions , of  a wide var iety o f  as t rophys ical 
prob lems , and o f  the sun itself . Miss ions to the outer 
planets  wi l l  inevitab ly require that extens ive observat ions 
be made o f  part ic les and f ie lds within and in the vic inity 
of the magnetosphere& of t hese p lanets . Furthermore , in any 
such mis s ions , many years w i l l  be spent in interp lanet ary 
space en route to t he p lanet s ;  hence to guarantee some 
sc ient ific resu lts and to maint ain a balanced program, 
observat ion of  part ic les and f ie lds in the outer so lar sys t em 
s hould be inc luded in a l l  such miss ions . For these reasons , 
and also because the f lyby miss ions o ffer the poss ib il ity of 
out -of-ec l ipt ic and inters te l lar traj ector ies , we mus t con
t inue to pay a great dea l  of at tent ion to t he des ign of 
e ffec t ive part ic les and f ie lds exper iments ,  wit h regard to 
both interp lanetary and p lanet ary observat ions . 

SOLAR WIND 

Near t he earth ' s orb it , typ ical parameters of the so lar wind 
are a rad ial ve locity o f  400 km/sec , a dens ity of  5 protons 
per cm3 , an ion temperature of 100 , 000 K ,  an e lectron t em
perature s everal t imes as h igh , a f low d irect ion ( corrected 
for ab errat ion) that is a coup le o f  degrees east of  t he sun
earth l ine , and not iceab le temperature anisotropies with t he 
random ion ve loc ity being greatest  para l l e l  to the magnet ic 
f ie ld . Al l  t hese quant it ies , p lus t he embedded magnet ic 
f ie ld and chemical compos it ion , vary substant ial ly over 
intervals that range down to a few s econds and up to at 
leas t a week and perhaps a mont h .  

The ident ificat ion of  ve locity s t reams , sector structure , 
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waves ,  and convected f i laments or other s tructures has intro 
duced some order into this chaos , but our underst anding of  
t he phys ical nature o f  some o f  these  component s , t heir origin , 
and their mode o f  evo lut ion is incomp lete in sp ite o f  much 
fruitfu l  t heoret ical work . The ion temperature is higher 
and f luctuates more with t ime ,  and t he anisotropies are les s  
than i s  sugges t ed b y  most  theoret ical mode ls . The phys ical 
bas is for the high ion temperature is presumab ly part ially 
the thermal conduct ivity o f  the e lectrons and also a substan
t ial  convers ion to thermal energy of  the mechanical energy 
by wave -par t i c le int eract ions . It  seems l ike ly that some 
where beyond 3 to 1 0  AU most  of  t he ve loc ity f luctuat ions 
would have been smoothed out and the waves damped out except 
as regenerated by p lasma ins t ab i l it ies perhaps as soc iated 
with the anisotrop ic expans ion .  

Observat ions over the space between t he orb its o f  Venus 
and Mars are cons istent with t he bas ic theory . The average 
rad ial ve loc ity s hould be ess ent ial ly independent of rad ius . 
The average dens ity should be invers e ly proport ional to the 
s quare of the distance from the sun .  The ion temperature 
should decrease as in ad iabat ic expans ion ,  but over this 
range this effect cannot be  disent angled from the f luctuat ions , 
effec t s  of  e lectron conduc t ivity , and wave damp ing . The s ame 
t heory s hould serve for these average propert ies out to t he 
orb it of Jup iter and beyond to where the trans i t ion from 
so lar sys t em to inters t e l lar regime becomes not iceab le .  But 
the theor ie s governing t he f luctuat ions , and our ident if ica
t ion o f  t he nature of the f luctuat ions are serious ly 
def ic ient . Observat ions of  as many as poss ib le of  p lasma and 
magnet ic propert ies as a funct ion of  distance from the sun 
out to 5 or 10 AU shou ld form the bas is for a vas t ly improved 
unders tand ing of the rich d ivers ity of p lasma phys ics 
invo lved . On this bas is , we s hould then be bet ter ab le to 
extrapo late the f luctuat ions and structures in the so lar wind 
ups tream toward the sun to unders tand t he ir or igin and down
s t ream to underst and the interact ion with the galac t ic 
magnetic f ie ld and inters t e l lar p lasma . The bas ic d i s c ip l ine 
invo lved is co l l is ionle s s  p lasma t heory . Many of the proc
esses that can  be unders tood by  a compar ison o f  theory and 
observat ion in the so lar sys t em should p lay important roles 
in the format ion of  s t ars , in phenomena produced by super
novas , in galact ic and extragalactic  rad io sources , perhaps 
in quas ars , and in a l l  t he other areas of  as trophys ics where 
p lasmas are important . 
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The so lar wind cannot cont inue to f low outward from the 
sun at hundreds o f  ki lometers per second to indef inite 
d is tances . Somewhere at an es t imated dist ance of 5 to 300 AU 
from the sun , it must begin to interact with the inters t e l lar 
gas and the galac t ic magnet ic f ie ld . The nature of this 
trans it ion is of great interes t .  Qu ite probab ly it invo lves 
a shock across which the wind ve loc ity drops sub s t ant ial ly 
and out s ide which the f low is subsonic . Eventual ly there 
mus t be mixing wit h ga lac t ic p lasma . The region within which 
t he p lasma is d is t ingu ishab le as of so lar or igin is cal led 
the he l iosphere . There is no reason to t hink in t erms of a 
smoot h ,  symmet rical mode l ;  there should be irregular it ies in 
p lasma propert ies , magnet ic f ie lds , and f luxes of energet ic 
part ic les over a vas t range o f  s cales . The reg ion near the 
e c l ip t ic , where the large -scale interp lanet ary f ie ld is 
mainly in the az imuthal d irect ion and normal to the f low , 
may be very different from t he sun ' s po lar reg ion , where even 
at very large dis t ances the interp lanetary f ield and the f low 
are expected to be near ly para l le l  except for the magnet ic 
f luctuat ions generated by the probab ly inevitab le ins tab i l i 
t ies . 

The sun and so lar sys t em probab ly have a ve loc ity o f  the 
order o f  20 km sec - 1  with respect to the surround ing galac t ic 
gas and magnet ic f ie ld . In  the d irect ion of  this re lat ive 
ve loc ity vector , the t rans it ion to the galac t ic region should 
be c losest  to the sun . The zero -order es t imate of this 
d irect ion is the direct ion o f  mot ion of the sun with respect 
to the f ixed s t ars and 2 1 -cm HI background , which is approx
imate ly at 270°  ec l ipt ic longitude , +30 °  ec l ip t ic lat itude 
( i . e . , roughly the longitude of Neptune in 1980) . This 
es t imate is very tent at ive s ince the mot ion of the galac t ic 
gas and magnet ic f ield may be anywhere from 0 to 20 km sec - 1  

i n  a n  unknown d irect io n .  Any miss ion to or beyond 5 AU 
s hou ld inc lude both t he capab i l ity o f  detect ing t he shock if 
it  should unexpected ly be so c lose t hat it is traversed and 
of searching for any c lues availab le on t he trans it ion reg ion . 
Cosmic-ray observat ions might provide such a c lue , as might 
a s l ight decrease in so lar wind ve loc ity with rad ius that 
could be ascribed to momentum lost by charge exchange between 
so lar wind protons and incoming neut ral atoms from t he inter
s t e l lar gas . Direct detect ion of the neutral part ic les would 
also be s ignificant . An ind icat ion in an ear ly fl ight of  the 
best d irect ion in which to go wou ld be invaluab le in p lanning 
later fl ight s to exp lore the trans i t ion . I t  should be 
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emphas ized that our knowledge o f  p lasma phys ics is so l imited 
and our his tory of pred ict ing such effec t s  is so  spotty that 
we mus t be prepared for a wide range of poss ib i l it ies , and 
almost any observat ions at large dis tances  from the sun wi l l  
be valuab le i n  res t r ict ing t he number of  pos s ib le mode ls and 
in s t imulat ing p lasma theory . 

Although the miss ions cons idered here are to the outer 
p lanets ,  rad io propagat ion observat ions can be made t hat 
provide informat ion on the so lar corona and interp lanetary 
p lasma . The coronal informat ion is important in itse l f  and 
also for it s bearing on t he origin o f  the so lar wind . Rad io 
links between the earth and t he spacecraft can be us ed dur ing 
the cruise phases o f  the f l ight s to study certain propert ies 
of t he so lar corona and the interp lanetary p lasma . These 
cou ld be the same l inks t hat are used for communicat ions and 
tracking , but they s hould have the capab i lity of measuring 
range rate , range , dispers ion , absorpt ion , scatt ering , and 
po larizat ion rot at ion .  

O n  the long f l ight s t o  Jup iter and beyond , the spacecraft 
wil l  repeat ed ly go through super ior conj unc t ion , so  that the 
radio paths wi l l  pass near , and perhaps be occulted by , the 
sun . Dispers ion and po larizat ion measurement s  conducted 
s imultaneous ly wi l l  make it pos s ib le to separate e ffect s  of 
the p lasma dens ity of the so lar corona from magnet ic f ie ld 
effects , so t hat one may study space and t ime var iat ions of 
t he coronal p lasma dens ity and of longitud inal components of  
the coronal magnet ic field . Range measurement s ,  corrected by 
t he resu lts  on dispers ions , would provide accurat e det ermi
nat ions o f  the 30-km apparent change in range due to the 
general re lat ivist ic effect of  the so lar gravity field , 
perhaps  making it poss ib le to test  alternat ive theories . 
Amp l itude and spectral measurements wou ld prov ide informat ion 
on irregular it ies and mas s mot ions in the so lar corona . 

The average p lasma dens ity between  t he earth and the 
spacecraft could be measured to very high prec is io n .  Radio 
propagat ion exper iments on Pioneer A through Pioneer D s how 
t he expected values of  t he int erp lanet ary e lectron dens ity , 
wit h marked changes due to pulses o f  p lasma from t he sun , 
for regions near t he orb it o f  the earth . These inves t igat ions 
could be extended to great he l iocentric d is t ance s  us ing 
outer-p lanet spacecraft . Different ial measurement s to 
s everal such spacecraft would be part icular ly sens it ive to 
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the very low de ns it ies expec ted at great d is t ances from the 
sun and s hou ld be ab le to detect a pos s ib le increase in 
dens ity and subsequent drop -off at the l imits  of  the so lar 
wind regio n .  Observat ion of the galac t ic rad io emiss ion at 
frequenc ies down to 1 - 10 kHz may provide independe nt evidence 
for t he large -scale s t ructure of  so lar -wind p lasma at the 
boundary o f  the he l iosphere . Galact ic radio emiss ion in this 
frequency range wi l l  not be access ib le to any other kind of 
observat ion than from outer-p lane t  spacecraft . I ts  measure 
ment wi l l  y ie ld two results : c lar ifying both  an import ant 
galact ic phenomenon re lated to particles and fie lds in 
inters t e l lar space and also the structure of the so lar wind . 

INTERPLANETARY MAGNETIC FIELD 

The so lar wind convec t ive ly transports  the so lar magne t ic 
fie ld into interp lanet ary space . Here it s presence cont ro l s  
the mot ion of more energet ic charged part icles originat ing 
from trans ient event s on  the sun , such as so lar f lares , as 
we l l  as the cont inual f lux of extraso lar origin . The so lar 
cyc le modulat ion of galac t ic cosmic rays is due to t he 
ex is tence o f  the interp lanetary magnet ic f ie ld permeat ing 
the outward f lowing so lar plasma . 

As suming a spher ical ly symmetrical expans ion of the so lar 
corona into interp lanetary space permits the t heoret ical pre 
d ict ion of the var iat ion with dist ance (r)  of  the magnitude 
and direct ion of the " frozen- in" magnet ic fie ld . Near the 
so lar equator , the rad ial component is  given by 
Br = B0 (a�r ) 2 and the azimuthal component is given by 
Bt = B0 (a  n/rV) , where B0 is the rad ial solar magnet ic f ie ld 
c ose to t he sun (on a sur face of  rad ius a) , n is the 
equatorial angu lar ve loc ity of the sun , and V is the ve loc ity 
o f  the so lar wind . I n  this s imp l i f ied mode l , it is also 
assumed that the so lar wind ve locity is cons t ant beyond 
r = a .  

These  two formulas represent geometrically an Archimedean 
sp iral centered at the sun . Thus with typ ical so lar -wind 
ve loc it ies o f  300 -500 km sec - 1 , t he ang le between a field 
l ine and a rad ius vector from the sun wi l l  be -45 ° at 1 AU .  
However , the " s p iral" becomes much more t ight ly wound beyond 
t h is d istance unt i l  at 5 AU ,  the orb i t  o f  Jup iter , this 
angle is -80 ° . Hence the f ie ld direct ion in the cont ext of  
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t he outer p lanets  is expected to be pr inc ipally transvers e to 
t he local  so lar -wind ve loc ity . 

Direct measurement s of  the interp lanetary magnet ic f ie ld 
have been made , mainly by the IMP series  of s ate l l ites at 
1 AU and the Pioneer and Mar iner ser ies of space probes 
between 0 . 7  and 1 . 5  AU .  From s t at is t ic a l  ana lyses of  these 
data it has been s hown that at  1 AU the average magnitude is 
60  �G with s hort excurs ions to values as large as 400-500 �G , 
whi le the average direct ion is c lose to t he expected sp iral 
angle of  45° . The sense  of the fie ld along the sp iral 
d irect ion , either outward or inward , is referred to as pos i 
t ive or negat ive po lar ity , a termino logy cons istent with that 
used in the s tudy of the so lar magne t ic f ie ld . 

The radial var iat ion of  the magnitude of  the f ie ld has 
been found to be cons istent with t he s imp le formulas given 
above . The variat ion in d irect ion around the sp iral ang le is  
suffic ient ly large that it obscures the detect ion of  the 
ant ic ipated sma l l  var iat ion in ang le between 0 . 7  AU and 1 . 5  
AU ( from 3 5 °  to 56 ° ) . At the orbit o f  Jup iter , the field 
magnitude is expected to be -8 �G and to decrease as 1/r 
beyond t he orb i t . However ,  nothing is known d irect ly about 
e ither t he geometry or magnitude of the magnet ic field beyond 
1 . 5  AU and a maj or obj ect ive of  the exp lorat ion of the out er 
p lanets  shou ld inc lude a def init ive s tudy of the interp lane 
tary medium and i t s  imbedded magnet ic fie ld . 

The observed magne t ic f ie ld of  the sun shows a complex 
variety of patterns and characterist ic behavior . The most 
s ignificant feature re lat ive to the large -scale st ructure of  
t he interp lanet ary magnet ic fie ld is the exis tence of large 
unipo lar regions which pers ist  for s everal to many so lar 
rot at ions , although chang ing the ir s ize and locat ion cont in
uous ly . These unipolar regions appear to be direct ly 
ref lected in the " sector" s t ructure of the interp lanetary 
magnet ic fie ld in which the " sense" of  the fie ld is observed 
to be cons t ant ly outward or inward for s everal days when 
obs erved between 0 . 7  and 1 . 5 AU .  

Ev idence for t he exis tence o f  a sectored s t ructure o f  
the interp lanetary magnet ic f ie ld should be detected at 
dis tances > 1 . 5  AU , although the termino logy of outward - and 
inward -d irected fie lds obvious ly is no longer appro priat e . 
Ins tead , the pos i t ive po lar ity wi l l  refer to fie lds d irected 
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in a sense  oppos ite to the solar rot at ion and negat ive to that 
paral l e l . The t ime de lay between the pass age of succes s ive 
sector boundar ies s hould not vary with radial distance , but 
t he lag between central merid ian pas s age and the space probe 
s hould inc reas e  l inear ly with d i s t ance . The corre lat ions of 
the s e  measurement s with those conducted by earth-orb it ing 
sat e l l ites wi l l  be an important method of  studying the large 
s cale s t ructure and dynamics of  the interp lanet ary med ium. 

As the sector and f i lament ary magne t ic s t ructures in t he 
so lar wind are swept far out from the sun , t he sp iral 
d irect ion becomes near ly the az imuthal direct ion at low solar 
lat itudes and there mus t be many interfaces between tubes in 
which the f ie ld runs in opposite  d irect ions . To some extent 
there should be reconnect ion o f  f ie ld l ines across  these 
inter faces to form loops . These are pul led by magnet ic 
forces in the az imuthal d irect ion . Thus p l asma exper iment s  
s hould search for local ized reg ions of denser than normal 
gas t hat is mov ing az imuthal ly as we l l  as radia l ly . Magne 
tometer dat a  wou ld be re levant . Low-energy cosmic rays 
s hould be acce lerated in these  s t ructures , and the f low of 
low-energy galact ic and so lar cosmic rays into  and out of  the 
so lar sys tem may be subs tant ially mod ified . 

The smal l -scale f luctuat ions of the interp lanet ary field 
have been s tudied and reveal that transverse perturbat ions 
are the most  prevalent . In  add i t ion,  a unique feature of t he 
interp lanet ary med ium is the presence of a cop ious number o f  
d iscont inuit ies , surfaces acros s which t he propert ies of  the 
p lasma-magnet ic fie ld change suddenly , on a t ime scale < 30 
sec . These sur faces , when ob served s imultaneous ly by 
sate l l ites between 0 . 7  and 1 . 5  AU ,  appear to s eparate regions 
of magnet ized p lasma which are be ing convec t ive ly transported 
outward from t he sun . However , the origin of  these discont i 
nuit ies i s  not known , e ither the sun o r  the interact ion o f  
fas t and s low p lasma streams being the princ ipal  contending 
sources . Characterist ica l ly , the f ie ld magnitude does  not 
change across  these surfaces , although the direct ion does 
change s ignificant ly .  

The measurement o f  the spectrum o f  the interp lanet ary 
magnet ic fie ld f luctuat ions is made difficult due to the 
supersonic so lar -wind flow . This transports the interp lane 
t ary f ie ld pas t  t he sate l l it e  at ve loc it ies many t imes larger 
than wave -propagat ion ve loc it ies . Thus , exp l ic i t  t ime 
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var iat ions of t he f ie ld , as observed by s at e l l ites and space 
probes , in fac t  represent princ ipally spat ial variat ions of 
the fie ld . Due to t he large numbers of discont inuit ies 
present , the spectrum shows the expected characteris t ic 
dependence f -0( 1  < a < 2 )  for frequenc ies ( f )  less than 1 Hz . 
This is we l l  above the Dopp ler-shifted ion-gyro frequency . 
Variat ions in t he coeffic ient and the amp l itude of t he 
spectrum are dominated by the s ize and distribut ion o f  the 
discont inuit ies . Thus any at tempt to s t udy t hese  spectra 
mus t proper ly assess  the re lat ive contribut ion of  d iscont inu ity 
surfaces . 

The d istance to which discont inuity surfaces and smal l  
amp l itude f luctuat ions extend i s  not known , and no theory yet 
treat s t his prob lem.  Thus a fundamental experiment in the 
s tudy of  the interp lanetary field is to determine the 
var iat ion of its  microstructure with distance from the sun . 

The discont inuity sur faces and the smal l  f luctuat ions 
may eventual ly decay beyond 1 . 5  AU ,  but exact ly how and why 
is not known . Depend ing on how the s o lar -wind anisotropies 
and inhomogene it ies vary with distance from the sun , t he 
medium may become more or less  int r ins ica l ly unstab le to 
certain d isturbances . The eventual merging of the so lar 
wit h t he galact ic p lasma may not occur at a sharp ly de f ined 
surface , and t he ident if icat ion of the extent of the 
he l iosphere may depend on the gradient of the micros tructure 
of t he interp lanetary med ium. Accurate vector measurement s 
of  t he int erp lanet ary magne t ic fie ld and its  var iat ions for 
frequenc ies les s  than 1 Hz are of  fundamental s ignificance 
in a s tudy of the interp lanetary med ium and the dynamics of  
t he so lar-system p lasma . 

GALACTIC AND SOLAR COSMIC RAYS 

Knowledge o f  the compo s i t ion and energy spectrum o f  galac t ic 
cosmic rays is of  cons iderab le astrophys ical importance . 
Such knowledge is cruc ial in unders tanding t he origin of 
cosmic rays and t he maj or nontherma l  process  o f  astrophys ics 
inc luding x- and gamma-ray astronomy , processes  occurring in 
supernovae enve lopes and , perhaps , radio sources and pulsars . 
I t  is a lso essent ial in understand ing the propagat ion of  
cosmic rays through the galaxy with the ir important inf luences 
on t he galac t ic magnet ic f ie ld and gas s tructures . Unt il  we 
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have a sure knowledge of t he f lux of low-energy cosmic rays 
(be low 1 GeV per nuc leon) , the ir influence in a var iety of  
astronomical  prob lems , inc lud ing the heat ing in the interior 
of dense c louds , the ir effect on dus t grains , and the produc 
t ion o f  rare isotopes , wil l  remain uncerta in .  Measurement s  
near the earth do not provide the necessary informat ion , 
s ince low-energy cosmic rays are part ial ly screened out o f  
our part o f  the so lar sys t em b y  the irregular magnet ic fie lds 
convected outward by the so lar wind . This e ffect is called 
modulat ion , because the magnitude of t he effect is a func t ion 
of solar act ivity . 

Carefu l  measurement s o f  the mean intens ity and anisotropy 
o f  different cosmic-ray nuc le i (e . g . , e - , e+ , lH ,  2o ,  3He , 
4He , Li , Be , B ,  C ,  N ,  and 0)  as a funct ion of  d istance from 
t he sun out to 5 or 10 AU should al low the modulat ion process 
to be unders tood and the essent ial characterist ics of the 
unmodulated cosmic rays in our part o f  the galaxy to be 
observed d irect ly or at leas t deduced with cons iderab le con
f idence . It  is p laus ible t hat the outer boundary o f  t he 
region o f  modulat ion may be somewhat c loser to t he sun at 
high solar lat itudes and hence t hat cosmic -ray observat ions 
in t his region may be the best  way to get t h is essent ial dat a .  

Exist ing theories o f  galact ic cosmic -ray modulat ion are 
quite rud imentary , although the general features of the 
phenomenon at the orb it o f  the earth are reasonab ly we l l  
estab lished . At the higher energ ies (greater t han 102 GeV) , 
modulat ion is essent ial ly absent , and the anisotropy appears 
to result mainly from the proper mot ion of  the so lar sys tem 
and pos s ib ly from some net streaming o f  cosmic rays within 
t he galaxy . At intermed iate energies (greater than about 
200 MeV for protons ) , the degree of modu lat ion does not 
amount to more than a factor of �2 in the intens ity , and the 
intens ity appears to behave as if  the part ic les were be ing 
inf luenced by a he l iocent r ic force fie ld . In  this energy 
range , the anisotropy has a smal l radial component assoc iated 
with the modulat ion and a much larger (� . 4%) az imuthal 
anisotropy result ing from the tendency for the part ic le s  to 
corotate  wit h the interp lanetary magnet ic f ie ld structure . 
At low energies ( 1  to 102 MeV per nuc leon) the anisotropy 
is essent ially rad ial but , depend ing on the form of the 
energy spectrum, may be outwards or inwards .  The degree o f  
modu lat ion in this low-energy range i s  quite large , but 
s ince we do not yet unders tand the modulat ion process proper ly , 
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it is  not poss ib le to do better t han make an informed guess  
at t he unmodulated intens ity (a  factor of 10  or more might 
eas i ly be invo lved) .  

S ince so lar modulat ion occurs at a l l  energies up to at 
leas t 10 GeV , there mus t be a rad ial grad ient of the cosmic 
ray intens ity somewhere beyond the orb it o f  earth ,  and the 
ful l intens ity is presumed to be reached beyond -10 AU . 
However , measurement s of t he grad ient in the region between 
Venus and Mars (0 . 7  to 1 . 5  AU) have given quit e contradictory 
results . I t  is pos s ib le that most o f  the modulat ion of the 
lower -ene rgy part ic les invo lved in these measurement s takes 
p lace in a thick s he l l  of turbulent p lasma at 3 to 5 AU , and 
that the interp lanetary medium near 1 AU is re lat ive ly smooth 
so that the rad ial grad ient s are smal l . The determinat ion of  
t he rad ial gradient is o f  fundamental importance to  our 
unders tanding of t he modu lat ion prob lem,  and , accordingly , the 
experiment must be carr ied out with due care . In  order to 
estab l is h  a base leve l , ident ical detectors s hould be p laced 
on spacecraft near the earth . Furthermore , s ince the radial 
gradient is int imate ly re lated to the rad ial  anisotropy , the 
s hape of the par t ic le energy spectrum, and the spectrum o f  
interp lanetary magnet ic f ie ld fluctuat ions , some provis ion 
should be made for measur ing each of these  quant it ies 
concurrent ly . Exper iments des igned to measure t he interp lane 
tary magne t ic f ie ld s hould b e  such that they provide an 
adequate power spectrum of f luctuat ions up to frequenc ies of 
the order of 1o·l Hz . 

I t  is  a great advantage to be ab le to observe the 
behav ior of  d ifferent components o f  t he galact ic cosmic rays 
concurrent ly , s ince the modu lat ion (and hence t he radial 
grad ient and anisotropy of the part ic les ) is expected to 
depend on the part ic le charge-to -mas s rat io . Furthermore , in 
t he case of cosmic rays of s econdary origin (notab ly 
pos itrons , but also 3He , L i ,  Be , and B) , the unmodulated 
spectrum can be est imated d irect ly from the spectra of t he 
pr imary part ic les , and hence observat ions of  the behavior of  
these  par t ic les at  var ious he l iocent r ic d is t ances should 
provide a very good d irect test  of modu lat ion theor ies . 

There have been as yet no !a s itu measurements of t he 
int erp lanet ary magnet ic field or p lasma at high hel iographic 
lat itudes . Comet tail  observat ions sugges t  t hat t he 
characterist ics o f  the so lar wind in the high-lat itude region 
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are e s sent ia l ly s imilar to those found in the ec l ipt ic . 
Observat ions of the sc int i l lat ion of small -d iameter rad io 
sources are cons is tent with the comet tail  result s , although 
some pre l iminary analyses ind icate that t he so lar -wind speed 
might be higher at higher hel iographic lat itude s . It  is 
expected that the interp lanetary magnet ic fie ld is  more 
rad ial at high lat itudes than in the eclipt ic s ince the 
geometr ical factors that produce the spiral ing are d ifferent . 
Thus there are reasons for be l ieving t hat degree of  modulat ion 
of galac t ic cosmic rays at a given distance from the sun 
var ies with he l iographic lat itude , and indeed there is some 
ind irect evidence that this .  is the case . Clear ly a mis s ion 
to high he l iographic lat itude could prov ide a great dea l  o f  
new informat ion on these e ffect s .  

Energet ic part ic les (solar cosmic rays ) are re leased 
from act ive regions on the sun , especially fol lowing so lar 
flares . These event s provide a useful means o f  probing the 
interp lanet ary med ium along the path fo l lowed by t he part ic les 
as they move from the sun to the po int of observat ion .  I t  
s hould be noted that i n  order t o  interpret  the observat ions 
proper ly , it is neces s ary to measure both t he int ens ity and 
anisotropy of the part ic le distribut ion . A so lar cosmic -ray 
event observed in the vic inity of  Jup iter , for examp le , should 
have quite different characterist ics from the s ame event 
observed in the vic inity of the eart h .  The t ime de lay mus t ,  
o f  course ,  be very much greater , because the par t ic les  have 
to trave l 10 to 20 AU {depend ing on so lar -wind ve loc ity) along 
t he sp iraled int erp lanetary magnet ic field l ines , the 
anisotrop ies are l ike ly to be corresponding ly less pronounced , 
t he direct ion o f  arrival mus t be typ ically from 80° west  of  
t he sun , and the re lat ionship of  t he event to observed so lar 
flares might not be c lear . Furthermore , s ince the d is t r ibu
t ion o f  magnet ic f ie ld f luctuat ions along the field l ine 
connect ing t he sun to the space  probe (and beyond )  might be 
quite comp l icated , the temporal behavior o f  t he intens ity and 
anisotropy could be not iceab ly d ifferent from that s een at 
t he earth .  

I t  wou ld be interes t ing t o  be ab le t o  observe event s 
occurr ing when the earth and the space probe are magnet ically 
l inked . This wi l l  occur at var ious rad ial d is t ances , depend
ing on the  re lat ive so lar long itudes of  t he two bod ie s . 
Observat ions of  so lar e lectron events would be espec ial ly 
interes t ing in t his regard . In  the case o f  part ic les which 
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are be ing emitted almost cont inuous ly by an act ive region on 
the sun (and there fore produce recurrent event s ) , corre lated 
observat ions o f  this nature s hould yield useful informat ion 
on the d iffus ion coeffic ient perpend icular to the mean 
d irect ion o f  the magnet ic f ie ld . Furthermore , s ince the 
part ic les move essent ially parallel  to t he interp lanetary 
magne t ic f ie ld lines , it might be pos s ib le to make use o f  
observat ions of the ir direct ion of arr ival a s  a means o f  
correct ing t he magnetometer measurement s i f  t h e  spac ecraft  
fields become not iceab le .  

PLANETARY STUDIES 

Plasma Flow Pas t Plane t s  and Their Sate l l ites 

Three modes of f low o f  the magnet ized so lar p lasma pas t a 
dense body in the solar system have been ident if ied . 

In  the case of  the earth , which has a large intr ins ic 
magnet ic f ie ld , the ent ire interac t ion is dominated by this 
f i e ld ,  wh ich support s the magnetopause (the boundary 
s eparat ing the geomagne t ic field and p lasma from t he so lar 
wind p lasma) at about 10 earth radii  above t he subso lar 
po int . Outs ide of this , at about 14 earth rad i i  on t he 
sunlit s ide , is the bow shoc k ,  ins ide of which heated so lar 
p lasma f lows around the magnetopause . Behind is a tail  
produced by  the part  o f  t he geomagnet ic field that is swept 
back to very large distances , greater than lOORE . 

In  the case of  the moon , which has essent ial ly no 
int r ins ic field , no ionosphere , and a very low conduct ivity , 
the so lar wind f lows unimpeded into the surface , leav ing a 
nearly empty c avity behind . The interp lanetary magne t ic 
field passes  through t he moon and through t he c avity with 
smal l  and some t imes undetectab le perturbat ions . 

In t he case o f  Venus , which has l it t le , if  any , int rins ic 
f i e ld but does have a high ly conduct ing ionosphere , t he 
magne t ic f ie ld o f  the so lar wind cannot quickly penetrate the 
ionosphere and the so lar wind cannot f low unimpeded into the 
atmosphere . There is a bow shock at about 1 . 3  Venus ian rad i i  
above the subso lar po int ; t he s hocked so lar wind f lows around 
Venus between this s hock and a bounding sur face (cal led the 
anemopause or wind s h ie ld)  just  above and supported by t he 

57 

Oute r  So la r  Sys tem:  A  Program fo r  Exp lo ra t ion ,  Repor t  o f  a  S tudy

Copyr ight  Nat ional  Academy of  Sciences.  Al l  r ights reserved.

http://www.nap.edu/18530


58 

ionosphere . On the dark s ide there is some indicat ion of  the 
presence o f  a wake f i l led with relat ive ly s tagnant p lasma 
whose dens ity is hundreds of ions per cub ic cent imeter and 
extending to at leas t 2 Venus ian radii . I t may be speculated 
that the wake is bounded by int erp lanetary f ie ld l ines that 
are entangled in the Venus ian atmosphere or ionosphere in the 
front and swept back by the wind at the s ides . 

I t s eems o f  great int eres t to learn whether the solar 
wind f low pas t other p lanet s  and the ir sat e l l ites  (when the 
latter are expos ed to the wind) can b e  c las s i f ied as one o f  
these t hree types o r  whether there are new and surpr is ing 
further modes o f  interac t ion . Also , the int eract ion of the 
Jovian magnetosphere and Io (as we l l  as other sate l l ites ) needs 
c lari f icat ion . According to most e s t imates it  is unl ike any 
o f  the t hree types d iscus sed above . Stud ies of  these  phenom
ena wil l  substant ial ly further our unders tand ing of the 
behavior o f  co l l is ionless  p lasmas , a subj ect that l ies  at the 
heart of  many prob lems in as trophys ics . 

Magnetosphere& 

Of  al l  the outer p lanets , only Jupiter has thus far been 
ident if ied as possess ing a magne t ic field and a s ignif icant 
rad iat ion be lt . This conc lus ion is based on the d iscovery , 
study , and analys is o f  rad io emiss ion in various frequency 
ranges . This permit s  est imates to be made of the topology 
and magnitude of the p lanetary magnet ic f ie ld . Present 
e s t imates o f  relevant parameters suggest  a mode l in which the 
d ipole and quadrupo le moments , magne t ic centro id , axes , 
rotat ion rate , and f ie ld direct ion have fair ly spec ific values . 
Observat ional verificat ion or modificat ion of  this mode l would 
put the exp lanat ion of the wealth of  radio astronomical data 
that can be obtained from Jup iter on a much f irmer bas is . 

The int eract ion of the so lar wind and the Jovian magne t ic 
f ie ld most probab ly leads to the format ion of a magnetosphere , 
magnetosheath , and bow shock s imilar to the earth' s .  The 
above -ment ioned e s t imates of the Jov ian magne t ic f ie ld and 
extrapo lated measurement s of  the so lar -wind f lux at 5 AU lead 
to a magnetopause subso lar distance o f  50RJ and a bow-shock 
distance of 70RJ from the center of the p lanet . 

The f low in the magnetosheath of  thermal ized (or 
shocked) magne t ized so lar p lasma should be s imilar to that 
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for the earth .  F inally , there may exist a huge tail  to the 
Jovian magnetosphere i f  the wind extends the po lar field lines 
in the ant isolar d irect ion . I t is poss ib le that , due to t he 
large angular ve locity and large magne t ic moment o f  Jup iter 
and the distribut ion o f  p lasma wit hin the magnetosphere , the 
ent ire magnetosphere corotates with the p lane t , dras t ically 
modify ing the tail  and the res t  o f  the magnetosphere . Only 
by d irect measurements of the distant Jovian magnet ic f i e ld 
wil l  it be  pos s ib le to determine the correct conf igurat ion 
of the tail  -- if it exis t s . 

There is almos t  no knowledge of  or re l iab le es t imate for 
p lanetary magnet ic fields and magnetosphere& of the other 
p lanets . There is some inconc lus ive ev idence (only one 
tentat ive observat ion) for perhaps intermittent radio emiss ion 
from Saturn , but it is c lear that it is not nearly so  
spectacular a radio source as Jupiter and hence that i t s  
rad iat ion be lts mus t be far l e s s  s ignif icant even though , 
o f  all  the p lane t s , it most resemb les Jup iter in s ize , 
rotat ion rat e , and compo s i t ion . However , if the r ings of  
S aturn are an effec t ive absorber of charged part ic les , it  
could s t i l l  pos s e s s  a s ignificant magnet ic f ie ld .  Thus only 
by direct , in s itu measurements can the exis tence , geometry , 
and magnitude of a pos s ib le field be de termined . 

There are essent ially no c lues in t he case of Uranus and 
Neptune ; we should approach the ir magne t ic exp lorat ion with 
no preconce ived ideas . 

P lanetary Radiat ion Be lts  

Only two p lane t s  are known to have radiat ion belts , compos ed 
of  e lect r ically charged part ic les mov ing in t emporar i ly 
trapped orb it s  in the external magne t ic field o f  t he p lanet . 
The radiat ion be lts  o f  earth were discovered by in s itu 
observat ions with a Ge iger -MUl ler tube f lown on the f irs t 
Amer ican sate l l it e , Exp lorer I .  Those o f  Jup iter were 
sugges ted short ly after as an exp lanat ion of the nont hermal 
dec imetric radio no ise o f  that p lanet . The absence o f  
rad iat ion be lts at Venus and a t  Mars has been es tab l ished by 
d irect observat ion on c lose f lyby mis s ions by the United 
S tates and the Soviet Union . Also , the moon has been found 
to have no rad iat ion be lt . 

There is no comprehens ive quant itat ive theory o f  the 
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or igin of p lanetary radiat ion belts . Only those o f  earth 
have been s tudied in detai l . The fol lowing appear to  be the 
rudiment ary condit ions for the exis tence o f  p lanetary (or 
s at e l lite) rad iat ion belts : 

(a) The dominant phys ical mechanism for the creat ion o f  
a radiat ion be lt i s  t he e lectrodynamic interac t ion of the 
so lar wind with the intrins ic magne t ic fie ld of  the p lanet .  

(b )  The magne t ic f ie ld o f  the p lanet mus t have approxi
mate rotat ional symmetry about some axis and the s trength of 
the external fie ld B mus t be such that the hydromagne t ic 
s t agnat ion condit ion 

( 1 )  

(n i s  the number dens ity o f  charged par t ic les i n  the so lar 
wind of  mas s  m and ve loc ity v ,  and M is the equivalent d ipo le 
moment ) mus t be s at is f ied at a distance r from the center of 
the planet that is greater than the radius of the e f fect ive 
" top" of its  apprec iab le atmosphere . The forego ing condit ion 
is met at r = lORE for the earth and probab ly at r = 50RJ for 
Jup iter . The absence of rad iat ion be lts at Mars , Venus , and 
the moon is presumab ly due to the fai lure to s at is fy condit ion 
(b ) for r exceeding RM , Rv , and Rmoon ' respec t ive ly . Tent a
t ive ly , it is thought that the exis tence and intens ity of  
Jovian radiat ion be lts cert i fy that the directed f low o f  
solar plasma ( the solar wind)  pers ists  to at leas t  5 AU and 
that Jup iter has a magnet ic moment in the range 1030 to 103 1  

cgsu . 

The theory o f  p lanetary magnet ism, incomp lete as it is , 
requires two bas ic propert ies : a f luid e lectrically conduct 
ing core and a rotat ing body , though def init ive quant itat ive 
criteria are not known . Jup iter and earth are very like ly to 
pos sess  both propert ies . Both Mercury and the moon rotate  
s lowly and also , probab ly ,  are s o l id t hroughout . Mars has a 
rot at ional period s imi lar to that of  the earth , but it  proba
b ly has a s o l id interior . Venus may we l l  have a f luid core 
but rotates very s lowly ( 245-day rotat ional period) . Hence , 
the body of  present ev idence is interna l ly compat ib le with the 
two sets  o f  rudimentary condit ions given above . However , 
nonthermal rad io no ise has not been detected from Saturn , 
Uranus , Neptune , or P luto desp ite sys t emat ic searches . 
Saturn may we l l  be regarded as a special case on the grounds 
that d irect ly trapped energe t ic part ic les cannot exist  in the 
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region o f  its  r ings o f  part iculate matter . Hence , the abs ence 
o f  nonthermal rad io no ise cannot be  adopt ed as def init ive 
ev idence agains t the intr ins ic magnetizat ion of Saturn . 
Because o f  the large s i zes and high rot at ional rates o f  Saturn , 
Uranus, and Neptune , it would be a mat ter o f  as tonishment and 
fundamental s ignif icance if  each of  these  p lanets  does not 
have a magne t ic moment comparab le with that o f  Jup iter . The 
abs ence of detectab le nonthermal rad io noise from Uranus and 
from Neptune may be  s imp ly due to the ir great distances  from 
the earth or perhaps to some change in the charac ter of the 
so lar wind at he liocentric distances greater than , s ay ,  15  AU . 

I t is c lear from the forego ing d iscus s ion that the 
fo l lowing inves t igat ions are of s ignif icance in i l luminat ing 
t he detai led phys ical character of the earth' s rad iat ion be lts 
and , more broad ly ,  in c lar ifying the bas ic phys ical condit ions 
for p lanetary magne t ism and p lanetary rad iat ion be lts : 

(a)  Detailed study of the external  magnet ic f ie ld o f  
Jup iter 

(b)  Detailed s tudy of  the charged -part ic le populat ions 
in Jup iter ' s magnetosphere 

(c )  Search for magnet ic f ie lds and radiat ion be lts of 
Saturn , Uranus , Neptune , and Pluto and detai led inves t igat ion 
if: pos it ive f indings occur in exp loratory s tud ies 

(d)  S tudy of so lar -wind f low characterist ics to large 
he liocentric radial distances (out to or beyond 40 AU) 

Exp loratory mis s ions to the outer p lanets  wi l l  require 
part ic le det ectors hav ing a wide dynamic range , s imp ly 
because we have no knowledge o f  the nature of  the ir rad iat ion 
belts . I t is c lear from the observat ion of Jupiter ' s  
nonthermal rad io emiss ion t hat large f luxes o f  re lat ivis t ic 
e lectrons exis t in it s magnetosphere . Some informat ion could 
also be obtained from observat ions at the earth of x rays 
from Jup iter ; at present , no pos i t ive measurements of x rays 
have been made , but the sens it ivity of the detec tors used to 
date could be subst ant ially improved . 

RADIOPHYSICS IN THE EXPLORATION OF THE OUTER PLANETS 

Radio as tronomy works in a spectral region where surprises 
are the rule rather than t he except ion. At low frequenc ies , 
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e lectromagne t ic emis s ions from as tronomica l  obj ects  represent 
p lasma phys ical e f fect s  that are nove l in today ' s phys ics . 
To support this po int of  view ,  we can cite  the dynamical rad io 
phenomena o f  t he s o lar corona and atmosphere , the exis tence 
o f  cosmical masers in  the inters t e l lar hydroxyl rad ical and 
in t he water vapor molecule , the pulsars , and , f inal ly ,  the 
extraordinar ily intense  decametric emiss ions from Jup iter . 
(Recent source s ize measurements set  an upper l imit o f � 0� 1 
to the source s ize and correspond to an equivalent temperature 
br ightness  of lol9  K . ) 

Only the las t  of these phenomena is access ib le to in 
s itu observat ions from spacecraft . I ts  re lat ion to other 
p lanet ary parameters , such as the magnet ic f ie ld , the therma l  
and nonthermal part ic le populat ions , and t he d i fferent forms 
o f  wave mot ion in Jup iter ' s magnetosphere and ionosphere wi l l  
sure ly c larify the at present s t i l l  schemat ic sugges t ions 
about its phys ical orig in .  

That nove l p lasma phys ical effects are invo lved appears 
to be an imp l icat ion of  the s trong modulat ion of decametric 
emiss ion by the f irst  Gal i lean sat e l l ite I o (s imi l ar effec t s  
have not been detected for Europa ,  Ganymede , o r  Cal l isto ) . 
(For many reasons it seems unl ike ly that the actual  emiss ion 
occurs at the sate l l ite ; conf irmat ion of this conc lus ion by 
observat ion o f  s ignals leaving Jupiter not in the p lane of 
t he ec l ipt ic is h ighly des ired and exceedingly d i f f icul t  if 
not impos s ib le from the ground . )  I o acts  at a distance . I t 
is probab ly unreasonab le to suppose  that magne tospheric 
parameters vary so rapidly with d is t ance that , say ,  Europa , 
the next Gal i lean s ate l l ite , fails to create a d isturbance 
comparab le with Io ' s .  The re fore , we should conc lude that not 
only I o ' s d is turbance , but tho s e  o f  the three other Gal i lean 
sate l l ites , p lus Amalthea ' s  and the other smal ler satel l ites , 
are present and s loshing about in a comp l icated pat tern 
within Jup iter ' s magnetosphere . 

I n s itu measurement s of part ic les and fie lds may in this 
case represent an extreme ly comp lex superpos it ion of phenomena 
originat ing at d ifferent source po ints dis t r ibuted over 
Jupiter ' s  magnetosphere . The observat ional prob lem is to 
ident i fy and connect the s e  waves and part ic les to decametric 
emiss ions in a meaningful  way . 
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The needs for radio phys ical s tud ies of Jup iter seem 
c lear in this context . F irs t , measurements of the highly 
int ens e , high ly d irect ive , and var iab le decametric emiss ions 
should be made d irect ly in Jupiter ' s vic inity where d irect ion 
of arrival e ffects  are eas ier to observe on account of the 
large angle subtended by Jup iter and the absence of  inter
p lanetary or terres trial phase shifts . Furthermore , we note 
that , at Jup iter , decametric emiss ions can be d irec t ly re lated 
to wave phenomena . The alternat ive of ground -b ased or near 
earth observat ion of  the emis s ion s imultaneous ly as a par t ic le 
and - f ie lds (wit hout rad io ) veh ic le f l ies through the magneto 
sphere suffers the diff icu lty that t he richne s s  of  the wave 
phenomena wi l l  not be easy to sort out . 

F inal ly ,  t he rad iat ion beams into s o l id angles , e ither 
cones of  3 °  or 4 °  half -angle or sheets  o f  les s  than 1 °  thick
nes s , which do not intersect the pos i t ion o f  the spacecraft 
and the d irec t ion of the earth in any c lear way . As a 
consequence , we may expect ,  for examp le , that the Europa 
decametric emiss ions lie in some other d irect ion than the 
extreme ly l imited range of ang les about the ec l iptic to 
which our earth-bas ed dat a correspond . 

To discover the decametric emiss ions connected to the 
other Gal ilean s at e l l ites , espec ial ly Europa , requires , we 
infer , a vehic le orb it ing Jup iter at high inc l inat ion . 
S imult aneous ly , we might hope to disentangle t he comp lex of  
wave phenomena observed at the vehic le by the ir r e lat ion to 
the (then) observab le radio emiss ions as s oc iated with the 
other s ate l lites . 

The result of  these rad io ast ronomical s tudies , carr ied 
out synopt ical ly over a range of orb iter pos it ions with 
respect to the maj or s ate l l ites and to the rotat ional aspect 
o f  Jup iter , should be an adequate phys ical exp lanat ion of 
one o f  the most  intense  emiss ions known to as tronomy . 

Galact ic Low-Frequency Rad io Noise  

The local  p lasma dens ity of  t he so lar wind near t he earth 
l imits  observat ions of  galact ic rad io waves to frequenc ies 
above -30 kHz . I n  inters t e l lar space , the p lasma cutof f  may 
be  as low as 1 to 10 kHz . The spectrum o f  galac t ic emiss ion 
turns over somewhere near 2 MHz but is s t i l l  observed from 
space outs ide the p lasmasphere down to frequencies of a few 

63 

Outer Solar System: A Program for Exploration, Report of a Study

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18530


64 

hundred kHz . On vehic les pas s ing out through the so lar 
syst em,  the local plasma dens ity should decrease  monotonically ; 
observat ions of  the low-frequency cuto ff in galac t ic radio 
emiss ion could in princ ip le ident ify the plasma frequency as 
wel l  as provide new informat ion on galac t ic vlf  emiss ions . 
The data could be s imp le total f lux measurements on several 
radio frequenc ies observed wit h antennas with hemispheric 
direc t ivity . 

Very-Low-Frequency Emis s ions from Jup iter 

Jup iter ' s  magnetosphere very like ly also contains another 
radiophys ical phenomenon even more c lose ly re lated to the 
p lasma than the decametric rad io emiss ion.  Be low 100 kHz , 
waves in the earth' s magnetosphere s tand in an int imate 
connect ion with b as ic propert ies o f  the trapped -part ic le 
radiat ion,  such as its energy dens ity , los s  mechanism, and 
rad ial and p itch angle d is t r ibut ions . The or ig in and loss of  
e lectrons and protons in the b e lts depend on these  e lectro 
magne t ic phenomena . C lear ly , a rat ional study of  Jup iter ' s  
magnetosphere also requires ins trumentat ion in s itu to detect  
and e s tab lish the propert ies o f  vlf  emiss ions . S ince the 
propagat ion propert ies of  these  waves require c lose inter 
re lat ions between p lasmas and fie lds , they are unlike ly to escape 
from the magnetosphere . I t is t herefore import ant t hat t hey 
be s tud ied from orbiters as we l l  as f lybys . 

P lanetary 

The s ame  rad io l inks between the spacecraft and earth dis 
cussed ear lier in this chapter as a means of  de termining some 
of  the p lasma parameters of  the corona and so lar wind can also 
be  used to provide accurate plasma measurement s near t he 
p lane t s , for study of the ir magnetospheres and ionospheres 
and the ir interact ions with the so lar wind . Occultat ion 
would be des irab le , although the upper reaches of magneto
spheres might be s tud ied even without occultat ion.  Measure 
ment accurac ies are such that e lectron number dens it ies o f  a 
few ten' s per cub ic cent imeter , or pos s ib ly a few per cub ic 
c ent imeter , could be detected . Po lar izat ion measurement s 
would add magne t ic field informat ion over regions not measured 
by on-board magnetometers . Spacecraft rad io rec e ivers could 
make useful measurements of  no ise from trapped part ic les in 
the magnetosphere& over regions not covered by direct s amp ling 
o f  part ic les with on-board ins t ruments . The receivers could 
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detect weaker radiat ion , to higher spatial resolution ,  than 
can be obtained by use of radio astronomy fac i l it ies  on the 
earth . 

Ground-Based Radar 

The sens i t ivities of ground-based radar s proposed for the 
future are suffic ient to obtain echoes from the Gal i l ean 
sate l l ites  of Jupiter and from Titan , the large satel l ite  o f  
Saturn . Interplanetary measurements  to Jupiter and Saturn , 
and occulta tion measurement s at Jupiter , could  thus provide 
data of the types descr ibed above . These would  not have the 
sens itivity and range of  the measurements  based on l inks to 
the spacecraft but could be done without the use of a 
spacecraft . 

RECOMMENDATIONS 

We recommend the fol l owing as the maj or scient i f ic obj ect ives 
in the study of par t icles  and fiel ds and radio phy s ic s  o f  the 
outer solar system :  

Interplanetary 

1 .  Unmodulated ( inter stel lar )  values of the cosmic-ray 
flux and distribut ion a s  a function of rest mass for 1 < Z < 

30 energy in the range 1 - 103 MeV should be obtaine d .  This 
-

r equires observat ions over a solar cyc l e . (This  obj ect ive 
is  of  cons iderabl e  importance in high-energy a strophy s ics as 
wel l  as  in the study of cosmic rays observed near the earth . )  

2 . The properties of the solar wind and interplanetary 
magnetic field  at great hel iocentric distances should be 
investigated , both at l ow and high (>80° ) heliographic 
latitude s , and an attempt should be made to study the termi
nation of the solar wind . 

Planetary 

1 .  A deta i l ed study of the external magnetic field  and 
of the charged partic l e  populat ion in the magnetosphere of 
Jupiter should be undertaken . In par ticular , the nature of 
Jupiter ' s nonthermal radio emi s sions should  be studied both 
from spacecraft and from the earth.  
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2 . A determination should  be made of the mode of solar
wind interact ion with the maj or outer planets and the inter
act ions of Jupiter ' s  satel l ites with its  magnetosphere . A 
search should be made for magnet ic fields and radiation belt s  
as soc iated with Saturn , Uranus , Neptune , and Pluto , and if 
the f indings  are posi t ive , detailed inves t igat ions should  
fol low .  

We recommend that ful l  use b e  made o f  the cruise mode of 
planetary mis s ions to carry out interplanetary research . 

We recommend that fir s t  pr iority be given to a balanced 
program that combines planetary and interplanetary obj ectives 
and that smal l er purely interplanetary mis s ions to the outer 
solar system be used only if  their scient ific obj ectives 
cannot otherwise be met . 

To give a reasonable balance between the first  expl ora
t ion of new regions and extensive invest igat ion of the most 
s ignificant problems , we recommend the fol lowing order of 
importance of the mis s ions (which is not the recommended 
chronological order) : 

1 .  The 1974 Jupiter flyby test mis s ion with an orbit 
that brings it  back over the sun at high hel iographic lati
tude , with the inclusion of a deep atmospher ic probe if at 
all  poss ible 

2.  The 1976  earth-Jupiter - Saturn-Pluto grand- tour 
mis sion , with the hope that at least  one of the two vehicles 
could drop a beacon that  would be occul ted by Saturn 

3 . The 1 9 79 earth-Jupiter-Uranus-Neptune grand tour 
4 .  The 1978 Jupiter orbiter with a periaps is  o f  about 

1 . 2R and an apoap s i s  of from 75 to 100 RJ 
5 .  A Uranus  atmospheric probe 
6 .  Saturn and Neptune orbiter s and probes 
7 . A mis sion to Ha l l ey ' s  Comet 

Further Recommendation 

We recommend that careful attention be given to the cal i
bration of cosmic-ray exper �ents in order that resu l t s  
obtained at different places and t�es may b e  compared with 
confidenc e .  
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Chapter 5 

PLANETARY I NTER I ORS 

The fundamental importance of studying planetary interiors de
rives from the need to understand the total physics of each plan
et and the origin of the entire solar system .  There is consid
erable interest in the outer planets (i . e . , Jupiter , Saturn , 
Uranus , and Neptune) because of their size , low mean density , 
internal sources of heat (in Jupi ter and Saturn) , and because 
99 percent of the mass of the entire planetary system resides 
in these four bodies . In part icular Jupiter , the largest 
planet , accounts for most  of  the mass and angular momentum of 
the solar sys tem and may be the most  accessible sample of 
material whose chemical composition is similar to that out 
of which the system was formed . The s tudy of planetary in
teriors is a particularly diff icult task because of the need 
for relying on indirec t observational evidence and of ten in
adequate theories .  It should be stressed also that our views 
on planetary interiors affect rival interpre tations of what 
is observable on plane tary surfaces and in atmospheres .  

Various observational and theoret ical aspects of in
vestigations of the interiors of the outer planets  are out
lined below . 

THEORETICAL QUESTIONS 

Equations of State 

A basic problem which limits  our understanding of the plan
etary interiors is the lack of knowledge of the pertinent 
equations of state of mat ter and of the various transport 
coeff icients . As far as the interiors of Jupiter and Saturn 
are concerned , there is a need for a better understanding 
of the behavior of hydrogen , especially in its molecular 
form at high pressures and in particular in that range where 
the predic ted phase change between the molecular and metallic 
forms occurs . Present values of the trans it ion pressure are 
uncertain by perhaps 50 percent , which implies a comparable 
uncertainty of the depth of the phase boundary between the 
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two layers . Furthermore ,  no detailed study has been made of 
the effect of helium either on the metallic or molecular form 
of hydrogen at high pressures and temperatures . The problem 
of solubility of these two elements in each other and the 
question whether there is a miscibility gap has not yet been 
answered . This knowledge is essential for estimating the 
depth and composition of various layers in the interiors of 
Jupiter and Saturn and for drawing conclusions about their 
s tate of aggregation . It  also may p lay an impor tant role in 
evaluating one of the "floating raf t" models of the Red Spot 
of Jupiter . Very little is known about the chemical compo
sition of Uranus and Neptune , but there too the equation of 
s tate of hydrogen as well as of denser terrestrial type 
materials is likely to be of importance . 

Experimental Studies 

Parallel with theoretical s tudies of the hydrogen-helium 
system should be experiments leading to verification of some 
of the predictions . Present-day technology of high pressures 
has progressed sufficiently to promise important results even 
though the phase transition pressure in solid hydrogen may 
not yet be attainable in laboratories . 

Transport Coefficients 

The problem of transport coefficients such as viscosity , 
diffusion , and thermal conduc tivity , including a radiative 
component ,  in planetary interiors is an extremely difficult 
one . Even an approximate evaluation of these quantities for 
at  least the hydrogen-helium system would be of great value . 
The recent progress in the theory of dense fluids may be of 
help here . There should also be some consideration of the 
role of impurities . Such information is essential for 
bracketing the probable values of the heat transport and 
for evaluating the efficiency and kinetics of convective 
phenomena . The latter play a paramount role in determining 
the magnetic fields of the planets , their heat budgets , and 
in many ins tances even the motion and configuration of 
visible surface s tructures . 

Internal Energy Source 

Bo th Jupiter and Saturn are believed to emit more energy than 
they receive from the sun . Presumably this can be accounted 
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for by the gravitational self-energy and a progressive shrink
age of these planets . A detailed theoretical investigation of 
this process in terms of the best available equations of state 
is badly needed . 

HEAT FLUX AND BALANCES 

The heat "budgets " of Jupiter and Saturn are of great im
portance . These planets receive heat from the sun , the pre
cise amount being the solar constant appropriately diminished 
by the inverse square law and by "pure" reflection . The 
amount of pure reflection would be obtainable if one could 
measure , in spectral detail , the radiation coming from Jupiter 
for the entire 4w sr , and , of course , if one had some knowledge 
of how much of the radiation was reflected sunlight and how 
much was planetary radiation . In this context , it is usually 
assumed that radiation coming from Jupiter or Saturn , whose 
wavelength is less than 2 . 5  �mP , is reflected light ; 4 w 
detec tion has to date not been possible for any planet . How
ever , if a planet ' s  surface is spherical and homogeneous 
(statistically) , 4w detection could in principle be accomp
lished by varying the angle a subtended by the earth and sun 
at the planet by 180° . For the moon , a ranges over almost 
the required range ; and for the inner planets , respectable 
ranges of a are achieved . For Jupiter , a cannot exceed 12° ; 

0 and , for Saturn , a cannot exceed 6 • Moreover , for Saturn 
the reflection of the rings further complicates matters . Then 
too , both these p lanets , particularly Jupiter , have zonal 
struc ture parallel to their equators ,  and the ref lection of 
sunlight perpendicular to their equators is possibly quite 
different from reflection in their equatorial �lanes . The 
total elastic cross sec tion of a planet is wR AB , where � 
is Bond or bolome tric albedo . The best that can be done is 
little more than an evaluation of the back elastic scattering 
differential cross section of Jupiter (do/d0) •R2PB (which 
defines the geometric bolometric albedo PB) .  A recent careful 
study (D . Taylor ) of Jupiter gives PB•0 . 28 with an error of 
10 percent . Comparison with earlier data seems to indicate 
that PB varies by perhap s 0 . 5  magnitude or by a factor of 1 . 6  
between its maximum and minimum values . Also , it has been 
noted recently that Jupiter ' s  infrared emission is variable . 
Consequently , the possibility that Jupiter is functioning as 
a gigantic heat engine with intake and exhaust "strokes" is 
not out of the question .  Clearly such an eventuality would 
need to be reckoned with in virtually all Jovian investigations . 
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Measurements of albedos and of  phase func tions of Jupiter 
and of other planets made over a suitable period of time thus 
have a basic importance from the point of view of the physics 
of the planetary interiors . These measurements would be done 
best from orbiters , although rough values could be obtained 
also from flybys . Data obtained on the dark hemispheres of 
the planets as well as across their terminators would be of 
particular interest for calculating their rates of cooling and 
heating . Measurements from earth or from an Orbiting Astronom
ical Observatory would also be of value in spite of the inherent 
limitations of the phase angles . 

PLANETARY MAGNETISM 

The discovery , j ust over a decade ago , and subsequent investi
gations of radio emissions from Jupiter at decimeter and deca
meter wavelengths have led to the inference that Jupiter pro
duces a poloidal magnetic field whose strength at the visible 
surface is tens of gauss .  The conf iguration of the magnetic 
field inferred from the radio-astronomical data is more comp
licated than that of a centered axial dipole . The direct 
measurement of this configuration by means of an orbiter will 
settle certain points that are controversial at the present 
time and greatly extend the usefulness of the radio-astronomical 
data . 

The sources of decametric and decime tric radiation cgrrent
ly rotate about the axis of the planet with a period of 9 ssm 

29 . 7s that is 5 min less than the period of rotation of visible 
markings near the equator , but only 10 sec less than that of 
the Great Red Spot . The continued monitoring of these motions 
and the interpretation of the observations in terms of the dy
namics and magnetohydrodynamics of Jupiter ' s  interior (at 
present a matter of controversy) will lead in due course to in
formation about the internal constitution of the p lanet that 
may be obtainable in no other way . 

If Jupiter ' s  poloidal magnetic field is not primordial 
in origin , then a mechanism for maintaining the field against 
dissipative agencies has to be found . Th� atmosphere of Jupiter 
may be sufficiently deep (greater than 10 km) and electrically 
conduc ting (conductivity greater than about 103 O m  in its lower 
reaches for fluid motions (not less than about lo-2 m sec-1 ) 
there to be capable of producing , or at least modifying , the 
poloidal field . A concomitant of such a dynamo process might 
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be toroidal f ields of 10 3 or 104 G confined to the interior of 
the planet . 

Owing , among other things , t o  the rapid rotation of Jupiter , 
planetary-scale motions in the lower reaches of the atmosphere 
should be correlated with motions at higher levels , including 
the visible surface . It follows , therefore , that if the mag
net ic f ield is produced in the lower atmosphere then features 
of the visible surface (e . g . , the Great Red Spot )  might be 
expected to show significant correlation with the magnet ic
f ield pattern in the vicinity of that surface . As a corollary , 
no correlation is expected if the magnetic f ield is produced 
in a (hypothetical) fluid region well below the atmosphere . 

The other maj or planets  -- Saturn , Uranus , and Neptune 
should contain extensive fluid layers that are sufficiently 
well s tirred to produce magnetic f ields by the aforementioned 
"dynamo mechanism , " the process thought to be responsible for 
the magnetism of the two p lanets known for certain to produce 
magnetic fields of their own (earth and Jupiter) . If Saturn , 
Uranus , and Neptune are indeed magnetic and possess radiation 
belts , then improvements in radio-astronomical techniques 
might ultimately lead to the detection of these magnetic 
fields . Until and if such investigations prove feasible , how
ever , serious consideration should be given to the design of 
appropriate orbiter and probe experiments . 

The best  way to obtain significant data necessary to an
swer the quest ions concerning the interior of Jupiter is with 
an orbiter . A flyby could give some rough information , es
pecially about the p lanets beyond Jupiter . 

GRAVITATIONAL POTENTIALS 

Gravitational potentials of planets can be expanded in a 
series of spherical harmonics which indicate the distribution 
of density in the planet and the degree of deviation from 
sphericity . For a planet without a north-south asymmetry 
one obtains 

GM 2 R 2 4 R 4 
V (r )  • - r [ 1 - 3 J (r) P2

(cos e + 15 K(r) P4
(cos e) . . .  ] ,  
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7 2  

where R is the radius of the planet .  Knowledge of coefficients 
J and K is essential for obtaining proper distribution of den
sity in the plane t . The coefficients themselves are usually 
deduced from a study of orbits of satellites . The J values 
for Jupiter , Saturn and Neptune are known with precision de
creasing in that order . The K value for Jupiter q�oted in the 
literature , 0 . 00lll < K < 0 . 00395 , ( standard error ) is actually 
within the limits  0 . 00174�K<0 . 00369 of any hydrostatic model 
of Jupiter with the correct J value and thus is of little 
significance . Higher precision in determining Jupiter ' s  K 
and any additional information about gravitational potentials 
of other planets would be of great value . 

Furthermore , impor tant information about the shape and 
stiffness of a planet as a whole can be obtained if odd har
monics in the series expansion of the gravitational potential 
do not vanish . Such is the case for earth as deduced from 
orbits of artificial satellites , and similar information could 
be obtained from Jupiter ' s  orbiters provided their orbits were 
suf ficiently inclined . Actually , a precise knowledge of the 
orbit of Amalthea , Jupiter ' s  fifth moon , could perhaps give 
that information also , although its inclination is small . This 
is discussed more fully in Chapter 6 .  

It thus appears that all efforts  should be direc ted at 
obtaining as precise data as possible about the paths of flybys 
and about the orbits of orbiters . Furthermore , ground-based 
systematic observations of Amalthea ' s  orbit should be made 
and corroborated by detailed study of the paths of Jupiter ' s  
orbiters as well as by imaging techniques . 

PLANETARY DENSITIES 

The family of outer planets has long been held to comprise two 
physically distinct genera , containing Jupiter/ Saturn and 
Uranus /Neptune , respectively . The case for this dichotomy , re
f lecting an alleged substantial difference in mean density be
tween the two genera , has now been somewhat weakened . While 
the masses of the four p lanet s  are known to a suff icient pre
cision , the mean densities of Uranus and Neptune (which are of 
basic importance in determining their composition) quoted in 
the current literature depend crucially on the adop ted radius 
and oblateness of figure . A new radius for Neptune derived 
from the occultation of a s tar in 1968 reduces  the mean 
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7 3  

density to 1 . 65 g/cc , i . e . , almost to that of Jupiter . Very 
likely the radius of Uranus too has been underest imated . Never
theless ,  the disparity between the two genera has not been oblit
erated . The relatively small masses of  Uranus and Neptune , 
even if the mean densities are reduced , still imply the presence 
in the interior of a fair amount of elements heavier than hydro
gen . 

Ground-based observations of the diameters of Uranus , Nep
tune , and Pluto are unsatisfactory , as they require corrections 
for diffraction and physiological effects (contrast theory) 
compounded with limb darkening . Improved diameters of these 
bodies , which might be obtained during flyby , are a prerequisite 
for refined planetary models . The terrestrial observations of 
occultations of these bodies are so valuable and so rare that 
a determined long-range effort to predic t  occultation of fainter 
stars ought to be made so that astronomers will be better pre
pared for future opportunit ies . 

Nothing meaningful can yet be stated about the interior 
of Pluto . Almost  any observation of Pluto ' s  diameter at closer 
range would be a marked advance .  

In summary , the radii and oblateness of trans-Saturnian 
p lanets are of such fundamental importance that effort should 
be made to measure them with all available means : imaging 
from flybys , imaging from orbiters , and observation of occul
tations -- either visual occultation of stars , radar occultation 
of satellites , or radio occultation of probes . 

GROUND-BASED RADAR OBSERVATIONS 

It is expec ted that important ground-based radar observations 
of the outer planets and their satellites will become possible 
with present radar systems or systems now being planned . 

From the point of view of the interiors of planets  and 
the nature of their satellites the following data would be 
particularly valuable : (a )  Radar reflectivity of the satel
lites of Jupiter and Saturn would indicate an approximate 
value of the dielectric constant of the surface material and 
thus place some restrictions on the nature of that material . 
(b )  Occultation of satellites by parent planets  would lead 
to bet ter values of p lanetary radii , which are of fundamental 
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importance for estimating p lanetary densities . (c) Measurement 
of secular terms in motions of satellites would throw light on 
the tidal interaction with the parent planet . This information 
would be of particular significance for Jupiter . These same 
measurements can be conducted with higher sensitivity in the 
bistatic radar mode , for example , by using the same ground
based transmit ter and a receiver in a spacecraf t near the 
obj ect of study . 
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Chapter 6 

GRAV I TAT I ONA L AND CE LEST I A L DYNAM I CS 

Thi s chapter inc lude s both a discuss ion o f  ear th- based ob ser
vations that do no t require the pre sence o f  a spacecraft and 
cons ideration o f  exper iments  in which a spacecraft i s  an 
e s sential component of the sys tem. 

EARTH- BASED OBSERVATIONS 

Radar systems now in exis tence and expec ted to undergo improve
ment wi thin the next five year s ,  and proposed new radar sys
tems, wi l l  be able to range on the pr inc ipal sate l lites  o f  
Jupi ter and Saturn. The high accuracy o f  such  measurements 
wi l l  add to the pre c i s ion o f  the ephemeride s  of  at  least  the 
four large Ga li lean sate l l i te s  of Jupiter and the two large st  
sate l l ite s o f  Saturn.  

Interest ing questions related to the apparent existence 
of secular terms in the mean mo tions of the satellites have 
ar isen, and there i s  al so great intere s t  in the commensura
b i l i ty re lat ionship s that exi s t  be tween the mean motions o f  
pair s  and trip les o f  sate l lite s . A n  improvement i n  the 
ephemeride s may allow new deduc tions to be made concerning 
the mechani sms re spons ible for these  e f fec ts . One o f  the 
forces  suspec ted to be o f  impor tance in thi s respect  i s  the 
t idal interac t ion with the plane t .  The t ime scale for the 
evo lut ion of sate l l i te orbits  may have been dominated by 
tidal fr ic tion, and new informa tion is thus of cons iderab le 
value in cosmogonical  discus s ions . 

Radar reflectivity can provide use ful information on the 
dielectric  constants of the surfaces of the satellites , espe-
c ia l ly i f  measured at two or more wave leng ths . The scatter
ing law for d i f ferent ang l e s  of  inc idence indicate s the sur
face roughne s s . Sate l lite rotat ion rate s can be ob served 
through Dopp ler broadening of the re turned s igna l  or through 
periodic variations in re f lec ted power . Any depar ture from 
synchroni sm be tween spin rate and orbital motion about the 
p lanet would be of great inter e s t ,  espec ia l ly in view of the 
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recent knowledge, also obta ined by radar, of the resonant but 
nonsynchronous rotat ion rate s of Venus and Mercury . 

Occultations of the Gallilean satellites by Jupiter occur fre
quent ly, and in each case the de tai l ed manner of decay or r i se 
o f  the ref lec ted radar s ignal can be detec ted . From measure-
ments o f  change s in amp l i tude and phase,  informat ion can be 
obtained concerning the dens ity and s truc ture of the iono-
sphere of Jupiter, the exi s tence o f  an ionosphere on Saturn, 
and the scale he ight s of the upper neutral  atmospheres of the 
two plane t s . Thi s radar information become s  c learer and le s s  
ambiguous when re sults  a t  more than one frequency are avai l-
ab le,  owing to the dif ferent frequency dependence o f  the 
re frac t ion produced by the ionosphere and the neutral atmos -
phere . 

A parallel effect is the retardation of the radar signal as 
it passes out and back through the strong gravitational field of  
a plane t .  This e f fec t o f  general re lativity i s  independent 
of frequency and is large s t  when the s ignal  graze s the p lane t ; 
i t  then causes  an apparent increase in round- trip path length 
o f  the s ignal of - 60 m for Jupi ter and -18 m for Saturn . 
This re tardat ion is  o f  intere s t  both as  a fur ther te s t  o f  
general re lativity theory and as  a correc t ion that mus t  be 
taken into account in determining ionospheric  and atmospher ic 
re frac tion .  

SPACECRAFT EXPERIMENTS 

Many of the observations de scribed above can be per formed 
more precisely from a spacecraft,  either f lyby or orbi ter, 
than from the ear th.  The princ ipal advantage s of the space
craft from thi s  point of view are shor ter range and variab le 
line of s ight with re spect  to the sun- target line . It  i s ,  
however, apparent that the spacecraft mus t  be tracked very 
accurate ly from the ear th, in order that spacecraf t-based 
ob servations may be proper ly interpre ted . Further,  the hi
s tatic mode (recep tion o f  both dire c t  and scattered earth 
radar s igna l s  by the spacecraft ) should provide use ful infor
mation. 

In addition to improved radar observations of the principal 
sate l lites  of Jupiter and Saturn, there is the po s s ib i l ity o f  
direc t measurement o f  the motion o f  the innermo s t  sate l l i te 
o f  Jupiter from a nearby spacecraft . Jup i ter v, or Ama lthea, 
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wou ld make a particular ly interest ing radar targe t .  It  i s  
only 1 . 6  Jovian radii  above the sur face o f  the p lanet,  so  that 
i t s  orb i t  wi l l  be e spec ial ly sens it ive both to depar tures  of 
Jupi ter ' s gravitational field from spherical symmetry and to 
t idal interac tion .  Since the orb it of Amalthea is  s light ly 
inc l ined to the equatorial plane of Jupiter,  it may be pos s ib le 
to detec t a lack o f  symme try be tween the nor thern and southern 
hemispheres  of Jupiter . Such a "pear shape" of  the earth has 
been discovered from observations of  art i ficia l sate l li te s  in 
inc l ined orbi ts . Secular change s in the orbit of  Amalthea 
would give valuab le information concerning tida l  e lasticity 
and friction o f  Jupiter . 

It is even possible that extremely precise Doppler radar 
observations of Amalthea could detect a gravitational anomaly 
ar i s ing from the G reat Red Spot of Jupi ter . For example,  i f  
we a s sume that the Red Spot i s  an i s land o f  dens i ty 0 . 0 1 g 
cm- 3 f loat ing on a sub s trate o f  zero shear s t rength and twice 
thi s dens i ty, it  i s  equivalent to a somewhat local i zed dipo le 
source o f  gravitational  fie ld, with pos i t ive mas s on top and 
negative underneath . With an as sumed thickne s s  o f  20, 000 km, 
it wou ld then give Amal thea a downward ve loc i ty component o f  
roughly 4 em sec- 1 each time i t  cros ses  the longi tude of the 
Red Spot . 

This assumed gravitational anomaly of the Red Spot would 
also affect the spacecraf t traj ec tory . Since the spacecraf t 
speed is comparable with that of Amalthea ,  its travel time 
near the Red Spot will also be comparable and the change in 
vertical velocity component will be roughly the same as that of 
Ama lthea for the same a l t i tude . For other a l t i tude s,  the 
e f fec t i s  approximate ly inverse ly propor tiona l to the cube 
of the alt itude . 

If the spacecraf t traj ectory is chosen so that it is oc
culted by the planet , all the effects mentioned earlier -- of 
refraction by the ionosphere and the neutral atmosphere and of 
general relativi s t ic re tardation -- can be measured . There 
is also a very much smal ler genera l re lat ivi s t ic e f fect  
which arises  from the rota tion o f  the p lanet . This  i s  a 
"dragging" of the ine r t ia l  frame by the rotating ma s s ive 
p lane t, in the ne ighborhood of the planet . It  i s  propor tiona l  
to the p lane t ' s angular momentum and, hence, could, i n  pr in
c ip le,  provide a measure of the moment o f  inertia i f  r igid
body rotat ion is a s sumed .  The e f fect  cons i s t s  of a s l ight 
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speeding up of the radar signa l that pas s e s  on one side of 
the plane t in the equatoria l plane and an equal re tardation 
on the other s ide . Unfortunate ly, the pa thlength change i s  
extreme ly smal l, only lo- 3 e m  for Jupiter and le s s  for 
Saturn -- far too smal l  to be of ob servat ional intere s t . 

Because of the duration of a spacecraf t  mission to the out
er planets and the motion of the earth , the spacecraf t will be 
on the oppo s i te s ide of the sun from the earth several t ime s 
whi le en route . The s e  oppor tunities  can be used to measure 
the so lar corona p lasma and the general re lativi stic  e f fe c t s  
of  the sun ' s gravi tat ional fie ld, i n  much the same way as 
just descr ibed for occultation of  the spacecraft by Jupiter 
or Saturn . Al l the s e  e f fects  are much larger in the case of  
the sun ; the apparent round- trip pathlength i s  increased 
approximate ly 60  km because of the gravitationa l  fie ld, the 
inertia l  frame dragging e f fec t caused by so lar rotation 
amount s to a change in pathlength on the order of  1 em. 

Finally , it  is worth mentioning a new kind of test of 
the equivalence principle that may be possible from a precise 
measurement of the orbital parame ters of Jupiter . The 
Eotvos - Dicke experiment s show that the rat io of gravita
tional to iner tial mas s i s  the same for a wide var iety of 
materials ,  with a preci s ion of  one part in lo l l . Since 
the se materia l s  d i f fer in chemical composition, the ir impor
tant d i fference is in nuc lear binding energy . Thus, exi s ting 
experiment s show that the decrease in mas s of  atomic nuc lei 
in compar i son with the ir component protons and neutrons -
the ma s s  de fec t  - - a f fec t s  equa l ly the inertial  ma s s  of the 
material and the gravitationa l force exerted on it by the 
ear th and the sun .  

The question remains whether the mass defect o f  a massive 
ob ject caused by the gravitat iona l at trac tion of i t s  part s  
wi l l  a f fec t the obj ect ' s inertial and gravitationa l ma s s e s  
d i f ferent ly . Such a departure from the equivalence princ ip le 
i s  be s t  looked for in an object  of large gravitat iona l  s e l f
energy, and Jupi ter i s  the mo s t  like ly candidate . A lower 
l imit for the ratio of the ma s s  defect to the total ma s s  i s  
ob tained i f  Jupiter i s  a s sumed t o  b e  a homogeneous sphere, 
in which case thi s  ratio is 1 . 2  x lo- 8 . If the entire ma s s  
de fect were e f fec tive i n  contribut ing t o  Jupiter ' s inertia 
and none to the force of  gravi ty exerted on i t  by the sun, 
or vice ver sa, the re lation be tween orbital radius and per iod 

Outer Solar System: A Program for Exploration, Report of a Study

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/18530


would be s lightly d i f ferent from that  predic ted by Kepler ' s  
third law in conj unc tion with the orbital parameters of  the 
other p lanets . For example, for given known period, the 
frac t ional change in mean dis tance from the sun would be one 
third the above rat io, or 0 . 4 x 10- 8 . This would result in 
a discrepancy in the radius of Jupiter ' s  orbit  of 3 . 1 km, i f  
the lower limit for the mass  de fec t obtained above i s  entirely 
e f fective as a contributor to either the gravitat ional or 
inertial mass  of Jupiter but not to both.  Such an e ffec t  
might b e  de tec ted i n  de tailed studies o f  the scale of  the 
solar system based on radio tracking o f  spacecraft and radar 
and opt ical observat ions of the planets . 

RECOMHE�TIONS 

1 .  Exi s ting ear th-based radar s should be improved so 
that prec ise ob servations of  the pr inc ipal sate l lites of 
Jup i ter and Saturn can be carried out with the obj e c t ive s o f  
improving the ir ephemeride s, de termining their radar reflec
t ivi ties,  and observing the ir occultations . 

2 .  Spacecraft to Jupiter and the outer plane t s  should 
be tracked with the greate s t  pos s ib le prec i s i on, in order to 
improve the ephemer ide s of the sate l l i t e s  of  Jupiter and 
Saturn and also of  Jupiter i t s e l f . 

3 .  Spacecraft should be used to s tudy the motion of  
Amalthea, the innermos t  sate l l i te of Jupiter . 

4 .  At lea s t  one spacecraft  traj ectory should be planned 
to  be occulted by Jupiter . 

5 .  Advantage should be taken of  the occultations of the 
spacecraft by the sun dur ing the mis s ion. 
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Chapter 7 

P LUTO , SATE L L I TES , ASTERO I DS ,  AND COMETS 

The small obj ects in the region of the outer planets have an 
interes t  that is by no means proportional to their size.  Some 
of  the se obj ec ts - - the asteroids , for example , and e specially 
the comets - - may represent extraso lar sys tem ma terial . In 
addition , some of the outer sa te l l i tes  of  the maj or planets may 
be captured bodies from e ither within or wi thout the solar sys 
tem. It ha s  even been sugges ted tha t Pluto , an o�ter planet in 
its  own right , al though we cons ider it in this chapter , may not 
be an original member of the solar sys tem. An additional j u s 
tifica tion for s tudying the small cele s tial obj ec ts l ies in the 
pos s ibil i ty tha t they may represent ear ly undifferentiated so 
lar system material ,  unaffec ted by the tempera ture and pres sure 
regimes of large planets  and even perhaps some of the l ight 
nuclei interactions at the more central locations of a pr imor 
dial solar nebula. 

SATELLITES OF PLANETS 

Presently computed mean densities for satellite s  of the outer 
planets  are almo s t  meaningles s ,  because the ir diame ter s are so 
difficul t to measure from the ear th and their densities  are 
propor tional to the cubes of their diame ter s , g iving a large 
fac tor of inaccuracy. The fir s t  bas ic parameter deduc ible 
from an imaging experiment is the diameter , and knowledge of 
the diame ter could settle whe ther some or all of the sa tell ites 
are e s sentially composed of rock or of ice . Even without being 
direc ted toward a specific sa tell ite flyby , an imag ing sys tem 
direc ted toward exploring a maj or plane t ,  and of appropr iate 
resolution and format for that planet ,  would , for ins tance , if 
directed toward Jupiter , automa tically come clo se enough to a 
satel lite to re solve bas ic geologic s truc tures such as impac t 
cra ter s ,  pos s ibly volcanic s truc ture s ,  mountain chains (which 
would be interes ting indeed if found - - unless es tima te s  of  
sa tel l ite s ize and mass are gros sly in  error) , and large bas in s .  
None of the thing s we might expec t would predic t the huge am
pl i tude of the observed ro ta tional l ight curve of Iape tus .  The 
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determinat ion o f  synchronous rotation, or spin- orbit  coupling 
of  more comp l icated form, by radar and imagery o f fers an 
intriguing problem in cele s t ial dynamic s . 

The que s t ion of the pos se s s ion of atmospheres by the 
larger sate l l i tes  i s  cosmogonical ly impor tant . On the bas i s  
of  pre sent knowledge, the sate l l ites  form a one- to- one corre s
pondence be tween pos s e s s ion and predicted retentivity, with 
the except ion of  Tr iton, which has no de tec ted atmosphere and 
ye t has a higher re tent ivi ty than Mar s . T itan, the only sat
e l l i te known to have an atmosphere, could not have formed it 
at  a s ignificant ly higher temperature than it now pos s e s se s . 
The bas ic que s tion can be answered by radio occultation and 
perhap s by imagery comb ined with polarimetry . 

The fac t that Io modulate s the decame ter-wave length radio 
emi s s ion from Jup i ter i s  now we l l e s tab l i shed . In fact1 lower
amplitude periodic terms in the radio data now lead us to 
suspec t that a mi s s ion to thi s  vicinity might succeed in d i s
covering additiona l  smal ler Jovian sate l lite s . The se e ffec t s  
are radical and far- reaching compared to the e ffec t  that the 
moon ha s on the solar wind . Io ' s  e lectromagne t ic s tructure 
needs inve s t igation, par ticular ly the propertie s of electric 
conduc tivity and magne t ic permeab i l ity .  In s i tu measurement s 
of these  are very tempting . In c lose- up imagery of  Io, one 
might find unique feature s not exi s ting in other sate l l i te s . 
Ob servations of  the mode in which decame tric modulation is  
created would enab le the inference of the s e  proper tie s . 
Probab ly the most  s ignif icant contribution to sate l lite 
re search in the near future wi l l  come when ground-based and 
spacecraft radar capab i l i tie s  are advanced to the point where 
surface re flectivities,  roughne s s ,  and die lectric cons tant 
are measurab le for the larger sate l lites  of Jupi ter and 
Saturn. Da ta from ground-based and spacecraft radar can also 
grea t ly contribute to our knowledge of sate l l ite rotat ion 
rate s and axis orientat ions, the ir sizes ,  dens ities,  and orbi t s , 
and the gravity fie lds of Jupiter and Saturn.  

Photometr ic imagery also  provide s the phase func tions of 
the sate l l i te s  at  angles  unachievab le from ear th.  This,  
toge ther wi th the gross  distribut ion of br ightne s s  over the 
image, reveal s much about the bas ic nature of the soil  s truc
ture . The soil  of the moon, which pos s e s s e s  a very low heat 
conduc tivity, exhibi t s  s trong backscattering of  vi sual light 
and has an unusual photome tr ic func tion. Ganymede cools during 
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an ec l ipse at a high rate -- sugge sting lunar- l ike soi l .  Is  
thi s cons i s tent with an icy compos it ion? Evidence of an atmos
phere might appear in such imagery - - e specia l ly i f  time
varying features are found . One impor tant need o f  space exper
imentation in this area is a technique for in s i tu chemical 
analys i s  o f  rock material . 

--- -----

Saturn ' s  Rings 

The rings o f  Saturn are a unique feature of the solar system. 
Among sma ll  bodies,  the par ticulate mat ter of the rings of 
Saturn are of as great intere st as is  the ir aggregate s truc ture . 
The rings have unique phys ical parame ters s ince they are s trong 
backscatterers like the moon only vas t ly more e ffic ient ; i . e . , 
the lunar sur face scatters pr imari ly backward but ref lec ts le s s  
than 1 0  percent o f  the l ight inc ident upon i t .  Saturn ' s  rings 
s catter backwards  wi th some thing approaching 100 percent albedo . 
The geome tr ical parameters of the r ings need de terminat ion 
because the mo s t  recent and pre sumab ly most accurate value s 
imply that the Cas s ini division is  not in resonance with Mimas 
perturbations . Thi s i s  not so  surpri sing, perhaps,  when one 
realize s that the rings show no evidence of  a gap at  the cor
re sponding Janus resonance which one might expec t  to be even 
more potent as a gap e j ec tor on the venerab le s imp le pic ture 
hi therto invoked for the Ca s s ini divis ion. It is not impos s ib le 
tha t  the rings are, astronomical ly speaking, quite temporary . 
For examp le, the Crepe Rings were not discovered by Her sche l  
i n  spite of  his thoroughne s s  as an observer and me ticulous 
a t tent ion to de tai l, and then were discovered vir tua l ly s imul
taneous ly by three independent inve s t igators . S truve con
c luded on the bas i s  of  previous work that the inner edge o f  
r ing B was moving inward . Another sugge s tion of the trans ient 
nature of the ring s  is  the numerous ob servations of  wispy 
mat ter out s ide A, which the original  ob server has later been 
unable to confirm. Maxwe l l  showed that s imul taneous inward 
and outward expans ion is what one might expec t  for dying ring s . 

Spacecraft imagery during a f lyby might pos s ib ly be 
expec ted to re solve the large st  of the ring par ticle s .  At 
lea s t  a new upper bound to s ize could be made . A fir s t  oppor
tuni ty to measure pho tometric charac teristics  at phase angles  
greater than 13°  would be  af forded . Such data severe ly con
s train acceptability o f  theor ies o f  radiat ive trans fer in the 
ring s . Fina l ly, the pos s ibility exi s t s  of measuring the 
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absorpt ion feature s of ice s,  such as  wa ter, in sunl ight trans
mi tted through the rings . It may be that a very subs tant ial 
contribution to under s tanding Saturn ' s  rings wi l l  come from 
ground-based radar . Bi s tatic radar (us ing ground-based trans
mit ters and rece iver s in spacecraft  near Sa turn) or monostatic 
radar from spacecraf t  cou ld provide very high sens i t ivity for 
d irec t measurement s of the r ing thickne s s, s i ze and ve loc ity 
d i s t r ibut ions, and par t ic le number dens i ty .  

Asteroids 

The as teroid b e l t  forms a potent ial hazard to spacecraf t 
pas sage which require s fur ther inve s t igat ion . The s i ze d i s 
tribution o f  asteroidal par tic les  i s  unknown. Depending on 
one ' s  point of intere s t  in thi s interva l,  a l l  the discu s s ion 
above concerning sate llites  and Saturn ' s  r ing s app lies,  except, 
perhaps,  atmospheric cons iderations . S ince the gravitat ional 
a t trac tion of these  bodie s i s  such tha t a soft landing i s  l i t t le 
more than a docking maneuver, the feas ib i l ity of surface probe 
mis s ions and samp le return should be given fur ther s tudy . The 
average ma s s  dens ity of the be lt  might be measurab le from accu
rate spacecraft tracking, and the ma s s  shape, and re flectivity 
o f  individual large as teroids could be de termined from tracking 
and b i s ta t ic radar . 

Come t s  

The high ve locity neces sary for a comet intercept can be 
ac quired by us ing the gravitat iona l fie ld of Jupiter to acce l
erate the spacecraft . In a sense, come t s  may o f fer a mis s ion 
potent ia l far more pro found than even their myster ious appear
ance might ind icate . Speeding in from the depths of space we l l  
beyond Pluto, they may repre sent mat ter of more genera l ly 
galac tic or igin . Here, perhap s,  i s  the opportunity for the 
fir s t  inters te l lar space mis s ion, in e s sence . It would mean 
a great dea l if come t s ,  for ins tance, were the only c e le s t ia l  
bodie s which exhibi ted s igni ficant ly nonterre s trial isotopic 
rat ios . The ma s s e s  of come t s  are such that whi le cons iderab le 
maneuvering energy might be invo lved in equaliz ing ve loc i t ie s ,  
no s igni ficant gravitat ional potential mus t  b e  overcome . The 
dep loyment of a ma s s  spec trome ter would be of paramount va lue . 
On a more limi ted mi s s ion, mere ly the photography of  the 
nuc leus, giving e spec ia l ly i t s  d iamter would be of value, a s  
we now have no idea of the s i ze o f  come t nuc le i .  Ultraviole t 
and vi sual spectroscopy near the nuc leus would pe of value for 
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examining chemical species  a s  they evo lve with dis tance and 
time into the solar-wind environment . Measuring the ab sorption 
spectrum of transmitted sunl ight i s  o f  bene f it . 

Pluto 

Atmospheric cons iderations re lat ing to Pluto are very impor tant . 
For the last 200 years ,  Pluto has been moving c loser to the 
sun and i s  now near ly as  c lose as is  Neptune . Pluto ' s  spe c tral 
energy dis tr ibution shows no ul travio let br ightening charac ter
i s t ic of a Ray le igh scattering atmosphere ; however, i t s  rota
tional l ight curve sugge s t s  br ightening at the morning termi
nator as though an atmospheric component had formed fros t  
during the night . The pos s ibi l ity of  ob serving He, A, and Ne 
cannot now be ruled out on theore tical grounds . In addition, 
t he very bas ic result  of  obtaining the diameter from radio 
occultation or flyby imagery and the mass  from spacecraft  
tracking during encounter g ive s the only c lue pre sent ly pos
s ib le for i t s  mean dens ity - - with  i t s  attendant cosmogonica l 
s igni ficance . 

I f  Pluto were to appear rock- l ike, the nature of  exper i
ments one would consider would be that of those previous ly 
recommended for Mar tian exp lorat ion, exc lus ive of exob iology . 

A most intere s t ing result  wou ld fol low direc t ly from the 
determinat ion of the ma s s . Pre sently, a free parameter de te r
mined in the mutual  per turbat ion equat ions of Uranus,  Neptune, 
and Pluto - - which results  in a very inaccurate ma s s  determi
natwn ( ±  200 percent)  and i s ,  as a proce s s, an imperfect  theory 
unle s s  the eighteenth- century observat ions are ignored - - is  
that the speci fica t ion o f  the mass  might result  in the pre
diction o f  the exi s tence of  a trans- Plutonian planet on the 
bas i s  of pre sent ob servat ions . 

Even at the dis tance o f  Pluto, b i s tatic radar could pro
vide informat ion on re f lectivity, roughne s s ,  and topography, 
as we l l  as  measuring the atmosphere by occul tation. 

RECOMMENDATIONS 

We recommend, on the bas i s  of  the sc ienti fic importance o f  
sma l l  bodies in the region of the outer plane t s : 
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1 .  Flyby mis s ions should be undertaken to a l l  the outer 
plane ts  as a ba lanced beginning -- none should be ignored at 
the expense of opt imiz ing the mi s s ions to othe r s . Opportuni
ties  to view sate l l i te s  at great increase s in re s olution 
should not be sacri ficed on the grounds that more images of 
the primary are of grea ter value . 

2 .  The flyby mis s ions should carry high-reso lution 
imaging sys tems o f  high photometric and photogramme tr ic 
integrity .  

3 .  A Jupiter/comet mis s ion should b e  undertaken in which 
the experiment des ign priorities  are we ighted in favor of the 
come t, and an imaging sys tem should be involved together with 
a spec troscopic experiment . In addition, the fea s ib i l i ty o f  
a sufficient ly prec ise  rendezvous maneuver t ha t  the spacecra ft 
would s lowly fal l  into the come t  nuc leus a f ter burn- out should 
be cons idered, in which case more sophi s t icated probe- type 
ins trument s for chemica l ana lys i s  and i sotopic ratio determi
nat ion would be s trongly urge d .  

4 . We s trongly recommend the encouragement of  the radar 
deve lopment s now envis ioned which wi l l  extend to Jupiter, the 
Gal i lean satel lites,  and Sa turn and perhaps i t s  rings the 
capabilitie s  now being exercised on Mar s and Venus . 

5 .  We recommend the deve lopment of bi s tatic radar tech
nique s  for s tudy of  the small  s olid bodies in the outer 
reache s of  the solar system and the improvement o f  radio 
tracking accuracy for de termining the ir ma s s e s  and orb i t s . 
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