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Introduction:  Since the launch of Explorer 1 in 

1958, scientific satellites have grown in capability and 
complexity and provided a wealth of data for numer-
ous scientific disciplines for bodies across the solar 
system. The program of robotic exploration has fol-
lowed the general pattern of flyby, orbit, land, rove and 
eventually returned samples. As the capabilities of 
exploration have increased, our understanding of dif-
ferent planetary bodies has increased; numerous ques-
tions have been answered and many more have been 
raised. With the exception of Mars, the exploration of 
other solar system bodies has been intermittent alt-
hough the capabilities have steadily increased with 
time. 

While early on the objectives were simply to un-
derstand the basic characteristics of a body (e.g., Mari-
ner 2 at Venus, Mariner 4 at Mars, Pioneer 10 at Jupi-
ter), later mission objectives became much more spe-
cific and quantitative. The list of outstanding scientific 
questions is perhaps longer today than it was in 1958, 
although the questions now are more detailed and 
complex. 

We have characterized the surface, and in some 
cases the shallow sub-surface, of the terrestrial planets 
and the Moon as well as the icy satellites, small bodies 
and dwarf planets of the outer solar system. In some 
cases orbiting spacecraft have provided global cover-
age over long periods of time, in other cases only par-
tial coverage has been accomplished (e.g., New Hori-
zons at Pluto). The interiors of all of the solid bodies, 
with the exception of the Moon, remain largely unex-
plored, and even for the Moon the data are limited. 
While orbital geophysical data have been modeled to 
provide insight into interior structure, such models are 
somewhat non-unique.  

In order to make major progress on the complex 
outstanding questions, a set of capabilities that either 
are currently limited or do not exist as flight hardware 
will be required. 

Power: Missions to the outer solar system, areas of 
permanent shadow (e.g., lunar polar craters) and ener-
gy-intensive surface mission (e.g., rovers) are difficult 
or impossible to accomplish with solar power. While 
schemes have been devised in some cases to conduct 
missions within the context of solar power alone, high-
er energy sources are required to efficiently conduct 
such missions. Nuclear power is typically considered 
the non-solar option. Fully developing advanced power 
system such as the Sterling engine as well as ensuring 
sufficient nuclear fuel are critical to expanding explo-

ration capabilities and enabling missions. These sys-
tems must be available on a routine basis. While nu-
clear-fueled missions carry an administrative overhead 
that solar missions do not, the scientific return typical-
ly outweighs the administrative cost. 

Communications: Communications between a 
spacecraft and the Earth can be limited by spacecraft 
resources such as power and size of the spacecraft an-
tenna and by visibility of the spacecraft from the Earth. 

Missions in solar orbit or in orbit around a plane-
tary body can typically be observed either continuous 
or intermittently from the Earth via the Deep Space 
Network, except during periods of opposition when the 
spacecraft is close to or obscured by the Sun or when 
the spacecraft is hidden from view by the planet. 

Spacecraft on the surface of planet can experience 
periods when they are not in direct contact with the 
Earth (e.g., Mars rovers). Gaps in communications on 
the surface are typically much longer than for orbiting 
assets (e.g., more than 12 hours for Mars). Surface 
assets can also be located in areas that never have di-
rect contact with the Earth (e.g., lunar polar craters and 
the lunar farside).  

To facilitate greater data return at high rates, im-
provement to the communications strategy are needed. 
Improvements to the spacecraft side include increased 
power and larger antennas for increased signal strength 
and data rate. A significant increase in data rate is pos-
sible with laser communications. Laser communication 
has been demonstrated on a number of missions, but 
has not yet been employed as the baseline system. 
Such a system has the capability to increase the link 
between the Earth and the spacecraft by orders of 
magnitude relative to radio transmission. 

For surface rovers, the landed mass is best devoted 
to the mobility and science systems. Communications 
with the Earth can be handled by an orbiting commu-
nications infrastructure thus minimizing the require-
ments of the rover. Areas such as lunar polar craters 
and the lunar farside that are never visible from the 
Earth will require an orbital communications infra-
structure to enable the missions. Continuous communi-
cations with an asset on the martian surface would also 
require an orbital infrastructure and could significantly 
increase the data return. 

The current set of Mars orbiters has been used to 
communicate with rovers on the surface. But these 
orbiters have their own mission objectives and limita-
tions. To fully exploit surface systems in particular 
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locations, an orbital communications infrastructure is 
required. 

Network Systems: Geophysical information regard-
ing the interior of a planetary body can only be ob-
tained by instrument networks on the surface that op-
erate continuously. This was demonstrated by the 
Apollo seismic network that provided information 
about lunar seismicity and internal structure. Monitor-
ing surface meteorological conditions (e.g., Mars, Ti-
tan) or solar wind / surface interaction (e.g., Moon, 
Mercury) also require dispersed stations that operate 
continuously. 

While the Apollo network provided data on the in-
terior of the Moon, its lifetime and the station locations 
limited its usefulness. Long-lived (decadal) systems 
will need to be deployed on the surface of the terrestri-
al planets, the Moon, satellites of the outer planets and 
dwarf planets, all of which probably have complex 
internal structure and some level of internal seismic 
activity. These systems can all be passive in the sense 
that they simply detect natural events. However, active 
experiments can provide critical information for large 
bodies and are probably required for small bodies (e.g., 
asteroids) that lack natural events. The impact of the 
Apollo SIVB and Lunar Module Ascent Stage on the 
Moon clearly demonstrated how such high-energy 
events reveal details of the interior structure. Such ac-
tive experiments need not be large like the SIVB, but 
can employ small simple energy sources such as the 
Apollo 17 explosive charges and the thumper and mor-
tars on Apollo 14.  

Such network systems must operate continuously 
such that events are not missed and to allow the high-
est quality data. Continuous operation thus requires 
either a solar power system with sufficient battery ca-
pability or nuclear power to operate at night. Network 
systems need not have continuous communications, 
data can be stored and returned intermittently. 

Subsurface Access: The surface of a planetary 
body is composed of material that has been altered 
from its pristine state, in some cases by extensive 
physical disaggregation (e.g., lunar and asteroid rego-
lith) and in other cases by weathering processes (e.g., 
Mars). While understanding the degradation processes 
is important, fresh, unweathered samples are required 
for many questions. To obtain fresh material, the sam-
ple must be acquired from depth; that depth may be 
only cm for hard rocks or it can be many meters for 
soil- or regolith-covered bodies.  

Subsurface samples from depths of up to several 
meters were acquired by the Apollo and Luna mis-
sions. In case of Mars, subsurface samples have been 
acquired to depth of a few cm. These samples all rep-
resent altered material. To obtain appropriate material, 

drilling will have to be done to greater depths and into 
hard rock. This will require drilling capability similar 
to the Apollo Lunar Surface Drill. However, in the 
absence of an astronaut, the system must be mounted 
on a spacecraft platform that has sufficient mass and 
power to allow stable drilling and systems to process 
the material. 

In Situ Science: Instrumentation used on planetary 
surfaced has advanced significantly over the radiation 
densitometer deployed on Luna 13. A variety of in-
strumentation has been flown to analyze the atmos-
phere and surface materials of different bodies. There 
has, however, been a sentiment that many types of 
analysis can best be done on Earth with a returned 
sample than in situ - radiometric age dating for exam-
ple.  

There is no question that better analyses can be 
done on a sample in a terrestrial laboratory than a 
spacecraft. However, sample return missions are com-
plex, risky, expensive, and are not likely to be frequent 
because of those issues. Using the age dating example, 
several major questions for both the Moon and Mars 
could be satisfied with radiometric ages of key surfac-
es that would provide important information about the 
cratering rate and the volcanic and geologic history of 
the bodies.  

In situ analyses could be used to provide a range of 
data that would allow a sample return mission to find 
the appropriate samples and ensure that the primary 
science question for that sample is indeed answered. 
Sample return should be a mission of last resort when 
it is clear that the science can only be advanced by a 
returned sample 

Summary: Our understanding of the processes and 
events that have occurred within the Solar System over 
the last 4.5 Ga grow with time. Every planet (including 
an ex-planet) and many smaller bodies have been visit-
ed. We have basic knowledge about each of them and 
the simple questions have been answered. Now, the 
questions being posed are complex and will require not 
only additional missions, but capabilities and ap-
proaches that have not been used in the past, or used in 
only a limited fashion. Having all of these capabilities 
would be an incredible boon to robotic missions. How-
ever, even a few of them would allow faster and deeper 
progress than the current capabilities. 
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