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Dear Tom:
President Bush challenged us to chart a course to the future, for the
benefit of humanity. His vision of America's future in space, the Space
Exploration Initiative, will enable our nation to journey together back to the
Moon and on to Mars. Your report meets that challenge.
You have offered the nation several alternatives which demonstrate a
thorough understanding of the imperatives of space, an appreciation of
political and economic realities, and concern for humanity's needs on
Earth. Your effort represents an integral part of a balanced plan of
exploration, future acquisition of scientific knowledge, and future space
leadership. I am grateful to you and your associates for this landmark
contribution.
I want to express our sincere appreciation to you and the Synthesis
Group for a thorough, useful, and timely effort. As we journey back to the
Moon and on to Mars, we will be mindful that the Synthesis Group
roadmap suggested the way. And as humanity benefits from the fruits of
this journey, we will acknowledge President Bush's vision and your
translation of that vision into a robust, safe, affordable and beneficial
voyage.
Sincerely,
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EXECUTIVE SUMMARY

polio 11 first placed America
on the Moon on July 20, 1969.
This extraordinary accon1plishn1ent confirmed the United
States' technological ascendancy for a
generation. On the 20th anniversary
of Apollo 11, President George Bush
announced a new vision for America
in the 21st century - a vision that
will return us to the Moon to stay,
and onward to Mars by 2019. This
vision, the Space Exploration Initiative, represents one of the greatest
technological challenges the world
has ever known.

A

Vision for America

"The challenges of the Space
Exploration Initiative are great,
but so is the quality of American
talent and ingenuity, and so is the
leadership of the American people. And . . . it is An1erica' s destiny to lead."

President George Bush

The Space Exploration Initiative provides a focus that allows the United
States to gain control of our destiny in
space . In doing this, six "visions"
guide and direct our space efforts .
These are:

Knowledge of our Universe . We
strive to understand the origin and
history of our Solar Systen1, the origin
of life, and the ultimate fate of our
universe. People are the best explorers, but they often need machines to
help. The Space Exploration Initiative is

an integrated program of missions by
humans and robots to explore, to understand and to gain knowledge of the universe and our place in it.

Advancement in Science and
Engineering. Returning to the Moon
and onward to Mars requires the best
engineering and scientific talent our
nation can 1nuster. Through a long
range commitment to space, we stimulate our national education systen1
and inspire students to learn.
Motivated students are essential to
excellence in education. The Space

Exploration Initiative will motivate and
inspire the new generations on which our
future as a nation depends.

United States Leadership. The
Space Exploration Initiative provides
us with an opportunity to re-establish
2

and n1aintain A1nerican preeminence
in technological im1ovation and space
leadership. Other nations ha ve
gained the initiative in certain areas
and have becmne leaders in a tradition of space exploration that Alnerica
pioneered. Leadership cannot be

declared . . . it must be earned.

Technologies for Earth. An1erica's
rec ent history has demonstrated
that our space progra1n stimulates a
wide range of technological innovations that find abundant application
in the consumer 1narketplace.
Space technology has revolutionized and improved our daily lives
in countless ways, and it will continue to do so. Energy from space,
advances in solar power and fusion
fuels, useful materials for advanced
communications, new resource s,
medical breakthroughs, and greater
insight into the hu1nan potential are
some of the direct benefits we can
expect. The Space Exploration Initiative
provides focused goals to effect practical
and beneficial technological change.

Commercialization of Space.
Initiatives by the private sector are
goals of our National Space Policy.
Space is a liinitless, untapped source
of materials and energy, awaiting
industrial development for the benefit
of humanity. Commercial products,

such as zero gravity derived materials,
and service industries, like advanced global communications, all become increasingly feasible and profitable once routine,
reliable and affordable access to space is
available.

Strengthened U.S . Economy. New
technologies open new markets. An
investn1ent in the high technology
needed for space exploration maintains and i1nproves America's share
of the global market and enhances
our competitiveness and balance of
trade. It also directly stimulates the
scientific and technical employment
bases in our country, sectors whose
health is vital to our nation's econom-
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and a 25-hour day, Mars has a
diverse and complex surface, including ice and evidence of water.
Although conditions on Mars cannot
support life now, a variety of evidence suggests that Mars was
warmer, wetter and had a much
denser atmosphere early in its history.
Life n1ay have existed. If so, fossil
evidence may be found.
Mars has undergone a complicated
geologic evolution. Its surface consists of gigantic canyons, huge volcanoes, gorges carved by running
water, vast regions of sand dunes and
a polar ice cap. Understanding the
periodic changes in climate that have
occurred on Mars will help us understand the Earth's climate and predict
its future behavior, a topic vital to the
survival of life on Earth.

Architectural Considerations
At its closest point, Mars is 35 million
miles from Earth. This distance
increases to 230 million miles when
we are on opposite sides of the Sun.
By comparison, the Moon is only a
quarter-million miles away- a threeday journey. The challenges of a
Mars expedition stem from the distances, the long times away from
Earth, the environment of deep space
and Mars' unique characteristics.
A total Mars mission duration
depends on both the round trip
travel time and the time spent on
the planet's surface. Conventional
chemical propulsion missions will
take about 230 days one way, and
require long surface stays of about
500 days to allow the planets to
realign before returning home.
Advanced nuclear propulsion technologies can shorten the transit
time, provide flexible surface stay
ti1nes, significantly reduce the propellant mass to low Earth orbit and
increase the available launch opportunities.
Shorter travel times are desirable
to reduce the impact of the deep
space environment on the crew and
4

mission equip1nent. During the space
voyage, expected hazards include
radiation from galactic cos1nic radiation and solar flares, the lack of norInal gravity, psychological stress from
long term isolation, and equipment
degradation.
The challenges of a Mars trip will
require several hundred tons of
equipment and fuel for the expedition. Thus, we will require a heavy
lift launch capability to minimize
assembly in Earth orbit. Nuclear propulsion technology allows reduced
weight, approximately one-half that
of chemical systems, and achieves
faster interplanetary trip times. At
Mars, we need Earth-independent
operations, since round trip cmninunications times will vary from seven
to 40 minutes. We also need improved long term life support systeins that operate for lengthy tin1e
periods without resupply.
The planetary surface of Mars provides challenges different from those
of the Moon. The planet is large about one-third the size of Earth. It
has a diverse topography, with
80,000 foot volcanos, three times as
high as Mount Everest and as large as
the state of Montana, and canyons as
long as our continent is wide. Mars'
atmosphere is mostly carbon dioxide,
and it is known to have periodic dust
storms. These features will require
unique power systems, landers, rover
vehicles and human habitats.

Architectures
The foundation of the architectures
reflects three areas of emphasis:
human presence, exploration and science, and space resource development for the benefit of Earth.
Different architectures vary with the
degree of hu1nan presence, the level
to which exploration and science are
pursued, the extent to which space
resources are developed, as well as
the relative emphasis between lunar
and Martian activity.

Four architectures have been identified and they provide significant differences across the possible areas of
interest. They are:

Mars Exploration: The emphasis of
this architecture is on Mars exploration and science. The first human
mission to the Moon occurs in 2005 .
The lunar infrastructure is developed
only to the degree necessary to test
and gain experience with Mars systems and operations and to simulate
Mars stay times. The Moon is
explored while developing operational concepts for Mars.
Robotic precursor missions are
used to scout the territory before committing to a landing site for Mars .
The first human mission to Mars
occurs in 2014, with a surface stay of
30 to 100 days. The next mission is
planned for 2016 for a 600 day stay.
This architecture is designed to be a
minimal approach to achieving the
Initiative objectives.

Science Emphasis for the Moon and
Mars: The Moon and Mars are
en1phasized equally, and an early
global assessment of both bodies permits a variety of initial missions
designed to better understand global
diversity. The first human mission to
the Moon is 2003. Life sciences data
required for Martian missions are generated through extensive operations
on the Moon. Human-controlled
robotics assist the planning and execution of human activity on the surface.
Instrument emplacement focuses on
early deployment of portable instruments which gather observation data
independent of lunar location. In the
latter stages of architecture implementation, emphasis shifts to larger scientific experiments and instruments
after developing surface capabilities
for construction, maintenance and
operations. Continuous exploration
activities yield a significant scientific
return though the use of a balanced
mix of human and robotic exploration
techniques.

Subsequent to the establishment of
the desired long term operational
capabilities for exploration and science on the Moon, human missions to
Mars take place beginning in 2014.
All knowledge gained by the activities in lunar orbit, and on the surface
becomes part of and is complementary to the dress rehearsal for the
Mars mission.

The Moon to Stay and Mars
Exploration: This architecture
emphasizes permanent human presence on the Moon, combined with the
exploration of Mars. One of the major
objectives is to build towards life support self-sufficiency for breathing
gases and food production on the
Moon.
The permanent presence of
humans on the Moon, beginning in
2004, gives us an impressive scientific
capability. Science on the Moon will
emphasize exploration and observation. For lunar exploration, extended
traverses in pressurized rovers will
permit detailed study of complex and
puzzling lunar features and processes. Robotic assistants will extend
human reach for great distances
across the lunar surface. With a permanent human presence on the
Moon, advanced and sophisticated
astronomical observatories can be
installed and maintained.
Extensive space and lunar surface
operations are conducted on the
Moon to provide the necessary life
sciences and engineering data to prepare for future exploration missions
to Mars. The first human mission to
Mars is in 2014, with a surface stay of
30 to 100 days.

I

Architectures

I. Mars Exploration
II. Science Emphasis for the

Moon and Mars
Ill. The Moon to Stay and
Mars Exploration

IV. Space Resource
Utilization

Space Resource Utilization: This
architecture makes maximum use of
available space resources to support
the exploration missions directly. It
also seeks to develop a large class of
available resources for a broader
range of transportation, habitation,
life sciences, energy production, construction and many other long term
5

Organization and Acquisition
Management
The Space Exploration Initiative represents a major manage1nent challenge as well as a significant teclulological challenge to this country. The
capability exists in this nation to
accomplish the Space Exploration
Initiative within the combined resources of the government, industry
and the academic community. It
requires management that allows for
crisp and timely decision making,
plus the assured resources to reach its
goals.
An Executive Order should be
issued to cite the basic charter of the
National Progra1n Office for the Space
Exploration Initiative Organization.
It should define the leadership role of
NASA and the cooperative relationships mnong various governmental
departments and agencies. The
Executive Order should clearly enumerate the staffing, budgeting and
reporting relationships and responsibilities of the affected agencies.
The Synthesis Group reviewed
numerous successful and unsuccessful major aerospace, industry and
government programs, and studied
various acquisition improvements
and key factors that helped reduce the
cost of the most successful aerospace
programs.
In managing the Space Exploration
Initiative, NASA should be authorized to tailor the existing procurement system and devise new procedures to fit the needs of this major
new program.
The opportunity for a number of
international cooperative ventures
exists.
Commercial potential abounds
within the framework of the Initiative.
Launch services, communications
satellites, robotics, production of materials in space for use in space and on
the Earth, and electronics technology
represent a few of these potential areas.

Recommendations
Specific recmrunendations are provided for the effective implementation of
the Space Exploration Initiative.

RECOMMENDATION

1

Establish within NASA a long
range strategic plan for the nation's
civil space program, with the Space
Exploration Initiative as its centerpiece.
the jewel represented by the
vision of a seemingly unattainable
goal, the teclu1ologies engendered,
and the motivation provided to
our nation's scientists and engineers, its laboratories and industries, its students and its citizens.
Hence that the Mission from
Planet Earth be established with
the long term goal of human
exploration of Mars, underpinned
by an effort to produce significant
advances in space transportation
and space life sciences."l
A strategic plan will provide decision
points to allow flexibility during the
life of the program, concentrate management activities of diverse departments, provide budget guidelines and
identify technology pathways. The
plan 1nust be based on a detailed governmental (NASA, the Department of
Defense, the Department of Energy)
analysis of the Synthesis Group's four
architectures. This analysis should
result in further refinement to gain
sufficient detail to support relative
costing of the architectures. Existing
and planned programs should be
reviewed for their contributions to
this plan. Industry effort should be
limited to studying elen1ents of the
architectures. As the strategic plan's
centerpiece, the Space Exploration
Initiative complements the goals of
Mission to Planet Earth.2
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RECOMMENDATION

2

Establish a National Program
Office by Executive Order.
This organization would include
Department of Defense and Departtnent of Energy personnel working
directly for the National Progran1
Office. With the multi-agency nature
of the National Program Office, an
Executive Order should be issued to
cite the basic charter of the organization, the leadership role of NASA,
and the cooperative relationship
among various governmental departments and agencies. The Executive
Order should clearly enutnerate
staffing, budgeting and reporting
relationships and responsibilities of
the affected agencies.

RECOMMENDATION

"We propose ... to accelerate
the development of the NOV A
nuclear rocket. This gives promise
of some day providing a 1neans
for even n1ore exciting and ambitious exploration of space, perhaps beyond the Moon, perhaps
to the very end of the solar systen1
itself."

John Fitzgerald Kennedy

3

Appoint NASA's Associate Administrator for Exploration as the
Program Director for the National
Program Office.
This is required to ensure clean lines
of management authority over a
large, complex program while simultaneously providing a focus for
NASA's supporting program elen1ents.2

RECOMMENDATION

4

Establish a new, aggressive acquisition strategy for the Space Exploration Initiative.
The Space Exploration Initiative
should standardize acquisition rules
for the agencies executing the
Initiative's various projects. The n1ost
streamlined processes available
should be adopted for that standard.
The Space Exploration Initiative is so
great in scope that it cannot be executed in a "business as usual" 1nanner
and have any chance for success. The
8

Space Exploration Initiative National
Progran1 Director should be designated as the Head of the Contracting
Activity. This will allow the director
to establish the optilnun1 acquisition
procedures within the Federal
Acquisition Regulations. Multi-year
funding should be provided.

R ECOMMENDATION

5

Incorporate Space Exploration
Initiative requirements into the
joint NASA -Department of Defense
Heavy Lift Program.
The Space Exploration Initiative
launch requirement is a minimum
of 150 metric tons of lift, with
designed growth to 250 metric tons.
Using Apollo Saturn V F-1s for
booster engines, coupled with liquid oxygen-hydrogen upper stage
engines (upgraded Saturn J-2s or
space transportation main engines),
could result in establishing a heavy
lift launch capability by 1998.2
R ECOMMENDATION 6

Initiate a nuclear thermal rocket
technologtj development program.
The Synthesis Group has detertnined the only prudent propulsion
syste1n for Mars transit is the nuclear thennal rocket. Sufficient testing
and care n1ust be taken to meet
safety and environ1nental requiretnents.
R ECOMMENDATION 7

Initiate a space nuclear power technology development program based
on the Space Exploration Initiative
requirements.
The progra1n must concentrate on
safe, reliable systems to a n1egawatt
or greater level. These nuclear power

systems will be required for use on
the Moon before use on the Mars mission.

RECOMMENDATION

8

Conduct focused life sciences experiments.
hnplement a definitive life sciences
program, along with the necessary
experiments and equipment, on
Space Station Freedom, consistent
with the recommendation of the
Advisory Committee on the Future of
the U.S. Space Program. These experiments are needed to reduce the
uncertainties of long duration space
missions.2

periodically. The Outreach Program
generated not only ideas but also
greater interest in the Space Exploration Initiative. Both features
should be emphasized. The database
should be refreshed with further outreach solicitations, perhaps every two
years, and with increasing focus to
specific program goals. The Space
Exploration Initiative touches virtually every scientific field and engineering discipline. The Outreach Program
should be extended to include all
other entities that are affected by the
program in addition to the aerospace
industry. An informed public is vital
to the Space Exploration Initiative,
which will require a sustained commitment of the nation's resources.

next century. As Americans, we must
ask ourselves what our role will be in
human exploration of the Solar System: to lead, follow or step aside?

Why Now?
R ECOMMENDATION

9

Establish education as a principal
theme of the Space Exploration
Initiative.
The Initiative will require scientists,
engineers and tecluricians for its execution. It is a source of interest and
expectation to those considering science and engineering careers. The
Space Exploration Initiative can contribute directly to undergraduate and
graduate education in engineering
and science by re-invigorating a university research program in support
of the Exploration Initiative as was
done during the Apollo program of
the 1960s and early 1970s.

R ECOMMENDATION

10

Continue and expand the Outreach
Program.
The Outreach Program has served a
very useful purpose in the Synthesis
Group's deliberations. The ideas
from the Outreach Program will be
turned over to NASA with the recomn1enda tion that they review them

America stands at the threshold. Our
national space program is undergoing
intense scrutiny. Many ask questions
sin1ilar to those voiced during the
heyday of Apollo- What is the point
of large space ventures? How can we
afford the great expenditures? What
is the function of a human presence in
space?
By offering direction and purpose,
the Space Exploration Initiative will
rejuvenate our sense of challenge, of
competitiveness, and of national
pride. The Space Exploration Initiative is a positive, social endeavor. In a
world of uncertainty, it has the capacity to inspire people, to stimulate
them and to cause them to reach deep
inside to find the very best they have
to offer.
Technology development and
architecture analysis must precede
any final concept validation effort.
The Initiative can be started now with
a modest commitment of funds.
Great nations have always explored
and profited fron1 new frontiers and
territories. Space is the new frontier of
the industrialized world in the 21st
century. Benefits from space and the
technologies needed to journey there
become increasingly important in the

1 The Advisory Committee on the Future of the
U.S. Space Program.
2 These recommendations are consistent with
and expand upon those made by the Advisory
Committee on the Future of the U.S. Space
Program.
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offers a distinction between architectures.
The concepts of Initial Operational
Capabilities and Next Operational
Capabilities are i1nportant to the
architectures, as they provide logical
decision points within the Initiative.
Decision points allow necessary flexibility during the life of the Initiative to
modify the emphasis, adopt new
teclu1ologies or respond to changes in
available funding.
This docun1ent describes the architectures, technologies and reconunendations of the Synthesis Group.
Technology priorities are identified
within the Supporting Technologies
section of this report. Early accomplishments are identified within their
respective sections of the report. The
visions and architectures describe
pathways back to the Moon to stay,
and onward to Mars. Collectively, they
represent a vision of America's space
program as we enter the 21st century.

The Synthesis Group initially concentrated on the major topical activities to be performed on the planetary
surface. These activities, called Waypoints, were further bounded by
defining incremental capabilities.
Each incremental capability is a significant achievement in itself.

Waypoints

Moon Waypoints
•

Lunar Exploration

• Preparation for Mars
• Habitation
•

Lunar Based
Observation

• Fuels
•

Energy to Earth

Asteroids Waypoint

I

National Space Visions

Mars Waypoint

The Architectures

•

Increase our knowledge of
our solar system and
beyond

•

Rejuvenate interest in
science and engineering

•

Refocus U.S. position in
world leadership (from
military to economic and
scientific)

• Emphasis on Exploration and
Science

•

Develop technology with
terrestrial application

• Emphasis on Human Presence

•

Facilitate further space
exploration and commercialization

•

Boost the U.S. economy

Architectures were developed which
reflect the National Space Visions.
Technical strategies were defined that
were cmnmon to all. Three areas of
variability were also identified. These
differences result frmn the degree to
which each of the following emphases
are developed and pursued:

• Emphasis on Space Resource
Development
The balance between activities on the
Moon and Mars is another factor that

11

WHY THE SPACE EXPLORATION
INITIATIVE?

1"6r I dipt into the future, far as human eye could see,
Saw the Vision of the world, and all the wonder that would be;
Saw the heavens fill with commerce, argosies of magic sails,
Pilots of the purple twilight, dropping down with costly bales.

-Alfred Lord Tennyson, "Locks ley Hall" 1842

hirty years ago, President
Kem1edy challenged the nation
to land a man on the surface of
the Moon, return him safely to the
Earth and to do so within a decade.
This was a challenge unprecedented
in the history of humanity. Not only
was President Kennedy's goal accomplished ahead of schedule, it also led
to an unparalleled series of space and
technological achievements and a
vigorous civilian space program.
An1erican preeminence in space was
unquestioned, and we reaped the
benefits of that position technically,
scientifically, economically and politically.
Many people believe that the U.S.
no longer enjoys the space leadership
earned during the Apollo program.
Now that President Bush has challenged the nation with a new vision
of America's future in space, the
Space Exploration Initiative offers
hope that the nation can gain control
of its own destiny in space.

T

National Space Visions
Derived from the National Space
Policy and other docu1nents, the
Synthesis Group established the following broad visions for the Space
Exploration Initiative:

Increase our knowledge of the Solar
System and beyond. The exploration
of space yields knowledge of the universe and of our place in it. We seek
to understand the origin and history
of the planets in our Solar System, the

12

origin of life and the ultin1ate fate of
our universe. These questions are not
suddenly answered by smne single
piece of information or mission, but
require a series of investigations and
missions that collectively advance our
w1derstanding.
An important aspect of the Initiative
is the use of people as instruments of
exploration. Human powers of
observation uniquely permit some
scientific investigations. Many difficult tasks, such as the search for fossil
life on Mars, require human presence.
A machine can be built to retrieve a
rock; only a hu1nan can intelligently
select a planetary sample while
understanding its regional and local
context. The Space Exploration
Initiative constitutes a combined and
balanced program of human and
robotic missions. Such an effort, intelli-

gently planned, can accomplish many
more exciting and significant results than
either approach taken separately.
Rejuvenate interest in science and
engineering. The Space Exploration
Initiative is a science and engineering
task of enormous magnitude. Its successful imple1nentation requires outstanding scientists, engineers and
technicians. Because the Initiative is a
long range, continuing commitment
to space, national education must
become an integral part of the prograin. Such education must encmnpass both the academic establishment
and the general public. Information
system technologies permit the
widespread dissemination of knowledge from space missions; this
includes television and "telepresent"
media that allow the public to share
in space activities as they occur.
Programs to involve universities
directly in the Initiative, similar to
those during the Apollo era, can rejuvenate our base of scientific and technical expertise.
Because the exploration of space
spans the activities of society, the
Space Exploration Initiative has the
potential to initiate achievements in a

wide spectrum of disciplines. The

Space Exploration Initiative will motivate
and inspire the new generations on which
our future as a nation depends.

plays a significant role in the innovation
of new technologies because it promotes
focused goals to effect practical and beneficial technological change.

Refocus U.S. position in world
leadership. The Space Exploration

Facilitate further space exploration
and commercialization. The encour-

Initiative provides us with an opportunity to re-establish and maintain
American preeminence in space, both
on a practical level and in the intangible areas of national prestige. One of
the main benefits of the Apollo program was technical innovation.
Deadlines and strict require1nents
push technology development. The
Initiative will create imaginative technologies and approaches because, as
we move down the decision paths
and receive funding, we will need
them immediately for real activities
and missions. This is a much more
effective method of innovation than
waiting for technologies to 1nature
naturally, without a focus.
Other nations have seized the initiative and, in certain areas, have
become leaders in a tradition of space
exploration that An1erica pioneered.
Our national ethic is based on a sense
of 1nanifest destiny and leadership in
new fields of endeavor. Leadership,

agement of private sector activity in
space is part of our National Space
Policy. Routine, reliable and affordable access to space is required for significant industrial activity. Large scale
industry in orbit requires a reliable
heavy lift launch vehicle. The Space
Exploration Initiative provides a focus
and rationale for the development of
heavy lift launch vehicle technology,
and will generate a launch rate that
will attract commercial interests.
Space is a vast, untapped source of
materials and energy awaiting industrial develop1nent for the benefit of
humanity. The production of commer-

however, cannot be declared . . . it must
be earned.

Develop technology with terrestrial
application. The space program has
traditionally stimulated technical
innovations that have found abundant application in the marketplace,
and space technology has revolutionized and improved our daily lives in
countless ways. Transportation,
medicine and com1nunications are
just a few areas where space teclmology has made consumer goods safer,
more effective, more affordable and
easier to use.
Space teclu1ology provides several
potential alternatives for producing
energy. Solar power or fusion fuels
could ultimately provide clean and
safe energy for the terrestrial economy. The Space Exploration Initiative

cial products and service industries all
become feasible once routine and reliable
access to space is available.

Boost the U.S. economy. The needs
of the Space Exploration Initiative will
directly stimulate the scientific and
technical employment base of the
country, sectors whose health is vital
to our nation's economic security.
The Ini tia ti ve will generate new
opportunities for thousands of engineers, scientists, technicians and
manufacturing personnel. Because a
variety of additional jobs will be
established to support the efforts of
large programs, the cascade effect will
produce additional employment
opportunities, many in peripheral,
non-technical fields.
Creation of technologies has
always opened new markets; historically, we have led the world in profiting from technology. Aerospace technology is one of the few areas where
America retains a positive trade balance. Investment in the high technology needed for the Space Exploration
Initiative will maintain and significantly improve our share of the global
market in technology and positively
13

ARCHITECTURES

n architecture is both a set of
objectives ordered to achieve
an overall capability and the
sequential series of nussions (including specific technical activities) to
i1nple1nent those objectives. Subsequent sections of this chapter discuss the considerations and constraints affecting all architectures, the
common elements across the arclutectures and the four architectures.

A

Commonality of Architectures

Architectures
I.

Mars Exploration

II.

Science Emphasis for
the Moon and Mars

Ill.

Moon to Stay and Mars
Exploration

IV. Space Resource
Utilization

16

Although the architectures presented
here differ, there are conunon aspects
that relate to mission sizing, launch
opportunities, duration and surface
activities. The dates provided are estin1ates based upon the optimwn launch
opportunities for Mars. The dates are
notional and depend upon available
resources and technological developInent.l The target year for the first landing of humans on Mars, 2014, is
common to all architectures, except
Architecture IV. Architecture IV has a
first landing in 2016. The year 2014 is
chosen conservatively to allow for
accomplishing the necessary system
demonstrations and preparations on
the Moon prior to atte1npting the challenging Mars 1nission. This also coincides with the opening of a 15-year synodic period of optimum low energy
Earth-to-Mars missions. Missions to
Mars are possible on 26-month intervals. Recognizing there can be progran1 delays, the President's goal of a
landing by 2019 is still possible with
alternate Mars opportunities in 2016
and 2018. The synodic window starts
to narrow in 2020 . Although son1e
flexibility is possible with the dates for
lunar activities, they are selected in
order to accomplish activities specified
by individual architectures, and to properly certify equipn1ent and procedures
for the Mars n1ission in preparation for
the initial launch date.
All Mars architectures are designed
for a 30 to 100 day stay for the first
lnission and an approxin1ate 600 day
stay for subsequent missions. This

leads to total 1nission durations of
approximately 500 and 1,000 days
respectively. It is assumed that after
the first human Mars 1nission, coupled
with the experience gained on the
Moon, confidence in syste1ns and
hu1nan capabilities will allow for
longer duration missions. A crew of
six was selected for both the Moon and
Mars missions to achieve 1naxi1num
commonality for equipment, crew
tasks and procedures. For the first two
piloted 1nissions to the Moon, one crew
me1nber remains in orbit to perfonn
inflight experiments and to monitor the
orbiting vehicle while the other five
descend to the surface. All six go to the
lunar surface after sufficient confidence
is gained that the orbiting vehicle
remains in an acceptable status while
unattended. At Mars, all crew members descend to the surface for every
lnission, as the reliability of the unattended vehicle has been verified
around the Moon. This reduces the
hazards associated with space radiation and prolonged time periods in
zero gravity.
Architectural activities are described in terms of Initial Operational
Capability and Next Operational
Capability on both the Moon and
Mars. These concepts are used for
three reasons: to provide a point at
which accomplishments to date can
be meaningfully evaluated; to provide decision points at which a given
progrmn can be continued, modified,
or stopped; and to let each n1ission
contribute to the capability required
to meet the next operating level in the
sequence. After the lunar Initial
Operational Capability in all architectures, a decision can be made to conduct the preparation-for-Mars lunar
lnission and then proceed directly to the
Mars mission.

Diversity of Architectures
Architectures described offer diverse
approaches, emphases and program
scope and scale for the Space
Exploration Initiative. From a the-
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radiation effects. Reducing the trip
time is the best method to limit the
galactic cos1nic radiation exposure to
the crew. Once on Mars, the planet
and atmosphere provide adequate
protection.
Solar flare events n1ay be incapacitating or lethal for an unshielded
astronaut; however, the short duration and the energy spectrum of solar
flare events (lower than the energy
spectru1n of galactic cosmic rays)
1nake radiation storm shelters an
effective countenneasure. The mass
penalty for shielding can be reduced
by using water for passive shielding.
The excess water required will also
enhance safety by providing a backup to water loop closure systems. A
radiation storm shelter with 16
g1n/ cm2 of water is estimated to provide adequate shielding against
anomalously large solar flare events.
Solar monitoring satellites and observations from Earth will enable long
range predictions of solar flare activity for mission and extravehicular
activity plamung purposes. In addition, onboard radiation monitors will
provide real time warning to alert the
crew to seek the shelter during an
event.
Biological experience gained from
operations in the lunar enviromnent,
along with passive radiation shielding and reduced trip times, should
provide adequate protection to the
crew for the Mars rnissions.
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Zero Gravity
The issue of mission duration is central to the discussion of archltectures.
Within the context of the proposed
exploration missions, there are several distinct gravitational environments.
Extended stays on the lunar surface
will result in exposure to one-sixth
the Earth's gravity. Mars 1nissions
will entail exposure to zero gravity
during the outbound leg, threeeighths the Earth's gravity during
surface stays of 30 to 600 days, and
zero gravity during the return trip.
Human exposure to zero gravity
results in a deconditioning process,
which is related to the tin1e spent in
the reduced gravitational field.
The existing knowledge base for
deconditioning from long term zero
gravity exposure consists of Skylab
data, up to 84 days duration; and
Soviet Mir space station data, with up
to 366 days duration. These experiences, to be confirmed with additional research, indicate that with appropriate countermeasures, a crew can be
maintained in satisfactory condition
throughout long duration flights;
therefore, artificial gravity is not
incorporated in the fotu arclutectures.
It is expected that while crews are on
the Martian stuface, the three-eighths
Earth's gravity will help maintain
their physiological health.
It is necessary to fully understand
deconditioning effects in order to ensure

COMMON ACTIVITIES
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ta le for Ea rth-d welle rs, sinc e the
dynanucs of global climate change are
as poorly w1derstood as they are life
threa tening. With the concerns over
Earth's global wanning and the long
term effects of pollution on the environment, the his tory of Mars holds
valuable insights tha t w ill assis t in
understanding a nd in1proving the
Earth's evolving envirom11ent. Studying Mars also helps in understanding
plane ta ry processes and fo rma tion
and in understanding the history of
the Solar System . The exploration of
this planet nullions of nllies from the
Ea rth co n1pl em ents the e ffort s of
Missions to Planet Earth and could
hold a key to understanding our own
planet.
Surface Science Activities (100 days)
The arrival of hun1ans on the surface
of Mars opens new vistas of scientific
accon1plishment. Field s tudies become possible w hen human powers
of observa tion and thought are present, both through the actual presence
of humans and by extension through
telepresence, the projection of som e
human p owers of discernn1ent and
cogtution through a machine.
Each nussion carries a pressurized
rover, giving the crews access to areas
witlun a 50 kn1 radius of the landing
site for the first flight, increasing to a
100 kin ra dius in subsequent Inissions . Becau se they w ill h ave been
preced ed by a robotic su rface rover,
the crew 's first task is to thoroughly
characterize the landing site environment witlun a radius of 2 kn1.
Detailed field study of the geology
of tlus area is an ongoing task of the
crew m en1b ers rem a ining b ehind
willie others conduct rover traverses.
Ex p erime nts a r e p e rfo rm ed o n a
sm all scale to tes t the feasibility of
producing fuel from local resources
and to d en1onstrate the capability to
grow food in the habitat.
Traverses in the pressurized rover
are to sites identified fro1n orbita l
imagery and the prior su rface rover
reconna issan ce. A crew of tw o or
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three travels to exanune key geological sites, collect carefull y controlled
samples, d eploy instrument packages
and d ecipher a nd und ers ta nd the
complex geology of the region adjacent to the landing site. Althou g h
general routes are planned and 1n ajor
field sites identified in ad vance, the
unique opportunity of human travel
over the Martian surface pennits traverse routes and plans to be modified
in real time. This capability is the corn ers to n e of condu ctin g true fi eld
exploration, and the maximum possible latitude for operational changes is
gran ted to the crews during the Mars
visit. In this way, significant discoveries are most likely to be made and, as
important, foll owed up w ith additional field work.
As an exa mple, a la nding site
might be selected adjacent to certain
smooth deposits contained witlun the
floor of the Martian canyons; studies
h ave su gges ted tha t these deposits
represent ancient lake sediments. A
site reconnaissance orbiter docLm1ents
the geologic relations and context of
these d ep osits in som e d etail and a
pre-deployed surface rover obtains
data on their surface composition and
physical properties, including a search
for outcrops and other exposures.
It is left to the crew to exa mine
these d eposits and perform geologic
field work. Tlus consists of systen1atically examining, measuring and sampling exposed lake deposits, Inapping
th ei r ex te nt a nd continuit y, a nd
searching the rock exposures for possible fossil rem ains. The field work
proceed s on both a contingency and
an iterative basis. In the first case, the
crew's specific field tasks are actively
directed by sig11ificant findings in the
field; these decisions are n1ad e by the
field crew in real tilne. In the second
case, the crew has the ability to revisit,
re-examine and re-sample previously
explored field sites, both to su p plem ent n ew knowled ge and to place
d ata into new contexts derived fron1
the evolving conceptual fram ework.
Such work requires insight and geo-
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on Mars. These robots are controlled
by human operators from a central
site either on Mars, near the landing
site, or from Martian orbit. Extensive
field work is conducted, instruments
are deployed and samples are collected by these n1achines under human
control. Samples and data are collected at centralized locations for transport to the Mars habitat for first-order
analysis and ultimately, to the Earthreturn spacecraft.

Orbital Activities
If the crew were unable to land and
were forced to remain in Martian
orbit, a variety of scientific activities
would be possible. Orbital science
roles for humans fall into three
broad categories: opera tors of
instrument platforms, scientific
observers in orbit, and participants
in surface exploration by means of
robotic telepresence.
Orbital instrun1ents are an integral part of the global reconnaissance of any planetary body. Global
observations from orbit are largely
accomplished by robotic precursor
1nissions. An instrument platforn1
could be built into an orbital vehicle
and operated in Mars orbit under
direct hun1an supervision, but it has
not been baselined. This operation
involves instrument cycling, repair
and n1anual contingency operation.
The value of humans as instru1nent
operators was de1nonstrated during
Apollo lunar orbital operations,
again during the Skylab program
and on numerous shuttle flights.
Direct visual observations from
orbit allow the crew to examine terrain selectively, identify important
or critical elements and decipher or
unravel complex geological or meteorological phenomena in near real
time. The resolution of direct observation is partly altitude-dependent
and is augmented by optical devices
(e.g., telescopes). The key factor is
the human ability to synthesize disparate data to obtain new geological
insight. As an example of how this
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might happen, the famous orange
soil discovered on the Moon by
Apollo 17 was little more than a geological oddity until the geologist astronaut recognized regional deposits of
orange soil from orbit. Our understanding of the significance of both the
samples and its regional extent
increased greatly through this direct
observation from orbit; we now
know that orange soil represents a
n1ajor phase of volatile-rich lunar
volcanism in this region around
three billion years ago. Thus, significant clues to planetary geologic evolution may be uncovered through
the use of human observations from
orbit. Depending upon orbital
parameters it 1night also be possible
to conduct scientific observations of
the Martian moons, Phobos and
Dei1nos, as well.
The concept of telepresence depends on nearly instantaneous response between the human control
operator and the slave robotic system.
Orbiting vehicles maintain distances
of a few hundred kilometers from the
planet's surface, permitting true telepresent operation of robots on Mars
by human controllers in orbit. Thus,
orbiting crew members become active
participants in surface exploration.
These telepresent robots act in direct
cooperation with the surface crew, as
an extra member of the field party or
as an independent explorer. In the latter case, the robot n1akes periodic
returns to the surface lander to discharge its cargo of collected samples
and stored data not directly transmitted to orbit. This telepresence mode of
surface exploration not only greatly
extends hu1nan reach, by accessing
areas either too distant or inaccessible
by the surface crews, but also provides a back up capability for surface
field work by putting human "presence" on the surface, possibly under
conditions in which humans could
not effectively operate (e.g., abort conditions, dust storms). This third type
of human activity from orbit greatly

-dM''''i''"~'fin 2018 with cargo missions preceding each piloted mission by approxilnately two years.
Lunar Phase

Lunar Precursors. The landing site is
selected by reviewing the data and
photography fron1 Apollo and other
sources, and requires no new lunar
precursor n1issions. This process
proved to be successful for six Apollo
lunar landings.
Lunar Initial Operational Capability.
This Initial Operational Capability
will demonstrate that we can return
to the Moon safely, unload cargo and
en1place and operate a habitat for at
least a lunar daytime. The first
hun1an lunar 1nission is flown in 2005
with a crew of six. The piloted lander
is preceded by a cargo lander that
contains the habitat, a power supply,
consLunables, cryotank verification
test equip1nent and an unloader. The
initial stay is for 14 Earth days. Five
crew members descend to the surface
taking an unpressurized rover, with
the sixth crew member remaining in
orbit. They live ou t of the lander
while setting up the habitat and its
regolith shielding. Solar power is
used for the initial stay. The first crew
on the surface installs the solar flare
warning system near the habitat.
Another five-member crew retun1s
to the first landing site in 2006 for
another 14 Earth days, living in the
habitat, with a sixth crew 1nember
remaining in lLmar orbit. They check
out the condition of the equipment,
check the cryotank verification test
and deploy small instruments to survey and examine interesting geologic
sites. If an Apollo site is chosen, the
equipment left behind from that mission is examined to determine the
effect of long term exposure on the
lunar surface. Certain elements are
disassembled and brought back to
Earth for analysis. The successful
completion of this flight constitutes
achieving the Initial Operational
Capability.
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Lunar Next Operational Capability-1.
The next capability in this architecture
is designed to demonstrate that we
can operate effectively on the Moon
for an extended period of tin1e,
including a lunar night (14 Earth
days), using prototypical Mars equipment. This flight is the prelude to
the dress rehearsal for the Mars nussian. After achieving the Initial
Operational Capability, a cargo flight
is sent to the Moon the next year,
2007. This flight carries a pressurized
rover and a nuclear surface power
plant to the original landing site. This
cargo mission is followed by a piloted
mission with six crew 1ne1nbers. The
six crew members descend to the
lunar surface. Tlus mission would be
45 to 60 Earth days in duration. The
crew fully evaluates the pressurized
rover, including the telerobotics. Of
necessity, they do meaningful science
activities in the process of accomplishing their evaluations. They accmnplish the reconnaissance leading to
the selection of a nearby Mars rehearsal landing site on the Moon.
They also accmnplish a verification of
all the procedures required by such
operations. The nuclear power system is activated and its performance
verified. Equipment is configured to
permit continued remote operations
and obtain further reliability data subsequent to the crew's departure. The
successful completion of this flight
cons titutes achieving the Next
Operational Capability-I.
Lunar Next Operational Capability-2.
At tlus stage, the aim is to perform a
complete dress rehearsal for the mission to Mars while acquiring significant life science data. In 2008, the
year following achieven1ent of the
Next Operational Capability-1, the
Mars dress rehearsal is initiated with
a cargo mission to the lunar site chosen for the Mars simulation, in close
proxin1ity to the original site. Moon
analogs to Martian sites are shown on
the next page. This flight carries the
same cargo configuration that will be
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Science Emphasis for the
Moon and Mars
This architecture's prin1e focus is balanced scientific return fron1 both the
Moon and Mars. Emphasized throughout are exploration and scientific
activities, including complementary
hun1an and robotic missions required
to ensure optin1um return.
Strategy
The Moon and Mars are emphasized
equally, and an early global assessInent of both bodies pernuts a variety
of initial missions designed to better
understand global diversity. Life science data required for Martian missions are generated through extensive
operations on the Moon.
The operational strategies of this
architecture emphasize the use of
human-controlled robotics (teleopera-
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tions and telepresence) to assist
human activity on the surface. Instrument emplacement focuses on
early deployment of portable instruInents wluch gather observation data
independent of lunar location. In the
latter stages of architecture implen1entation, emphasis shifts to larger
scientific experi1nents and instrun1ents after developing surface capabilities for construction, maintenance
and operations. Continuous exploration activities yield a significant scientific return through the use of a
balanced mix of human and robotic
exploration techniques.
The option to pursue exploration
of a near-Earth asteroid is included in
this arclutecture. A precursor robotic
probe could be sent to survey the
selected asteroid, followed by a
hu1nan mission.
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the habitat become com1nonplace.
Comple1nenting the progress of the
surface activities are orbital activities
in lunar orbit.
Subsequent to the establishment of
the desired long term operational
capabilities for exploration and science on the Moon, human missions to
Mars take place. All knowledge
gained by the activities in lunar orbit
and on the surface becomes part of
and is complementary to the dress
rehearsal for the Mars mission.
Lunar Phase

Lunar Precursors. To conduct global
recoru1aissance and to assure that scientifically productive landing sites are
selected, two robotic precursors - the
lunar reconnaissance orbiter and the
lunar network- are launched in 1999
and 2001, respectively. The lunar reconnaissance orbiter produces a global
remote sensing data base, consisting of
ilnaging, cl1emistry, mineralogy, topography and gravity data. The lunar network consists of a minimum of eight
surface geophysical and enviromnental
surface stations equally distributed
around the Moon.
The network should have a miniInurn lifetilne of ten years. Components
of the geophysical station will be a seisInometer, heat flow probe, a nlagnetometer, local geochemistry mstrwnents
(alpha particle counter and x-ray fluorescence spectrometer) and in1aging
mstruments for terraill characterization.
The enviromnental station will have
ffistnunents that n1easure lTieteorite flux
and dust frmn secondary meteor linpact
crater ejecta, plasmas, fields and particles, and the ltmar "atmospheric" composition (neutral and ion mass
spectrometers).
Several locations for lunar landing
sites are detennined fron1 the lunar
reconnaissance orbiter and network
data. Three sites which offer the most
geological diversity and are cmnplex
and challenging enough that human
presence is required, are selected for the
Initial Operational Capability human
landll1gs.
42

Lunar Initial Operational Capability.
The lunar Initial Operational Capability of this architecture is designed
to demonstrate a safe return to the
Moon with significant exploration
capability, to land at and explore
three complex sites and deploy selected observation instn1ments. In 2003,
the first hu1nan 1nission to the Moon
lands at one of the three preselected
sites. A crew of five lives in the lander during lunar daytime of 14 Earth
days, with one crew me1nber remainillg in orbit. They have a pressurized
rover with a traverse radius of 50 km
(increasing to 100 km on subsequent
missions) and a telerobotic prospector
capable of being operated frmn the
Moon surface, lunar orbit or from
Earth. Observation instruments consist of an environmental conditions
survey package, a portable magnetospheric observatory and an operations test telescope. A solar flare
warning syste1n is also included.
Surface activities focus on exploration of the Moon. Two astronauts
utilize the rover to explore, conduct
field work and deploy instrument
packages. Other crew activities
include e1nplacement of the observation instruments. In addition, crew
members operate the local telerobotic
prospector, a remotely controlled
robotic device with various analysis
instruments for both reconnaissance
sampling and resource identification
and characterization. In the following
years, 2004 and 2005, two nearly
identical missions occur at other
selected sites, with the traverse radius
increasil1g to 100 km from the lander.
Lunar Next Operational Capability-1.
The next capability is designed to
both extend the length of human
presence on the Moon and to establish a pennanent crew-tended outpost, building up the lunar surface
infrastructure. Additionally, more
exploration and the construction of
the pennanent lunar observatory are
begun. The 1nost notable difference
fron1 Initial Operational Capability to

ARCHITECT URE

Ill

Moon to Stay and Mars
Exploration
This architecture emphasizes permanent hun1an presence on the Moon,
co1nbined with the exploration of
Mars. Long term hun1an habitation
and exploration in space and on planetary surfaces are conducted, providing terrestrial spinoffs to improve our
life on Earth and to increase our
knowledge of both the Solar System
and ourselves.
Strategy
Orbital and surface precursors are
used to select a site prior to the establishment of pennanent facilities. The
lunar transportation infrastructure is
established through frequent missions to the Moon. One of the major
objectives is to build towards life-support self-sufficiency for breathing
1998
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gases and food production on the
Moon. Waste n1anagement technologies are developed to support an
extended human presence on the
lunar surface. Sufficient and cmnfortable living space should be provided
for routine activities rather than austere and spartan features inherent in
the other architectures. Limited independence from Earth, wlUle maintaining an effective com1nunication and
video link for science and education,
is a goal of the architecture.
The permanent presence of
humans on the Moon gives us an
in1pressive scientific capability.
Science on the Moon emphasizes
exploration and observation. For
lunar exploration, extended traverses
in a pressurized rover permit detailed
study of cmnplex and puzzling lunar
features and processes. Robotic assistants extend human reach for great
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global and local information designed
to optimize the location of the permanent outpost site on the Moon. At the
Initial Operational Capability, cargo
and piloted flights are launched,
sending a crew of five to the surface
to emplace the habitat and begin living and working on the Moon in
2004. Subsequent capabilities and
Next Operational Capabilities 1 in
2005 and 2 in 2006 increase the capacity of the outpost for human habitation, building up to a capacity of 18
by the Next Operational Capability-3
in 2007. Simultaneously, the crew
members will explore the lunar surface, conduct extended traverses and
emplace scientific instruments and
resource and life sciences experiInents. The buildup of substantial
lunar surface infrastructure will permit construction of a large astronomical observatory and extensive
surface exploration. In 2009, the
Mars rehearsal mission is flown,
partly using the capabilities of the
permanent outpost to den1onstrate
equipn1ent and procedures for the
Martian mission. The Mars phase of
this architecture consists of the exploration scenario described in
Architecture I.
Lunar Phase
Lunar Precursors. Reconnaissance
orbiters are launched in 2000 to gather information on potential landing
sites and to collect global remote sensing data. A robotic rover is sent to the
lunar surface in 2002 to further investigate and characterize the selected
sites in preparation for a piloted landing on the surface of the Moon in
2004. This precursor rover may carry
instruments to i1nage the subsurface
(e.g., ground-penetrating radar) to
certify the site for the installation of a
permanent habitat.

Lunar Initial Operational Capability.
The goal of this Initial Operational
Capability is to return safely to the
Moon and establish a crew-tended
site while conducting survey work for
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a future permanent habitat . The
launch of the cargo mission takes
place in 2004, followed by a piloted
flight with a six-member crew. The
cargo flight carries a habitat with an
airlock, an unloader, a nuclear power
supply, a bulldozer, the cryotank verification test equipment, portable science instruments, an optical test
telescope, pressurized rover and a
solar flare warning system. The piloted mission delivers five of the crew to
a site near the cargo ship, while the
sixth crew member remains in orbit.
The piloted n1ission carries an
w1pressurized rover and supplies for
a 14 Earth-day mission (one lunar
daytime).
The crew sets up the habitat and
nuclear surface power system. This
activity includes preparing the site,
unloading and shielding the habitat
with regolith, and checking systems
to ensure proper operation. The crew
emplaces, tests and activates the
nuclear power supply, which will be
located approximately 1 km from the
habitat and activates the solar flare
warning system. The habitat and
transportation systems are optimized
for the Moon. However, the experience gained in both equipn1ent and
operations from the lunar background are directly applicable to
Mars missions.
The crew lives in the lander until
the habitat is operational. They also
perform detailed surveys of the site
for the permanent habitat and various
equipment sites; smne surface scientific exploration is also undertaken in
addition to performing habitat installation. The crew emplaces portable
instruments and an optical test telescope within 1 kin of the habitat site
and secures the site for the future
arrival of the next crew.

Lunar Next Operational Capability-1.
At this stage, the objective is to remain on the lunar surface safely
through a complete lunar day I night
cycle while establishing the infrastructure for the permanent habitat.
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post infrastructure is brought on the
next cargo ship.
In 2007, six-member piloted n1issions will be launched in the first, second and third quarters, building to an
outpost capability of 18 crew rnembers living and working on the Moon.
Each crew of six will rotate yearly. In
2008, crews of six will again be
launched in the first, second and third
quarters to replace the crews sent the
previous year. A cargo ship with
additional supplies will be sent in the
fourth quarter. This quarterly launch
rate will be continued, maintaining
the outpost population at 18 crew
members . An option would be to
decrease or increase the outpost population by varying the launch rate in
any given year. However, in order to
increase the population greater than
18, an additional habitat must be
added to the outpost. Additional
missions could continue past 2020.
In this stage, the goal is to
approach self-sufficiency in food production and achieve demonstration
levels of production of breathing
gases and water. Fourteen-day exploration traverses are conducted with
the pressurized rovers; radius of operations is maintained at 100 km.
These long duration trips will permit
detailed geological investigations to
be conducted, including significant
field work. At the lunar observatory,
the aperture of the 4 m telescope is
increased to 16 rn by the addition of
modular sections.
An important aspect of this long
mission is to prepare for missions to
Mars while living on the Moon. This
long duration on the Moon creates an
important database on human presence in a reduced gravity environ-
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ment. In addition to monitoring the
human effects of such presence, the
crew conducts those operational
activities representative of the Mars
mission.

Lunar Next Operational Capability-4.
This capability begins in 2009 and
prepares for Mars missions by conducting the Mars dress rehearsal missions outlined in Architecture I. This
dress rehearsal requires only one additional mission over the three pla1u1ed, as
support would be provided by the
lunar inhabitants in addition to their
other duties. Crew rnembers already on
the surface travel to the simulation site
and are available to provide assista11ce
as in the other architectures. An additional crew will not be required to be
launched for the 90 day rnission outlined in Architecture I.
Mars Phase
This architecture uses the cmnmon
Mars exploration described previously in Architecture I. The extensive
knowledge base on hun1an habitation
derived fron1 the lunar experience
greatly aids the transition to longduration stays on the Martian surface.
Such experience includes optimun1
rnethods of habitat emplacement, surface operations, dust and environmental control and use of indigenous
resources. Some comrnonality of
resource utilization techniques and
equiprnent is expected to ease logistical problems for the 600 day stay on
Mars. Just as importantly, human
physiological and psychological
effects of long stays on planetary surfaces will be much better understood
as a result of the lunar outpost experience.
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12 p eo ple a t a time. A ft er a M ars
dress rehearsal mission is performed
on the Moon in 2011, the Mars Inission is conducted . Special resource
utiliza tion exp eriments on Mars are
featured in keeping with the theme of
this a r chitec ture. In ea ch phase,
buildup of capability is highly d ependent upon the success of the preceding activity.
Lunar Phase

Lunar Precursors. Lunar ac tivity
begins with a pair of reconnaissance
orbiters in 1999 . Da ta from these
sa te llites a llow selec tio n of a site
w hich has excellent resource potential, but which also has superior characteristics for exploration, science and
habitation . A telerobotically operated
rover verifies the suitability of the site
two years later. Then, in preparation
for the first human rnission, an experi-
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n1ental resource processing plant is
deployed at the selected site in 2003.
Operating autonmnously, this s1nall
plant produces and stores oxygen as
its 1nain product, lesser am ounts of
hydrogen and solar w ind-en1planted
gases, and demonstration amounts of
other materials.

Lunar Initial Operational Capability.
The goal of the Initial Opera tional
Capability in this architecture is to
retur n safely to a site on the Moon
with excellent resource potential for a
stay of a lunar daytime w hile d emonstrating in situ fuel production for use
in a s urface rover a nd in ascent /
d escent vehicles. Human activity on
the Moon begins in 2004 w ith the
arrival of a crew of six, w ith five crew
m embers going to the lunar su rface
for a 14 Earth-day stay. They live out
of the ha bi ta t a nd bring a s n1a ll,
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Each mission provides a measurable
increase in capability and a logical
decision point for determining the
final configuration of the Next Operational Capability.
Throughout this period, the focus
of the increasing activity on the Moon
continues to be resource development. The intent is to produce, store
and use a wide variety of lunar materials including gases, for fuel and air,
fused silica sheets and beams for construction, solar cells (made from lunar
material) for power, and experimental
quantities of Helium-3 to be exported
for use in the Earth-based fusion program. Other experiments take place
at the Moon site such as bea1ning
power back to Earth or to an orbital
cargo transfer vehicle to test the usefulness of that technology, trial export
of limited quantities of construction
materials and solar cells to evaluate
their usefulness, and testing of processed regolith as soil for growing
food in reduced gravity.
The earliest potential payback is to
use lunar-derived fuel- in the form
of hydrogen or methane, plus oxygen
- first to power lunar vehicles such
as rovers and utility equipment; then
to refuel lunar ascent/descent stages
to or from lunar orbit or a Lagrange
point with cargo; and finally to fuel
transfer vehicles between the Earth
and Moon. The Lagrange point staging area may prove attractive. The
initial propulsion is conventional
chemical, employing liquid oxygen
and liquid hydrogen or methane, but
because liquid hydrogen is an excellent working fluid for a nuclear thermal rocket or a plasma thruster, it
could be eventually used in these
applications as well. Methane may be
manufactured on the Moon and
Mars, and is storable, which may
prove attractive for local transportation.
The feasibility of beamed power is
tested using power generated on the
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Moon and beamed to a vehicle in
space. A further test beams power to
Earth to demonstrate the potential of
importing energy from space. This
test establishes the operational limits
of beamed power and determines if
transmission to Earth can be accomplished economically.
The basic features of this concept
call for continuously expanding production and storage capabilities for
fuel gases on the Moon. Development of transfer and landing vehicles
which are reusable and refuelable on
the lunar surface, in Earth and lunar
orbit, or at a Lagrange point, would
follow. These vehicles transport fuel
from the Moon to both 1unar and
Earth orbit. There are both cargo and
personnel transport vehicles, and the
cargo transport type is configured as
a conventional cargo carrier or tanker.
The result is a lunar-based transportation infrastructure.
The above applications are far
from being an exhaustive list of the
uses of ltmar resources. The concept
is to encourage the develop1nent and
use of resource categories not specifically stated or envisioned at this time.
More opportunities may arise, innovation is encouraged and eventual
transition to commercial activities is
stimulated. Three things are certain:
using resources near at hand potentially lowers the long term investment
in space activities, broadens the range
of human activities in space, and provides a large payback in later years.

Lunar Next Operational Capability-2.
This Next Operational Capability will
perform the dress rehearsal for a mission to Mars. The fifth piloted mission to the Moon in 2011 returns to
the established site, but is planned as
the dress rehearsal of the Mars mission. The total mission duration is
500 days, with only 40 days to be
spent on the lunar surface; the rest is
spent in lunar orbit, 200 days before
landing and 260 days after leaving

CONCEPT ALTERNATIVES
I

s the Synthesis Group developed architectures, it became
clear that several technological
and operational alternatives generated
in the Outreach Program could
enhance the performance, reduce the
cost or shorten the schedule, but usually with an increase in risk. Conversely, there were technological and operational concepts proposed that were
lower in risk but also lower in performance potential. These were not utilized in an architecture but should not
be disregarded. Other alternatives recon1rnended had questionable payoff
or were beyond the time scale of this
investigation. Representative examples are addressed under the following categories:

A

1)

Backup options

2) Relevant concepts that
should receive further considerations as future systern
architecture studies are conducted and technology
matures
3) Futuristic concepts or technologies outside the time
scale of the Synthesis Group
architectures (2020) which do
not warrant substantial
investment

Backup Options
Chemical Propulsion
Chemical propulsion for Mars transfer vehicles provides a backup system
to nuclear thern1al rockets. Given the
lower perforn1ance of chen1ical
propulsion for the Mars mission, the
prin1ary reason for considering it is to
provide an option if the high specificimpulse nuclear thern1al propulsion
option does not becon1e available.
Chemical propulsion offers at best
half the specific impulse available
from a nuclear thermal rocket; as a
result, a Mars rnission using it will
require much more fuel. The lower
specific impulse of chemical propul58

sion systems can be son1ewhat mitigated by using long stay-time (1,000
day total mission duration class) trajectories from the start, rather than
just for the later missions (as preferred for the baseline approach).
This leads to lower Earth orbit 1nasses
which are significantly reduced from
the 500 day class missions (but still 50
to 100% greater mass to low Earth
orbit than for the comparable nuclear
thermal rocket mission). Tradeoffs
with regard to departure dates, elliptical orbits around Mars, and reductions in dry 1nass become much rnore
critical in attempting to dev lop reasonable total systen1 masses for chemical propulsion missions.
Nuclear Electric Propulsion
Nuclear electric propulsion was seriously considered for the Mars cargo
vehicle. Its high specific impulse was
very attractive for this mission just as
its low thrust made it less attractive
for the piloted n1ission. One consideration that was given to the nuclear
electric propulsion technology was
that it might easily evolve from the
surface nuclear power plant that will
have to be developed . However,
when considering only the Mars
Initial Operational Capability and
Next Operational Capability, it was
decided to baseline the nuclear thermal rocket.
Within the 2020 timefran1e, an
option exists to use nuclear electric
propulsion on later lunar missions to
shuttle cargo back and forth between
low Earth orbit and low lunar orbit or
Lagrange transit. The decision to
exercise this option is deferred until
the nuclear surface power development is well underway and architectural decisions result in sufficient
demand for shuttling cargo.
Aerobrake Technology
Aero brakes are devices which use
atmospheric drag instead of propulsion system thrust to modify the
velocity and trajectory of a space vehicle. (When aerobraking is used for

direct re-entry, the term aerodescent
is used; this type of technology has
been demonstrated on the Space
Shuttle, Apollo, and Department of
Defense re-entry vehicles.) Aerocapture is the term used when aerobrakes are utilized to capture a transit
vehicle into a planetary orbit. This
technology was used by NASA in the

Report of the 90-Day Study on Human
Exploration of the Moon and Mars, for
both Mars orbital insertion and for
Earth orbit insertion following lunar
or Martian missions. The main
advantage of aerocapture is the significant reduction in propellant required
as compared to a Mars orbit insertion
using all propulsive braking. However, there are some major disadvantages associated with aerobrakes.
The desired short transit times for
Mars missions result in high entry
velocities (greater than 13 km/ s) which
severely stress the aeroshell design.
Entry velocities at Mars are much
greater than Apollo entry speeds. As
the entry velocity increases, the entry
corridor for aerocapture shrinks, thermal and structural loads increase and
precise navigation requirements
become more demanding.
Present aeroshell designs utilize
low lift-to-drag ratios to increase stability and decrease aerodynamic heating. These designs impose severe
constraints on spacecraft design. The
spacecraft must fit into the wake cone
to n1inin1ize damage from convective
heating and must be protected from
radiative heating. The spacecraft
structure must also be designed to
attach to the aeroshell and be
strengthened to absorb deceleration
loads. The aerothermod ynamics of
the wake flows cannot be accurately
predicted at present, so the design
process must include substantial
hypersonic testing. The deceleration
profile must be tailored to the crew
and stntchtred limits, which dictates a
complex active flight control system
for the aeroshell-spacecraft vehicle.
The existing Deep Space Network
is not sufficiently accurate for pre-

capture navigation updates. As a
result, either Mars navigation satellites or surface beacons would be
required. In addition, unknown Mars
atmospherics could adversely affect
the aeroshell and flight control system
design. Atmospheric density could
vary by a factor of two or three and is
unknown at atmospheric entry unless
there are weather satellites at Mars.
Further, the extent of possible dust
storm erosion on the thermal protection system is not well known.
Finally, if propulsive braking propellant is eliminated by using aerocapture, it will not be available for contingency trans-Earth injection burns in
the event of a mission abort.
In addition to the myriad problems
that aerobrakes will encounter at
Mars, extensive on-orbit assen1bly is
required using either extravehicular
activity or robotics. The thermal and
stntctural integrity of the assembled
structure, as well as center of mass,
cam1ot be easily verified.
NASA's current Aeroassisted
Flight Experiment will provide useful
teclu1ology data that can have potential aerobrake applications for Earth
entry and may have application for
Mars precursor missions, in cases
where the entire vehicle would be
assen1bled and integrated on the
ground before launch. This utilization of an aerobrake could save the
program from manifesting the mission on a heavy lift launch vehicle,
allowing it to be flown on a smaller
expendable launch vehicle.

Relevant Concepts
Early Trip to Mars- Nuclear
The Mars Exploration architecture
baselines its first piloted flight to Mars
in 2014. An aggressive Mars option
exists using an accelerated nuclear
thennal rocket development progran1
that would move this date up by six
years to 2008. Because of the synodic
relationship between the Earth and
Mars, this is the last window prior to
2014 that should be considered. Such
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While the development of nuclear
electric thrusters is rnoderately well
advanced, the main issue in the technology status of these systems is the
lack of space-qualified nuclear power
systems in the 1 to 5 MW range. A
robust technology progran1 to develop multi-megawatt nuclear systen1s
for both surfac and space application
could result in the use of nuclear electric propulsion for Mars cargo rnissions. The major advantage of these
systems is the very low propellant
requirements for interplanetary n1issions. This directly translates into a
cost savings due to a decrease in the
amount of propellant needed in low
Earth orbit.
Pronusing nuclear electric thrusters
include ion and n1agnetoplasrnadynamic engines. Ion engines use a
noble gas such as Xenon or Argon as
a propellant. Ion systems have specific irnpulses approaching 10,000 seconds, but tlus benefit is offset by a low
thrust level. Magnetoplasmadynarnic
thrusters have demonstrated high
perforn1ance with specific impulses
ranging from 3,000 to 6,000 seconds.
Baseline
Chernical systems, such as liquid oxygen-hydrogen or liquid oxygenkerosene (RP-1), are the prin1ary high
thrust systems for Earth-to-orbit operations and lunar rnissions.
For low thrust missions such as
lunar ascent and descent, storable liquid systems are utilized (nitrogen
tetroxide-unsymrnetric dimethylhydrazine, etc.). Numerous storable propellant systems have demonstrated
the necessary throttling for ascent and
descent applications. High performance systems such as liquid oxygenhydrogen need to demonstrate long
term storability.
Paran1etric studies for piloted
Mars transfer rnissions show that
chemical propulsion is an undesirable
option since the initial n1ass to low
Earth orbit requirements exceed 1,100
rnetric tons in addition to providing
limited launch opportunities and

requiring longer transit times. The
piloted Mars transfer vehicle uses a
nuclear thennal rocket propulsion
systern with a high thrust to weight
ratio (approaching chen1ical propulsion systems). The initial Mars cargo
missions will also use the sarne high
thrust-to-weight nuclear thennal
rocket propulsion systern and provide further ir1flight verification prior
to the piloted flight. Follow on cargo
n1issions may use nuclear electric
propulsion.
Near tenn Earth-to-orbit and lunar
cargo transfer will use a conventional
cryogenic chemical propulsion system.

Nuclear Thermal Rocket
Performance Goals
• Engine specific impulse 2::
925s
• Thrust-to-weight ratios
approaching those of
chemical systems
• Start/stop cycles 2:: 10
• Highly reliable, environmentally sound, and inherently safe

Development Programs
Propellant rnanagement in zero gravity has several technology problems
and issues which need to be resolved,
such as tank staging and whether to
use wet or dry transfer. To meet the
timetable for returning to the Moon,
handling experiments should be completed by 1999 and, therefore, be initiated soon. It n1ust be emphasized that
although no new physics is involved
and all propellant n1anagement issues
are engineering problems only, actual
dernonstrations will be a significant
challenge.
Advanced developn1ent in chemical propulsion technologies, such as
the large pintle-controlled injector
and the liquid/liquid platelet injector
concept, holds prmnise for reductions
in cost without n1ajor perfonnance
penalties.
In order to provide a flight qualified nuclear thennal rocket for the
2014 Mars n1ission, an aggressive
development prograr11 must be irutiated.
Testing of an integrated nuclear
thermal rocket presents a challengir1g
engineering and political problem.
The safety issues regardir1g operation
are principally concerned with accidental release of radioactive material.
Location of potential Department of
Energy ground test sites are very isolated and the amount of radioactive
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POWER REQUIREMENTS
Functions
Transportation
Spacecraft
Piloted
Cargo
Lander
Electric propulsion

Mars Power

Moon Power

to 20 kw

to 30 kw

5 kw

5 kw

20 kw

20 kw

to 5 Mw

to 5 Mw

Surface Activities
20 kw
Day only
Habitat/lab
Initial Operational Capability
to 30 kw
Next Operational Capability
50 kw
Base Power
Initial Operational Capability
to 100 kw
Next Operational Capability
to 800 kw
Rovers
Unloader/Construction
240 kw-hr
Pressurized
Initial Operational Capability (per trip) 1900 hw-hr
Next Operational Capability (per trip) 4800 kw-hr
100 kw-hr
Unpressurized

Suggested Technology

Fuel cells (Moon)
Nuclear/photovoltaics (Mars)(1)
Fuel cells (Moon)
Photovoltaics (Mars)
Fuel cells (w/wo photovoltaics)
Nuclear
Photovoltaics

to 50 kw
100 kw

Photovoltaics or nuclear ( 1)
Nuclear

to 100 kw
to 1 Mw

Nuclear
Nuclear

240 kw-hr

Fuel cells (2)

1900 kw-hr
4800 kw-hr
100 kw-hr

Fuel cells (2)
Fuel cells (2)
Fuel cells (2)

(1) Depends on final power level
(2) In situ methane and oxygen produced on Mars may substitute for fuel cells.

tovoltaic energy, radioisotope decay
or nuclear fission reactors.
Batteries that could be considered
for energy storage include the current
generation nickel-cadmium and nickel-hydrogen and also the development of sodimn-sulfur. Their current
performance for space-qualified systems is 20 W-hr /kg with projected
performance by the year 2000 of 100
W-hr /kg or greater.
Regenerative fuel cells currently
deliver 250 W-hr /kg. By the year
2000, this could be improved to
1 kW-hr/kg for regenerative fuel cells
and two to three times this for nonregenerative fuel cells. Regeneration
elements include electrolyzers and
refrigerators to reconvert the water
fro1n the fuel cells back to liquid
hydrogen and oxygen.

Ta ble 2

Photovoltaic arrays currently
deliver approximately 21 W /kg in
sunlight at 1 astronomical unit (93
million Iniles); by the year 2000, the
goal is to exceed 200 W /kg.
Photovoltaic systems with energy
storage continue to be the primary
power system for Earth orbital operations. System performance using batteries is on the order of 3 W /kg; by
the year 2000, projected improvements should achieve 10 W /kg. For
continuous lunar surface operations
with two weeks of night using fuel
cells, current technology is 0.7 W /kg,
which includes fuel. This can be
improved to about 3 W /kg; by the
year 2000 using the improved solar
arrays and regenerative fuel cells. If
locally produced oxygen is available,
the weight of the fuel transported
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lifetin1e are solar photovoltaic systems and nuclear power. Both options
depend on future developments.
Advanced photovoltaic systems are
being developed so this option will be
available. With the recom1nended
nuclear option, a demonstration technology competition should be pursued between SP-1 00 and thermionic
reactors prior to selecting the flight
syste1n. In either case, an extremely
reliable power system is needed.
For Mars cargo missions, the
required power levels are sufficiently
low that the lighter photovoltaic
power systems are favored over
nuclear power systems.
For the landers, mission duration is
measured in hours. Energy storage in
the form of fuel cells is favored
because of their light weight and
because they will also be utilized for
lunar spacecraft. The fuel cells could
be supplemented by fold out photovoltaic arrays to increase their operational time.
For electric propulsion cargo missions, both lightweight solar arrays
(energy storage is not needed) and
nuclear were considered. A major difficulty with solar arrays is the large
size, 6,000 m2 for 5MW at Mars orbit.
Construction, costs and orientation
problems are exceedingly formidable
for solar photovoltaic arrays at these
power levels.
Moon and Mars represent different
power system challenges. For daytime stays on the Moon, lightweight,
easily deployed photovoltaic panels
are the minimum mass option over
nuclear or energy storage.
For one full lunar-day stay (28
Earth days) on the lunar surface, photovoltaic power syste1ns with energy
storage and nuclear systems are the
prime candidates. For a 25 kW habitat
load, nuclear systems as compared to
solar photovoltaic systems will weigh
one-fifth as much and save 8,000 kg
on the lunar surface. Continuous base
power that can increase to 1 MW will
weigh about 12,500 kg using nuclear

power, versus 330,000 kg using photovoltaics with energy storage.
For mobile surface power, dynamic isotope power systems, batteries,
fuel cells and in situ methane and
oxygen (Mars only) were considered.
Since sufficient Plutonium-238 is not
available to power all the projected
rovers, an alternative is needed.
Therefore, fuel cells are the candidate
of choice, but regeneration equipment
would be needed to reuse the water
as oxygen and hydrogen. This can be
done on the vehicle or at the base.
Base power would be used as the
energy source for regeneration
though the vehicles could include a
roll-out solar array for emergency
power that can be powered from the
Sun or by bemning from the base.
With the validation of in situ methane
and oxygen production on Mars,
these fuels can be used to provide the
capability for longer distances and
higher speed rovers.
Baseline
For Mars, nuclear power is recommended over photovoltaics due to the
mass savings. The nuclear units will
be developed to Mars specifications,
and the Moon will be used to validate
the deployment concept and demonstrate safe and reliable operation. On
Mars, having backup between the
habitat and base power is necessary
for safety, since a quick return home
is not possible.
Nuclear power systems to a Inegawatt level can provide base power,
including power for in situ resource
processing, refueling surface vehicles,
and emergency habitat power. These
systems will be designed for both the
Moon and Mars environments, with a
specific power of greater than 100
W /kg at 1 MW. They need to be
deployed with a minimum of robotic
or human operations. Lifetimes must
be on the order of 30 years.
Advanced regenerative fuel cells
could provide power for lunar spacecraft, landers, and surface vehicles,
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Options
A number of technical issues arise
from these requirements. Suit mass is
constrained by the need for mobility
and the level of gravity. Con1ponents
for the rejection of waste heat use radically different mechanisms for operation in a vacuum versus low atmospheric pressure. The need for dexterity places constraints on suit pressure
and indirect! y on the breathing mixture. This in turn dictates the pressure
and breathing mixture in the space
habitats, if prebreathing is to be elinunated or miniinized. Open loop life
support yields simple engineering
designs with lower suit masses than
closed loop at the expense of increasing the amount of consumables. Open
loop cryogenic life support concepts
show great promise in reducing suit
complexity and mass. The choice
between hard and soft suits involves
mass, mobility and maintenance
issues. The clinging lunar dust and
reactive soil of Mars present maintenance issues as well as potential
threats from tracking such contaminants into the space habitats.
Baseline
The baseline concept is to have a single suit for use in space, on the Moon
and on Mars. This drives many technologies. For example, a very low
weight approach is needed for Mars.
Also, present multilayer suit insulation loses most of its effectiveness in
the Martian ahnosphere; therefore a
new insulation or a suitable overgarment for the present insulation, is
needed. Open loop cryogenic support
systen1s have clear advantages in
reducing suit complexity and mass
and are baselined over closed loop life
support concepts. The only consumable in the open loop design is liquid
oxygen, which provides both breathing gas and cooling. The consumption
rate for liquid oxygen is governed by
heat rejection. This design works
equally well in surrounding vacuum
and in low ahnospheric pressure,
markedly reducing the mass of the

carbon dioxide absorbing unit while
eliminating the mass associated with
a separate heat rejection syste1n. For
mobility at lowest mass, soft suits are
baselined. A low pressure suit (less
than 5 psi) is baselined for manual
dexterity. (Apollo suit pressure was
3.75 psi.) To fulfill the suit-up-and-go
requirement, prebreathing is eliminated by specifying low pressure in the
space habitats.
Development Programs
Current space suit design is not adequate for the Space Exploration
Initiative; however, the inadequacy
stems from the suit design and not
from the level of technology. The
technologies required for the baselined space suit are mature but
require additional development.
Glove technology requires the greatest en1phasis.

Life Support
Requirements
The partially closed environmental
control and life support systen1
would be based upon the following
design considerations:

Air revitalization is required to provide a safe and habitable environment (atmosphere) for the crew.
Specific requirements include carbon
dioxide removal and reduction, oxygen generation, and trace contaminant and particulate control.

Water recovery is critical in order to
keep life support logistical resupply
within reasonable limits. This function represents the greatest technical
challenge in the area of physiochemical life support. Waste water streams
onboard spacecraft will arise from a
variety of sources, including spacecraft condensate, urine, hygiene water
(from showers, laundry) and possibly
as a byproduct of carbon dioxide
reduction. The water recovery system
must be capable of scrubbing organic
and inorganic substances from the

water stream in order to provide both
potable water and lower quality
hygiene water.

Waste management requires the processing of a number of varied waste
sources, the most notable being solid
human wastes and packaging Inaterials.
Most spacecraft have utilized open
loop life supports systems, where all
consumables are supplied from Earth
and waste products are either stored
or vented to the space environment.
Extended missions away frmn low
Earth orbit would require a high
degree of life support system closure.
The incorporation of closed life support systen1s greatly reduce the initial
mass in low Earth orbit for extended
missions.
The econo1ny of loop closure
varies as a result of the a1nount of the
effluent in a given loop. For instance,
near-total closure of the water loop is
required in that approximately 95 %
of the total waste mass is comprised
of water from various sources. Recovery of oxygen from carbon dioxide
results in substantial mass savings.
The relative economy of recycling
solid human wastes is dependent on
crew size and stay tin1es, since the
recyclable waste per day is relatively
small.
Options
The molecular sieve approach is the
favored system frmn a nu1nber of
candidates. The area in critical need of
technology development involves
carbon dioxide reduction. This technology has not been brought to a significant degree of maturity in the past
in that the open loop systems utilized
in both the U.S. and Soviet spacecraft
did not require carbon dioxide regeneration. Competing systen1s typically
employ either a Bosch reactor or a
Sabatier reactor which vary in the
chemical reaction processes. Another
evolving technology which offers
considerable promise is the direct
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closure of the food loop, and while
implementation of waste recycling is
not envisioned until a substantial
lunar infrastructure is present, this
technology is at a very low level of
maturity. Programs focused on both
small scale (salad 1nachine) and large
scale applications (biosphere) should
be supported due to the long lead
times anticipated for development of
these technologies.

Planetary Surface Systems
Requirements
Habitats are required to support
crews on the surface of the Moon and
Mars, from six crew members with
short stay times, up to 18 crew members for multi-year periods. The practical size of habitats and the requiren1ent to transport them will dictate
habitat design.
Short term space missions can be
accomplished with small crew volmnes; however, long term operations
such as described in Architecture III
would require 30 to 100 m 3 per
inhabitant. Accordingly, overall habitat size requirements range from 200
to 1,000 m3.
The habitat should maintain the
crew in a mission-dependent level of
comfort. The habitat system consists
of a primary structure, life support
systen1, internal struch1re and equipInent and an airlock. The task of the
primary structure is to maintain air
pressure. The life support system
manages and controls the air chemistry, temperature, food-water supply
and waste removal. The co1nfort
enhancing requirements are performed by a host of additional equipn1ent. These include internal walls,
floors, kitchen and hygiene equipInent. The main requirement for the
airlock is to li1nit air loss and dust
entry.
The habitat mass (both direct and
logistic needs) is one of the prin1ary
considerations on the mission launch
require1nents. Therefore, habitats
must be designed to minimize both

their initial mass as well as the additional mass and power needed to
operate them. Habitats must be
designed to n1inimize the extravehicular activity effort required for construction, operation and maintenance.

Options
Habitats could be constructed using
either rigid pressure vessels or inflatable structures. Radiation protection
could be provided by either integral
storm shelters or regolith. Physically
separating the outside world from the
controlled habitat enviromnent is not
a fundamental challenge, hence the
technology issues largely revolve
around the habitat mass and type of
operations.
One of the simpler ways to limit
the mass of a habitat is by optimizing
its shape. Both lunar and Martian
habitats must serve as pressure vessels, leading the designer to structurally efficient shapes such as cylinders, spheres, ellipsoids, or combinations thereof. Flat surfaces, cmnn1on
on most Earth buildings, in1pose mass
penalties for these habitats and are
used only for interfaces.
Two options are available to the
habitat designer. At one extreme, a
building block habitat is assembled
by joining together a number of
smaller, individually transportable
1nodules. The other option is when
the prin1ary structure is preassembled, but then packed for transport.
This approach includes inflatables.
The choice between these two
options impacts the 1nass and the
installation requiren1ent of the habitat.
The advantages to the building
block approach are that much, if not
all, of the internal structure and
equipment can be installed and tested
on Earth. Another advantage comes if
one can exploit this modularity and
develop cmnmon habitat modules.
One of the problems with this concept
is the need to do on-site linking of
the modules, either involving automation, telerobotics or crew extravehicular
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SUPPORTING TECHNOLOGIES

with laser rangefinder or compact
solid state radars with onboard processing and control.
Baseline
Spacecraft structures will use standard 1naterials (aluminum and titanimn) and fabrication teclmiques; however, improved fabrication methods
and advanced materials will be substituted where appropriate.
Hybrid radio and optical systems
will provide the long range and close
accuracies needed for docking large
masses.
Water can be used as passive
shielding for solar flare events.
Development Programs
The development of new material is
required for advanced spacecraft concepts. Candidate materials for
reduced part counts and weight
include: light alloys (aluminum-lithium, intermetallics, metal matrix composites and polymer matrix composites), advanced thermal protection
materials (ceramic n1atrix composites,
carbon-carbon and spray-on foams),
light alloys using superplastic forming and diffusion bonding, metal
matrix composites using hot pressing
and joining, polymer co1nposites
using tape placement, woven ply layup, pulltrusion resin injection and
thermoforming.
The Space Exploration Initiative
will benefit greatly from the technology being developed in such programs
as the National Aerospace Plane and
the Strategic Defense Initiative. The
appropriate utilization of these technologies is recommended.

Communications, Control
and Navigation
Requirements
Effective communications and information management systems for mission control, science data return and
radiometric support for navigation
are essential.
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For all architectures, lunar operations are planned for the near side of
the Moon. Aggregate downlink data
rate fron1 all elements could grow to
350 Mbps, with a 1nodest application
of data compression. The uplink data
requirements could grow to an aggregate of approximately 25 Mbps.
Mars operations will require communications ranges up to 1,000 tunes
more distant from Earth than the
Moon, which results in a spatial signal loss that is one million times
greater. Conununication networks in
the Martian environ1nent (either in
Mars orbit or on the surface), will be
required to operate autonomously
from any facility on Earth for realtilne
conunand and control decisions. With
the application of new data compression tecluuques, a downlink data rate
of 20 Mbps can be achieved. Uplink
data rates will be approximately 10
Mbps.
Data compression is required to
reduce transmission rates, as well as
antenna size, weight and transmit
power. Simply put, data compression
is the process of sending infonnation
down a narrower corridor. For example, 10 megabits of data can be downlinked via a communications channel
that has a 1 Mbps data rate il1 10 seconds. At a compression ratio of 2:1,
the same amount of data could be
downlinked via a 0.5 Mbps channel
in the same amount of time. Further
advancement of data compression
techniques would reduce transmission costs, increase relay satellite
capacity and provide a practical
means of delivering high data rate
ilnagery.
Options
Communication requirements for the
Initiative could be satisfied with a
wide range of existing technologies.
Frequencies for deep space communications include the X-band capability at 8.4 GHz, Ka-band at 32 GHz
and optical band.
Deep space missions are supported today using X-band 8.4 GHz, so

there is little to no risk involved if Xband radio frequencies could be used.
However, due to the high data rates
anticipated, X-band is not a practical
choice.
Ka-band communications systems
are more sensitive to weather effects
and require more accurate antenna
pointing. Ka-band technologies (primarily power amplifiers and low
noise receivers) will require a development program to achieve a communications system with the reliability to support human missions.
There are a number of key developmental challenges that must be met
in order to realize the potential of
optical communications. The challenges are in the area of detectors and
detector arrays; long-life, high-power
laser sources; accurate telescope
pointing; spacecraft stabilization systems; and acquisition and tracking
technologies. Optical communications
systems are also severely restricted by
environn1ental conditions.
Antenna systems will have more
demanding pointing requirements as
frequencies increase. Current antenna
systems that support extremely high
frequencies are either parabolic dishes
or phased array antennas. Phased
array antennas replace the traditional
dish antennas with a large number of
antenna elements. Pointing is accomplished electronically via adjustment
of phase shifters associated with each
element. Depending on the mission
application, a hybrid of both systems
could provide for autonomous acquisition and tracking.
Multi-beam antennas are similar to
phased array antennas, but with antenna elements located at the feed of a traditional reflector antenna. The advantage of using 1nulti-beam antem1as is
that they provide greater operational
flexibility. For example, the lunar base
could communicate directly to Earth
with one beam, to an orbiting spacecraft
with a second bean1 and to a rover on
the lunar surface simultaneously.
Developing multi-beam antennas
would involve little risk and has consid-

erable potential application for commercial use.
One technology that would support many antenna applications
(multi-beam and phased array, primarily), is monolithic microwave
integrated circuits. These circuits offer
the potential for improved performance, higher reliability, radiation
hardening and size and weight reductions. Significant benefits to the telecommunications industry will be realized by maturing this technology,
presently a high risk endeavor.
Expert systems and neural networks provide the ability to conduct
autonomous operations, a necessity
for Mars-based real time command
and control. Knowledge-based expert
systems that require human supervision are currently supporting space
system operations; however, the addition of neural networks will greatly
enhance Mars autonomous operations. Substantial risk is involved in
developing hybrid systems combining neural networks and expert systems for adaptive control.
Expert systems are currently used
for medical diagnostics. Humans
update the expert system's database,
input symptoms of the problem and
suggest potential solutions to be evaluated by the expert system. Some risk
is involved with developing expert
systems of this type since their use
has not had widespread operational
validation.
Earth-based navigation, onboard
navigation, and Moon/Mars-based
navigation systems are all required
for supporting interplanetary missions.
Earth-based navigation is currently
used for planetary exploration.
Radiometric data from tracking stations, optical data and Doppler data
frmn spacecraft-to-spacecraft are processed on Earth to obtain spacecraft
orientation and position. However,
this method cannot adequately support Space Exploration Initiative missions when critical real time navigation is required.
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microwave integrated circuits as soon
as that technology becomes available.
Earth-based navigation will be the
primary means of providing position
infonnation in the lunar environment.
Radiometric navigation alone does
not provide the timeliness or accuracy
required for critical operations in the
Martian environment. Improved inertialineasurement units, transponders,
navigation computers and ranging
devices, spacecraft onboard processing and radiometries will provide the
accuracies required to support Mars
1nissions.
Development Programs
The baseline technologies for communications are either existing or are in
advanced stages of development (independent of the Space Exploration
Initiative); therefore, the technology
development description also provides an estimated maturity level.
Ka-band communications for deep
space Inissions will require the development of high efficiency traveling
wave tube amplifier transmitters with
power levels of 10 to 150 W and high
efficiency solid state translnitters with
power levels of 1 to 15 W. Traveling
wave tube technology is currently at
the breadboard stage. Solid state technology is currently at the concept
phase.
The development of laser translnitters and low noise detectors are
required to make possible optical
communications for deep space applications. This technology is at the
breadboard phase.
A range of antenna systems must
be engineered, including electronically steered multi-beam antennas,
retractable antennas (Ka-band), high
power microwave monolithic integrated circuitry and direct-radiating
monolithic Inicrowave integrated circuit phased arrays.
Data com pression will be necessary to reduce the data storage
requirements and the transmission
demands on the communications system.

Compression schemes are being
aggressively pursued by a number of
telecommunications companies. An
effort is required to space-qualify
hardware decoders and other associated data compression equipment.
Navigation systems will rely on
the development of transponders
with 10 m accuracies and on board
sensors including inertial tneasurement units, altimeters and computers.
These technologies are in the proofof-concept stage.
Information management systems
will rely on the development of
expert systems, neural networks and
data compression techniques. This
technology is in the concept/ application formulation phase.
Summary
As a result of the review of the seven
functional areas and Life Sciences, 14
areas of technology emphasis have
been identified that require effort
essential for enhancing the Space
Exploration Initiative. These include:

10)

Closed loop life support systems

11)

Human factors for long duration space Inissions

12)

Light weight structural materials and fabrication

13)

Nuclear electric propulsion
for follow-on cargo Inissions

14)

In situ resource evaluation
and processing

At first glance, the implementation
of the architectural approaches outlined appears daunting. It is indeed
complex, but the Synthesis Group
finds that America's ability to return
to the Moon and begin the exploration of Mars depends on two fundamental technologies: the restoration of
a heavy lift launch capability and the
redevelopment of a nuclear propulsion capability.
This nation had both of these capabilities in the early 1970s. In addition
to these two areas, the 12 other technologies listed, if successfully developed, offer the potential for vastly
enhancing the exploration of the
Moon and Mars. This listing identifies
the critical technologies needed to
support the four architectures outlined by the Synthesis Group's report.

1)

Heavy lift launch with a Ininimum capability of 150 metric tons with designed
growth to 250 metric tons

2)

Nuclear thermal propulsion

3)

Nuclear electric surface
power to megawatt levels

4)

Extravehicular activity suit

5)

Cryogenic transfer and longterm storage

6)

Automated rendezvous and
docking of large masses

7)

Zero gravity countermeasures

1 This recommendation is consistent with and
expands upon those made by the Advisory
Committee of the U.S. Space Program.

8)

Radiation effects and shielding

9)

Telerobotics

2 NASA, Johnson Space Center, Code XE memorandum dated January 11, 1991, "Preliminary
Heavy Lift Launch Vehicle (HLLV) Requirements for the Space Exploration Initiative,"
Norman H. Chaffee.
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ORGANIZATION AND
ACQUISITION
MANAGEMENT
The Space Exploration Initiative
represents a major management challenge as well as a significant technological challenge to this country. The
Space Exploration Initiative is greater
in scope and more demanding than
the Apollo program of the 1960s and
1970s. It will require a method of
management that will allow crisp and
timely decision making.
Vice President Quayle asked that
we investigate options to accomplish
our exploration goals faster, cheaper,
safer and better. It is usually assumed
that new technology is required to
achieve such goals. Experience has
shown that management and acquisition approaches can have as great an
impact on program success as technological achievements. The management challenge is to organize the
Initiative to a new standard of excellence, employing innovative techniques for ensuring efficiency and
effectiveness. The Space Exploration
Initiative will involve a number of
government departments in addition
to NASA. In support of efficient Inanagement, the acquisition procedures
e1nployed by the Initiative should be
stremnlined.
The Initiative requires the very
best from America to provide the
systems needed to take humans to
the Moon and Mars and safely
return them to Earth.
The capability exists within the
combined resources of the government, industry and the academic
community to accomplish the Space

"It is mankind's manifest destiny to bring our humanity into
space, to colonize this galaxy. And as a nation, we have the power
to determine whether America will lead or will follow. I say that
America must lead."

Ronald Reagan
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Exploration Initiative. The concept of
multi-agency participation is supported by the Presidential Space
Policy Directive issued by the
National Space Council in a memorandum dated February 21, 1990:
"The progra1n will require the
efforts of several agencies.
NASA will be the principal
implementing agency. The
Department of Defense and the
Department of Energy will also
have major roles in the conduct
of technology development and
concept definition. The National
Space Council will coordinate
the development of an implementation strategy for the
[Space] Exploration Initiative by
the three agencies. To facilitate
coordination, the Department of
Energy will be added as a formal member of the National
Space Council."
History provides some basis for
what constitutes effective strategies in
major aerospace and other high technology programs. The Synthesis
Group reviewed numerous reports of
successful and unsuccessful programs, and studied various acquisition improvements and key factors
that helped reduce the cost of the
most successful aerospace programs.
Costing models often reflect these factors by employing cost growth algorithms based upon inefficient management practices and decreasing
productivity. It is therefore essential
that any proposed management
structures address the elimination of
such inefficient practices. The proposed management structure is based
on these studies and the goals outlined by the Vice President.

National Program Office
Organization
As the Space Exploration Initiative
is national in scope and involves
significant resources of not just one
but many Government agencies, a

National Program Office should be
established by Executive Order.
The program office would be
staffed with NASA, Department of
Defense and Department of Energy
personnel working directly for the
National Program Office. Other government departments and agencies
would be added as the Initiative
matures.
The National Program Office will
become the instrument for NASA's
Associate Administrator for Exploration to exercise responsibilities with
respect to the Space Exploration
Initiative program. In addition to his
responsibilities for both robotic and
manned exploration of the Moon and
Mars and the humans-in-space portion of life sciences, the Associate
Administrator would be appointed
the National Program Director for the
Space Exploration Initiative. As the
Initiative increases in scope, it may
require this position be assigned
responsibilities commensurate with a
Deputy Administrator.

Interagency Interfaces
The National Program Director will
be given authority over all projects
and development areas necessary for
executing the Space Exploration
Initiative. It is necessary that the
advanced technologies required by
the Space Exploration Initiative be
within the purview of the National
Program Director. Basic research and
technology development will continue to be performed by lead agencies.
Because of the Space Exploration
Initiative's broad scope and multiagency involvement, effective management is needed. The Advisory
Committee on the Future of the U.S.
Space Program recommended the formation of an Executive Committee of
the National Space Council. The proposed committee, with the addition of
the Secretary of Energy, could provide a needed commitment to technology development and ensure
intra-agency development priority
and budgeting. Technology needs

would be based upon a National
Program Office technology plan,
addressing Space Exploration Initiative architectures and schedules. Also,
as cost is of higher priority than
schedule, when the schedule changes,
the Executive Committee will ensure
proper phasing among the various
agencies' projects. The Executive
Committee members also provide
policy ad vice and consent for their
respective agencies in support of the
Associate Administrator of the Space
Exploration Initiative.

NASA Interfaces
Since the Space Exploration Initiative
will become the centerpiece of the
national space program, it is appropriate that the Associate Administrator for Exploration be given
greater authority and responsibility
than currently exist within the
Associate Administrator structure.
This official will utilize the expertise
of a number of NASA centers, as
appropriate, as well as other government laboratories and the academic
community. As the activities of the
Space Exploration Initiative increase
in scope, in keeping with the current
organiza tiona! concept, it would
probably become necessary to realign
centers under the Associate Administrator for Exploration. However,
with widely varying activities at the
centers in support of more than one
Associate Administrator, a management structure with the field centers
reporting directly to the Administrator might be more efficient and better
suited to the decade of the 90s.
Responsibilities and Technical
Functions
Program management must address
such functions as systems architechrre
planning and requirements control.
The responsibilities at the headquarters level are to identify key program
requirements and review the implementation of programs, but not execute the activities. Such detailed
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would be processed through that
individual in a normal manner.
As an additional means to streainline and 1naximize procuren1ent efficiency, Congressional authorization
of a pilot test acquisition program
should be gran ted for the Space
Exploration Initiative similar to the
approval granted to the Deparhnent
of Defense for a limited number of its
programs under Section 809 of Public
Law 101-510. Under that procedure,
the Department of Defense pilot programs are conducted in accordance
with standard commercial industrial
practices and allow the Department
of Defense to waive specified procurement provisions. A si1nilar pilot
program for the Space Exploration
Initiative would place greater reliance
on existing and proven acquisition
and management systems.
These procure1nent procedures
would be applicable to the Space
Exploration Initiative project offices at
NASA field centers and other participating federal agencies' project
offices, as well as the National
Progrmn Office.

International Opportunities
The opportunity for a number of
international cooperative ventures
will exist, and the complexity and
sensi ti vi ty of this function will
require professional staff support.
Options for cooperative participation with other spacefaring nations
are under consideration. Cooperation could well include flying life
sciences experiments or 1nedical
equipment, and possibly flying U.S.
crew members on the Soviet Mir
Space Station to facilitate the early
gathering of long duration flight
data. Involving wider participation
frmn agencies and nations interested in space, the program office can

88

establish plans for the development
of cmnmon, international databases
for planetary information to facilitate the future exchange of information obtained from precursor missions.

Commercial Opportunities
Commercial potential abotmds within
the framework of the Space Exploration Initiative. Launch services, comn1unications satellites, robotics, production of materials in space for use
in space and on the Earth, and electronics technology are a few. These
activities 1nay provide sources of long
term Space Exploration Initiative revenue beyond the federal budget.
Opportunities for private citizen and
commercial sector investment should
be examined along with opportunities for state and local investment.
Plans should be developed for the
federal government to transition areas
of potential commercialization into
real commercial ventures. The Synthesis Group's architectures form the
foundation to identify facilities, service activities and processes which
can be commercialized.
Because of its broad scope of technology and operation, the Space
Exploration Initiative presents myriad
new opportunities for commercialization. These should be explored with
industry during the early phases of
the Initiative and be developed to
their fullest potential. Joint government and industry conferences
should be conducted at the earliest
opportunity following the approval
of Space Exploration Initiative funding. These conferences would provide
an essential forum for identifying
areas of commercial interest. Further
program plamling would then be able
to integrate the commercial involvement. This might take the form of

OPERATIONS AND
FACILITIES

Operational Assumptions
• Operations capabilities and concepts
evolve over the life of the program
• Mars operations are structured to benefit from the lessons learned from the
Moon operations
• Advanced technology, as it becomes
available, enhances the ability to perform various missions and tasks
• Multi-mission and multi-program operations require new management structures, emphasizing the coordination
and mutual dependencies of program
elements
• A radiation hazard program establishes the guidelines for long duration
spaceflight
• Planetary quarantine requirements are
established for forward and backward
contamination issues
• Long term crew health issues, both
physiological and psychological , will be
resolved
• Guidelines for maintaining crew health
and performance in space and planetary surface environments are established
• Mission support elements are in place
and verified in operational tests prior to
requ ired use
• A formal site selection process is instituted for surface landing site selection
• In situ resource utilization on the planet
surface is successfully demonstrated
prior to being required for routine operations
• Abort capability is assured throughout
all phases of the Space Exploration
Initiative
• Closed loop life support requirements
en route and on planet surfaces are
successfully demonstrated prior to
being required for operations
• Necessary communication , navigation
and data handling systems evolve
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leinents c01nn1on to all architectures are operations, cmnn1unications, navigation and facilities.
Specific operations might differ because of the varying requiren1ents of an
architecture or operational capability.

E

Operations
The operations activity addresses
issues related to planning, training,
launch and mission control of lunar
and Martian missions. This includes
mission support throughout all phases, as defined by the four architectures.
Philosophy
The operational philosophy is based
upon ensuring simple managen1ent
and technical interfaces. Operational
control is placed at the location (closest to the required actions) having
adequate information and situation
awareness to make decisions. During
a Mars 1nission, for example, with
communication round trip delays of
up to 40 minutes, many critical operational decisions will be made by the
crew.
Reliability, redundancy, silnplicity
and modularity must be incorporated
in the structure and design of systems. A thorough test and evaluation
progran1, along with a proof of concept and validation phase, is also
essential and should be implemented
throughout the Space Exploration
Initiative. Operations support 1nust
begin early in the developn1ent stage
and operational considerations should
be incorporated in the planning and
design phases to reduce operational
risks and costs over the program lifetime.
Operations Concepts
An operations concept has been
developed for each architecture. The
operation requiren1ents con1mon to
all architectures are:

•

Command and control assigned to the crew as appropriate

•

On-orbit test and verification

•

No single person surface
operations

•

Manual override of critical
automated systems

• Graceful system degradation
The phases of ilnplementation of each
recommended architecture- Initial
Operational Capability and Next
Operational Capability- affect the
overall operations activity. At each
phase, operations are assessed by the
mission cmnmander, based on n1ission planning and available support.
Precursor missions provide many
of the support elements. Precursors
include missions for logistics, communications, meteorological experiments and other requirements for the
support of piloted missions. Specific
precursor missions will be used for
initial landing site selection to ensure
that activities can be planned.
All selected sites on a planetary
surface must be certified for human
safety. Permanent site selection is
accon1plished only after hun1an
exploration of the designated sites.
Robotics and telerobotics perfonn
commanded tasks and enhance
human presence in space.
Launch Control
Launch control is responsible for all
activities required to support the
launch of all space vehicles. These
activities include facilities support,
transport of elements, processing,
testing and checkout of vehicles and
supporting elements.
Mission Control
Advances in technology and autonon1y greatly enhance operations as
well as improve their flexibility and
efficiency. Mission control operation
ele1nents il1clude:

• Command and control

•

Systems trend monitoring
and assistance to the crew

•

Operations planning and
science support

•

Support of software, systems
and equipment anomalies

Inflight Operations
The duration of the Mars missions
requires an innovative approach to
providing crew support. Both the
crew and onboard systems 1nust have
the capability to monitor and control
all safety-critical functions during
normal and contingency operations
without ground suppor t. Inflight
operations are:

•

Maneuvering spacecraft
- Flight control and guidance
- Rendezvous and docking

•

Proficiency training

•

Maintenance

•

Navigation

•

Syste1n monitoring

•

Life sciences

•

Astronon1y

Transfer Operations
Descent operations to the planet surface require precise landing navigation and descent contro l to a
predetermined site. Ascent from the
planet surface requires precise navigation, control, rendezvous and docking. Descent and ascent vehicle
operations will be automated to the
maxin1um degree possible with the
crew having the ability to intervene
n1anually.
Surface Operations
A structured crew organization is
required to coordinate and accomplish plamung, nussion objectives and
other duties. While nlission plam1ing

is accomplished on Earth, day-to-day
activity planning is conducted by the
crew on the planetary surface. It is
anticipated that surface operations
will take place in cycles that would
not correspond to normal Earth operations. These plans are generated for
short duration tasks of one to several
days and include all work plans in
support of the mission objectives.
The 1nission objectives provided
frmn Earth are 1nodified as necessary
based on scheduled updates. The
crew will have the flexibility and the
autonomy necessary to conduct their
own activities and scheduling.
Routine operations and short term
goals are based on the expedition
milestones or 1nission objectives as
modified by the nussion com1nander.
A cyclic pattern of established operations is also utilized for 1nost activities,
including periods for maintenance,
housekeeping, rest and recreation.
An essential component of exploration is extravehicular activity. A
minimum of two astronauts will be
required for each activity for safety
considerations and the base will
always be occupied during these periods. Flexible scheduling and nlission
control are key to successful surface
operations. The astronauts 1nust have
as much autonomy as possible to
detern1ine their own pace and style.
Although crews will work within a
general exploration plan, the actual
traverses and surfaces activity will
not be planned on rigid timelines.
Flexible surface operations are essential if sig1uficant discoveries are to be
made and the necessary follow-up
investigations are to be carried out.
Surface operations also include the
support of site facilities and surface
vehicles.
Maintenance
Syste1n design is kept as si1nple as
possible to pern1it nlission objectives
to be completed in a safe and timely
1nanner. Reliable designs and multiple levels of parallel redundant
syste1ns with low maintenance re-

Operational Priorities

• To ensure the safety and
health of the crew
• To maintain integrity of the
functional systems
• To accomplish the mission
objectives

Operations Organization
• Training
•

Readiness verification

•

Launch and recovery support

• Command and control
• Mission planning, management and execution
•

Integration and coordination of all mission objectives and segments

•

Integrated logistics support

•

Systems monitoring and
support
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requires reliability, consistent with
human spaceflight, capable of insuring
support to all key mission elements.
An i1nportant objective of the
Space Exploration Initiative is to disseminate information to the public.
This includes involvement of educational institutions at all levels. High
definition video as well as other
image data is widely used in achieving
this objective. Thus, communication
bandwidths are sized to accommodate these requirements.
NASA already has a significant
capability for tracking and data acquisition, data distribution and information processing. NASA plans
significant upgrades to some of these
systems to support future programs
such as the Mission to Planet Earth. It
is very important that data syste1n
standards be selected which are consistent with all the systems supporting other civil space missions.
The NASA Tracking and Data
Relay Satellite System and the infrastructure used to support Earth
orbiting missions are expected to be
modified to support the launch and
near-Earth support of all Space
Exploration Initiative missions.
Moon Communications
The operational segments of the
architectures include hardware and
crews located on the near side of the
Moon with an activity area of up to
100 km from the landing site. The
data types anticipated to be used in
this area include audio, video, image,
science and engineering telemetry,
and radimnetric data for navigation.
Based on accessibility, risk and an
expected lower implementation cost,
Earth-based antennas are baselined to
meet the lunar communications requirements. This approach assumes
the installation of two 34 m antennas at each of the existing Deep Space
Network locations at Goldstone,
California; Madrid, Spain; and
Canberra, Australia. Each antenna
could support one uplink and four
downlinks.

If it is assumed that one antenna is
used to provide near-continuous support to the main base, then the outlying elements and in-transit spacecraft
need to share the link resources of the
other antenna. This configuration
does not provide continuous visibility
of the Moon and gaps in coverage of
approximately 30 to 60 minutes occur
each day in certain lunar phases. This
is deemed to be acceptable for the
proposed architectures, but these
gaps could be eliminated by additional ground terminals.
Lunar surface com1nunication
between elements within a 10 km
radius around the main base are provided by a surface terminal also providing the communications connection
to the Earth stations. Communications between the main base and elements outside the 10 km radius must
be through the Earth stations.
Communications between the
Earth stations and mission support
locations on Earth are provided by
existing networks, modified as required, to accommodate lunar mission requirements.

Mars Communications
Providing communications for the
Martian missi:)ns is considerably
more challenging than for lunar nussions. Mars can be as much as 1,000
ti1nes more distant from Earth than
the Moon, which results in a spatial
signal loss one nllilion times greater.
In addition, Mars rotates at about the
same rate as the Earth, putting surface
locations out of direct touch for over
12 hours at a time.
The architectures developed for
Mars propose the following types of
missions:
•

Site recom1aissance orbiters

•

Mars global network

•

Cargo flights supporting
human missions

•

Human missions
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Conclusions
Cumulative experience from both the
U.S. and Soviet space programs has
resulted in an initial characterization
of the human response to spaceflight.
Exploration missions present numerous challenges relative to previous
programs.
Space Station Freedom can represent the transition within the U.S .
space effort to a sustained presence in
low Earth orbit. Planning for exploration missions has identified a space
station as the primary zero gravity
platform for conducting life sciences
investigations. This orbital test bed
would provide first generation capabilities, particularly spaceflight deconditioning countermeasures, the development of medical procedures and
facilities, and the development of
closed life support systems. The
Report of the Advisory Committee on
the Future of the U.S. Space Prograrn
recon1mended that "the justifying
objectives of Space Station Freedom
should be reduced to two: primarily
life sciences, and secondarily microgravity experimentation." If this recomn1endation is implemented, then
the space station would be utilized to
resolve the life science issues critical
to a Mars mission. However, program
reviews in the past two years have
resulted in restructuring and delaying
the space station. These programmatic changes call into question the availability of life science data in a timely
manner.
Missions to the Moon can be initiated without resolving many of the
life science questions that must be
resolved for the Mars mission. All of
the architectures require lunar activity
prior to initiating a piloted Mars Inission. It is therefore logical to consider
the concept of utilizing the Moon as a
preparatory environment for a Mars
mission to integrate a number of key
life science and operational requirements. There is a compelling argument for the deployment of a firstgeneration Mars transfer vehicle
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(crew compartment) in lunar orbit.
This zero gravity test bed would
allow development and validation of
key life support technologies and
human factors design, and would
function as a platform for conducting
essential biomedical investigations
into spaceflight deconditioning.
Additional rationales for a Mars
transfer vehicle in lunar orbit include
validation of radiation shielding provisions developed for Mars excursions and conduct of radiobiological
experin1ents to refine dose-effect
models.
The use of the Mars transfer vehicle, in conjunction with a surface
emplacement on the Moon, would
allow 1nission-critical studies into the
physiological effects of fractional
Earth-normal gravitational exposures
following extended zero gravity
stays. This objective can be accmnplished with a high degree of operational fidelity on the Moon, and the
ready access to zero gravity or fractional gravity would pennit a rapid
accumulation of data. Simulations of
Mars gravity on the lunar surface,
using a weighted spacesuit, would
allow refinement of gravity-response
curves.
The Mars transfer vehicle would
have a nrnnber of other key missions
in addition to life science activities,
including simulations of Mars missions complete with excursions to the
Martian (lunar) surface and return,
the use of an orbital platform for
lunar or astronomical observations,
and as a test bed for other essential
Mars transfer vehicle subsystem
development.
This approach, which integrates
several key life science requirements
with other exploration objectives,
should take advantage of existing
assets, specifically the Shuttle and the
Soviet Mir space station, to initiate
an early start on key life science
issues. The Shuttle is an ideal platform for developing and testing zero
gravity corn1termeasures and validating life support systen1 hardware. An

Exploration Initiative provides a way
to excite the minds of the nation's students, attracting them to the study of
mathematics and science; it also provides a vision for the future, giving
focus and application for matheinatics and science studies. Additionally,
the new discoveries from the Space
Exploration Initiative will lead to new
developments in science. In n1uch the
same way, the technical require1nents
of the Space Exploration Initiative will
spur new engineering and teclmology
develop1nents. Finally, the Space
Exploration Initiative will foster new
information management and cmnmunications technologies which will
bring the excitement of discovery and
exploration directly to the classroom.
The Space Exploration Initiative
depends on the success of the science,
1nathe1natics, engineering and technology education initiatives now
underway. The goals of the Space
Exploration Initiative cannot be
achieved without talented individuals
to solve the technical challenges. New
technologies cannot be implemented
without a tecluucally competent work
force to build, maintain and operate
them. A well-prepared work force
should be considered as necessary to
the fulfilhnent of the Space Exploration Initiative as any technical challenge.

The Benefits
Historically, well-educated, teclmically sophisticated nations have led the
world, providing the best standards
of living and opportunities for their
people. Improving 1nathematics, science, engineering and technology
education in the United States will
impact all areas of American life. In
the broadest sense, more Americans
would have an in1proved understanding of the universe and
mankind's place in it. But the benefits
are also practical: improving the level
of science education would provide
for the development of a teclmically
competent work force. In tun1, tmnor-

row's scientists and engineers would
create the technology base of the
future. Combining creative technical
ideas with a skilled work force will
provide for the future growth of the
U.S. economy, improving our competitiveness and our position as leaders in the world.

The Education Process
To provide for the scientists, engineers and technicians of the future,
the challenge is twofold: first, to
attract young students to mathematics and science, and second, to keep
them from leaving the field. The challenges and solutions differ by age
groups, and the education program
should be tailored to meet a variety of
needs.
From kindergarten through the
second year of college, the Space
Exploration Initiative provides interest and enthusiasm for young minds,
drawing them into the pipeline and
giving them a set of goals to focus
their studies. The investment is long
term, providing for a larger pool of
talent from wluch the Space Exploration Initiative can draw its future
workers.
Beyond the second year of college,
the relationship between the Space
Exploration Initiative and education
becmnes more direct. In the upper
levels of undergraduate training
and in graduate school, research is
the primary means for education.
University research for Space
Exploration Initiative-related subjects
will serve to train graduate students.
At the same time, their research will
produce the scientific ideas and technological developments on whlch the
Space Exploration Initiative is built.
Future students will need to appreciate and select career opportunities
in science and technology. Many different factors may contribute to a
decision to enter a career in science
and technology. At the pre-college
level, career goals are often set by personal interest, which can be fostered
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by a good education . Indeed, the
majority of scientists and engineers
today had decided to go into the field
before the end of high school. In addition, career guidance and counseling
can have a deciding influence. Most
in1portantly, however, career choices
are determined by the availability of
jobs. The Space Exploration Initiative
promises a great opportunity for the
e1nployment of future scientists and
engineers.
In reality, n1any of the young scientists and engineers will have
careers outside the Space Exploration
Initiative. They will have benefited
from the improvements to the overall
mathe1natics, science, engineering
and technology training resulting
from the Initiative, and the country
will benefit wherever they choose to
work.

The Education Program
The National Program Office for the
Space Exploration Initiative must
actively support NASA's efforts to:

Foster participation from all sectors of society. By coordinating the
efforts of federal, state and local governments with the private sector and
academia, duplication of effort can be
avoided and the efficient use of available resources will put support
where it is most needed. The Space
Exploration Initiative is a multi-agency program and should draw upon
the resources of all government participants. Nearly every organization
or group can expect to benefit frmn
the Space Exploration Initiative and
its programs.

Leverage resources. The decline of
A1nerican science education is a problem of national scope. Neither NASA
nor any other single government
agency can be expected to solely support its rejuvenation. However, the
Space Exploration Initiative organization could provide both the inspirational leadership and provide seeds of
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support to foster educational activities in any given community. With a
minimal expenditure of funds, local
education efforts can be maximized
by drawing on local businesses and
industry, local universities and colleges, and local organizations for support, materials and manpower.

Provide support for under-represented minorities. A recent study
shows that 68% of the work force in
the yea r 2000 will be made up of
wmnen and minorities. The changing
den1ographics of the labor force
de1nand that a means be found to
attract under-represented minorities
to careers in science and engineering.
Special effort will have to be put forth
to understand the unique needs of
these 1ninorities.

Make connections to non-technical
fields. The Space Exploration Initiati ve is an endeavor for the entire
nation, not just for scientists and engineers. The goals and activities of space
exploration should be presented in
their larger contexts. Placing the
Space Exploration Initiative in a
broad perspective can develop a deeper understanding of the role of space
exploration in American society and
foster appreciation and participation
from all sectors of American society.
Kindergarten through Second Year
of College Initiatives
The kindergarten through second
year of college education programs
for the Space Exploration Initiative
should be developed and administered in close partnership with other
federal initiatives.
The Education and Human Resources Com1nittee of the Federal
Coordinating Council for Science,
Engineering and Technology recently
presented an interagency budget for
mathematics, science, engineering
and technology education. Along
with this coordinated budget and priorities for the future, their report
includes a comprehensive inventory

Support should include the purchase of equipment. To provide for
the most profitable research, universities must have access to modern
equipment. Further, linkage between
universities, government agencies
and national laboratories can maximize facility use while providing
access to equipment and technical
personnel to the universities.

Coordinate university activities
with government laboratories and
industry. Through exchange programs, such as cooperative progra1ns,
internships, research grants, project
contracts, and the centers of excellence, students gain practical experience and foster potential future
employment opportunities.

Support must be long term, based
on satisfactory performance. The
Space Exploration Initiative is a long
term program which requires long
term commitment. In particular, the
Space Exploration Initiative university program must recognize the
importance of commitment to graduate students attempting to complete
their degrees.

The Role of Industry
The Space Exploration Initiative
should support cooperative education
programs and internships to place
students in industry early in their
training. The Initiative can foster these
activities by requiring key government grants and contracts to include
provision for such internships and
cooperatives . Similarly, the Space
Exploration Initiative should provide
incentives for industry to support and
participate in local educational programs and activities.
Industry can play an important
role in reaching and developing students and guiding them into careers
in science and engineering. Industry

is already well aware of the benefits
of attracting students early. First, the
students are able to make a real contribution to the contractors' efforts.
Second, the students gain valuable
industrial experience which enables
them to contribute immediately after
they finish their education. Finally,
industry gets an early and inexpensive look at the best students, and
has the advantage in hiring them
after their education is complete.
Well-trained and educated employees
provide the key to the future competitiveness of the company.

Informal Education and
Public Outreach
Beyond the classroom, a wide range
of informal space-related materials, activities and organizations
exist. With the growth of the Space
Exploration Initiative and increased
public participation, additional interest will be generated in these activities.
Informal educational opportunities
include:

Space Organizations. Over the past
decades, numerous space-focused
organizations have formed, including
grassroots organizations, camps,
museu1ns and activity centers.
Examples include the Challenger
Center for Space Science Education,
the U.S. Space Camp, the U.S. Space
Foundation, the National Space
Society, the Planetary Society, the
Young Astronauts and the Astronaut
Memorial Foundation. These organizations provide opportunities for participatory learning.
Educational Media. Educational
television networks, available
through cable and satellite transmission, represent an important informal educational resource, readily
available for public viewing. NASA
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Select television falls into this category and represents a vastly underutilized resource.

Entertainment Media. Beyond the
educational media, entertainment
1nedia such as movies and television
provide a powerful means to spark
the public's imagination and generate
interest in space endeavors.
Informational Databases. A nulnber of informational databases are
available to individuals by cmnputer
and modem connection. Public systems, such as NASA-LINK, operated
by the Marshall Space Flight Center,
and Space-Net, operated by the U.S.
Space Foundation, are exa1nples of
this resource. In addition, comn1ercial
and private electronic bulletin boards
provide technical information, filesharing and message exchange capabilities throughout the nation.
Public awareness and appreciation
of space activities is ilnportant to the
Space Exploration Initiative. The
National Program Office can support
these informal education activities by:
1)
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Increasil1g public awareness
of the many educational
opportunities available and
providil1g information on
how they can be readily
accessed

2) Supporting the programs
and activities of space-oriented interest groups by providil1g materials, guidance and
speakers
3) Providing short tern1 seed
money in the form of small
grants to new informal education initiatives, to encourage the development of
activities in local con1munities
All of these represent potential
opportunities to expand the interest
and awareness of Americans of all
ages in the sciences and technical
areas of endeavor, and to e1nphasize
the many ways in which an active
space exploration program contributes to the general advancement
of our society.

RECOMMENDATIONS

pecific recmnrnenda tions are
provided for the effective ilnplementation of the Space Exploration Initiative.

S

RECOMMENDATION

1

Establish within NASA a long
range strategic plan for the nation's
civil space program, with the Space
Exploration Initiative as its centerpiece.

"Far better it is to dare mighty
things, to win glorious triumphs,
even though checkered with failures, than to rank with those
poor spirits who neither enjoy
nor suffer much, because they
live in the gray twilight that
knows not victory nor defeat."

Theodore Roosevelt

the jewel represented by the
vision of a seemingly unattainable
goal, the technologies engendered,
and the motivation provided to
our nation's scientists and engineers, its laboratories and industries, its students and its citizens.
Hence that the Mission from
Planet Earth be established with
the long term goal of hun1an
exploration of Mars, underpinned
by an effort to produce significant
advances in space transportation
and space life sciences." I
A strategic plan will provide decision
points to allow flexibility during the
life of the progra1n, concentrate n1anagement activities of diverse departments, provide budget guidelines and
identify technology pathways. The
plan must be based on a detailed governmental (NASA, the Department of
Defense, the Department of Energy)
analysis of the Synthesis Group's four
architectures. This analysis should
result in further refinement to gain
sufficient detail to support relative
costing of the architectures. Existing
and planned programs should be
reviewed for their contributions to
this plan. Industry effort should be
limited to studying elements of the
architectures. As the strategic plan's
centerpiece, the Space Exploration
Initiative cmnplements the goals of
Mission to Planet Earth. 2
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2

Establish a National Program
Office by Executive Order.
This organization would include
Department of Defense and Department of Energy personnel working
direct! y for the N a tiona! Program
Office. With the multi-agency nahrre
of the National Program Office, an
Executive Order should be issued to
cite the basic charter of the organization, the leadership role of NASA,
and the cooperative relationship
mnong various govermnental departn1ents and agencies. The Executive
Order should clearly enumerate the
the staffing, budgeting and reporting
relationships and responsibilities of
the affected agencies.
RECOMMENDATION 3

Appoint NASA's Associate Administrator for Exploration as the
Program Director for the National
Program Office.
This is required to ensure clean lines
of managen1ent authority over a
large, complex progrmn while silnultaneousl y providing a focus for
NASA's supporting program elen1ents.2

RECOMMENDATION

4

Establish a new, aggressive acquisition strategy for the Space Exploration Initiative.
The Space Exploration Initiative
should standardize acquisition rules
for the agencies executing the
Initiative's various projects. The most
strean1lined processes available
should be adopted for that standard.
The Space Exploration Initiative is so

great in scope that it cannot be executed in a "business as usual" manner
and have any chance for success. The
Space Exploration Initiative National
Program Director should be designa ted as the Head of the Contracting
Activity. This will allow the director
to establish the optilnu1n acquisition
procedures within the Federal
Acquisition Regulations. Multi-year
funding should be provided.2

RECOMMENDATION

RECOMMENDATION 7

Initiate a space nuclear power technology development program based
on the Space Exploration Initiative
requirements.
The program must concentrate on
safe, reliable systems to a megawatt
or greater level. These nuclear power
systems will be required for use on
the Moon before use on the Mars mission.

R ECOMMENDATION

10

Continue and expand the Outreach
Program.

5

Incorporate Space Exploration
Initiative requirements into the
joint NASA-Department of Defense
Heavy Lift Program.

RECOMMENDATION

The Space Exploration Initiative
launch requirement is a minimum
of 150 metric tons of lift, with
designed growth to 250 metric tons.
Using A polio Sa turn V F-1 s for
booster engines, coupled with liquid oxygen-hydrogen upper stage
engines (upgraded Saturn J-2s or
space transportation main engines),
could result in establishing a heavy
lift launch capability by 1998.2

Implement a definitive life sciences
program, along with the necessary
experiments and equipment, on
Space Station Freedom, consistent
with the recommendation of the
Advisory Committee on the Future of
the U .S. Space Program. These
experiments are needed to reduce the
uncertainties of long duration space
missions.2

8

Conduct focused life sciences experiments.

R ECOMMENDATION 9
RECOMMENDATION

tribute directly to undergraduate and
graduate education in engineering
and science by re-invigorating a university research program in support
of the Exploration Initiative as was
done during the Apollo program of
the 1960s and early 1970s.

6

Initiate a nuclear thermal rocket
technology development program.

Establish education as a principal
theme of the Space Exploration
Initiative.

The Synthesis Group has determined
the only prudent propulsion system
for Mars transit is the nuclear thermal
rocket. Sufficient testing and care
must be taken to meet safety and
environmental requirements.

The Initiative will require scientists,
engineers and technicians for its execution. It is a source of interest and
expectation to those considering science and engineering careers. The
Space Exploration Initiative can con-

The Outreach Program has served a
very useful purpose in the Synthesis
Group's deliberations. The ideas
from the Outreach Program will be
turned over to NASA with the recommendation that they review them
periodically. The Outreach Program
generated not only ideas but also
greater interest in the Space Exploration Initiative. Both features should
be emphasized. The database should
be refreshed with further outreach
solicitations, perhaps every two years,
and with increasing focus to specific
program goals. The Space Exploration
Initiative touches virtually every scientific field and engineering discipline.
The Outreach Program should be
extended to include all other entities
that are affected by the program in
addition to the aerospace industry.
An informed public is vital to the
Space Exploration Initiative, which
will require a sustained commihnent
of the nation's resources.

1 The Ad visory Conunittee on the Fuhtre of the
U.S. Space Program .
2 These recommend ations are consistent w ith
and expand upon those made by the Ad visory
Co mmittee o n the Future of th e U .S. Space
Program.
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MEMBERSHIP

Steering Committee
Thomas P. Stafford, Chairman
Thomas P. Stafford, Lieutenant
General, U.S. Air Force (Ret.), is the
Chairman of the Synthesis Group.
General Stafford has served as an
advisor to a number of governmental
agencies including the National
Aeronautics and Space Administration and the Air Force Systems
Command. He was a defense advisor
to Ronald Reagan during the presidential campaign and a member of
the Reagan transition team. He
presently serves on the National
Research Council's Aeronautics and
Space Engineering Board and the
Comrnittee on NASA Scientific and
Technological Prograrn Reviews.
Upon graduation from the U.S.
Naval Academy in 1952, General
Stafford entered the Air Force, serving initially as a fighter pilot. He
attended the USAF Experilnental
Flight Test School in 1958 and was
selected as an astronaut in 1962.
He piloted Gemini VI in 1965 and
commanded Gemini IX in 19 6 6. In
1969, he was named Chief of the
Astronaut Office and became the
Apollo X commander for the first
lunar module flight to the moon. He
comrnanded the Apollo-Soyuz Test
Project in 1975, which culmina ted in
the first rneeting in space between
Atnerican astronauts and Soviet costnonauts.
Subsequently, he served as commander of the Air Force Flight Test
Center at Edwards Air Force Base and
then as USAF Deputy Chief of Staff
for Research, Development and
Acquisition.
General Stafford has over 500
hours in space and over 7,500 flying
hours. He has flown 125 different
types of aircraft and four spacecraft.
He received the Harmon Intenmtional
Aviation Trophy twice. His awards
include the Presidential Medal
of Freedmn, two NASA Distinguished
Service Medals, two NASA Exceptional
Service Medals, the American
A-2

Institute of Aeronautics and
Astronautics Chanute Flight A ward,
the Veterans of Foreign Wars
National Space Award, the National
Geographic Internationale Gold
Space Medal, and the National
Academy of Television Arts and
Sciences Special Trustee Award.
Among his military decorations are
three Air Force Distinguished Service
Medals. He achieved the fastest
speed ever recorded during the
Apollo X re-entry. General Stafford
has received a number of honorary
degrees.
Robert C. Seamans, Vice Chairman
Dr. Seamans is a Senior Lecturer in
the Massachusetts Institute of
Technology Department of Aeronautics and Astronautics. He is a
graduate of Harvard (B.S., 1940) and
the Massachusetts Institute of Technology (M.S., 1942; Doctor of Science,
1951). He has served as Dean of
Engineering and as a professor of
Environment and Public Policy at
Massachusetts Institute of Technology. Dr. Seamans has served in
several governmental positions of
great importance. He was NASA
Associate Administrator (1960-1965),
Deputy Administrator (1965-1968),
Secretary of the Air Force (19691973), and the Energy Research and
Development Administrator (197 41977). During 1973-197 4, he also
served as President of the National
Academy of Engineering. He is a
member of numerous boards and
professional societies. Among his
many honors and awards are the
NASA Distinguished Service Medal,
the Goddard Trophy, Department of
Defense Distinguished Public Service
Medal, and the USAF Thomas D.
White National Defense Award.
George W. S. Abbey,
Deputy for Operations
After receiving a B.S. degree from the
U.S. Naval Academy, Mr. Abbey was
commissioned in the U.S. Air Force.
A pilot with over 4,000 flying hours,

Mr. Abbey received an M.S. in electrical engineering from the Air Force
Institute of Technology. He has had a
distinguished career of federal service
with the Air Force and the National
Aeronautics and Space Administration. He served in assignments of
increasing responsibility on major
space efforts: the Air Force Dyna-Soar
program, the Apollo Spacecraft program, and the Skylab, Apollo-Soyuz
and Space Shuttle programs. His
career at the Johnson Space Center
included service as the Director of
Flight Operations for the Space
Shuttle flight test program and as the
Director of Flight Crew Operations.
He was responsible for astronaut and
flight crew selection and flight crew
training. He has most recently
served as the Deputy Associate
Administrator of the Office of Space
Flight at NASA Headquarters. He is
a 1nember of a number of professional
societies and is the recipient of many
honors and awards, including two
NASA Distinguished Service Medals,
the NASA Exceptional Service Medal,
the Presidential Medal of Freedom
and the American Astronautical
Society Space Flight A ward.
Spence M. Armstrong,
Director of Program Architecture
Lieutenant General Armstrong retired
from the U.S. Air Force in April 1990,
after almost 34 years of service. His
last active duty position was Vice
Commander, Air Force Systems
Command. Just prior to that, he
served as Vice Commander-in-Chief
of the Military Airlift Command.
Command positions held include
Chief of the Joint U.S. Military
Training Mission to Saudi Arabia, Air
Force Military Training Center at
Lackland Air Force Base, Texas, and
the 80th Flying Training Wing. He is
a test pilot who was an instructor at
the Test Pilot School for three years.
His combat experience included 100
missions over North Vietnam in the
F-105 in 1967-68. General Armstrong
is a U.S. Naval Academy graduate

with a masters degree in astronautical
engineering and instnunentation
from the University of Michigan.
John L. McLucas
Dr. McLucas has a distinguished
record of public and private service.
He has served as Secretary and
Undersecretary of the Air Force,
Federal Aviation Ad1ninistration
Administrator, Deputy Director of
Defense Research and Engineering,
and Assistant Secretary General of the
North Atlantic Treaty Organization
for Science. He has served as
Chainnan of the NASA Advisory
Council and the Air Force Studies
Board and as a 1nember of the
Defense Science Board and the Air
Force Scientific Advisory Board. In
the private sector, Dr. McLucas has
been Vice President and President of
HRB-Singer, President of MITRE,
Executive Vice President of COMSAT, and President of COMSA T
General and COMSA T World Systems. He is a member of many corporate boards. He has received many
professional honors, including the
An1erican Institute of Aeronautics
and Astronautics Reed and Goddard
awards. He is a me1nber of the
Council of the National Academy of
Engineering.
Leon T. Silver
Dr. Silver is a professor of Resource
Geology at California Institute of
Techology. Following service with
the U.S. Navy, Dr. Silver has divided
his professional efforts between the
U.S. Geological Survey and California
Institute of Techology. He has performed extensive research in many
facets of geology. He is a member of
the National Academy of Sciences,
the National Research Council
Governing Board and the American
Academy of Arts and Sciences. Dr.
Silver has served as a Member and
Chairman of the Department of
Energy Science Advisory Council,
President of the Geological Society of
America and is a recipient of many

awards and commendations for professional excellence. He played a
major role in instructing and training
the Apollo astronauts in lunar geology and exploration.

Senior Members
James A. Abrahamson
Lieutenant General Abrahamson,
USAF (Ret.), is the Executive Vice
President for Corporate Development
of the Hughes Aircraft Cmnpany.
After a 33-year Air Force career, he
retired in 1989 while serving as the
first Strategic Defense Initiative director, where he provided policy direction and supervised key research and
development programs and the
acquisition process. Prior to that, he
served as Associate Administrator for
NASA's Space Transportation Systen1
and was responsible for the Space
Shuttle program. He also directed the
F-16 consortium for the North
Atlantic Treaty Organization co-production of this aircraft. He is a
Massachusetts Institute of Technology graduate with a B.S. in aeronautical engineering and an M.S. in the
san1e field fron1 the University of
Oklahoma. He was the 1986 recipient of the Goddard Trophy.
Edward C. "Pete" Aldridge, Jr.
Mr. Aldridge is currently President,
McDonnell Douglas Electronic
Systems Co1npany, in McLean,
Virginia. Prior to this position, Mr.
Aldridge was Secretary of the Air
Force from 1986-1988. He joined the
Reagan Administration in 1981 as the
Undersecretary of the Air Force. One
of his key responsibilities was coordinating the Air Force and national
security space activities. He has held
numerous management positions in
government (Office of the Secretary of
Defense, Office of Management and
Budget) and the aerospace industry
(System Planning Corporation, LTV
Corporation and Douglas Aircraft
Company). Mr. Aldridge was an
ad visor on the Strategic Anns

Limitation Talks in 1970-1972. He
holds a B.S. degree in aeronautical
engineering from Texas A&M
University and an M.S. degree in
aeronautical engineering from the
Georgia Institute of Technology.
David C. Black
Dr. Black received a Ph.D. in physics
from the University of Minnesota. He
is currently Director of the Lunar and
Planetary Institute. He is a recognized authority in the search for and
study of other planetary systems. His
career includes service as Chief of the
Theoretical Studies Branch, Chainnan
of the Basic Research Council, Chief
Scientist for Space Research at NASA
Ames Research Center and NASA
Chief Scientist for Space Station. He
has accomplished pioneering experin1ental research in theoretical astrophysics and planetary science.
Eugene E. Covert
After receiving B.S. and M.S. degrees
at the University of Minnesota, Dr.
Covert received his doctorate from
the Massachusetts Institute of
Technology in 1958. He has had a
continuing association with the
Massachusetts Institute of Technology Department of Aeronautics
and Astronautics as a professor and
head of the departinent. He has
served as the Chief Scientist of the Air
Force, Director of the European Office
of Research and Development, member and Chairman of the Air Force
Scientific Advisory Board and a Inen1ber of the Presidential Commission
on the Space Shuttle Challenger
Accident. He serves on the boards of
several corporations. He is a member
of the National Academy of Engineering, the Royal Aeronautical
Society, the New York Academy of
Science and the American Association
for the Advancement of Science.
Dr. Covert is the recipient of many
honors, including the Air Force
Exceptional Civilian Service Award,
the NASA Public Service Award and
the Von Karman Medal.
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Donald L. Cromer
Lieutenant General Cromer, a 1959
U.S. Naval Academy graduate, was
commissioned in the Air Force. He
served in a series of missile organizations and space-related assignments.
In 1986, he became the Commander
of the Space and Missile Test
Organization at Vandenberg Air
Force Base. He was responsible for
the management of test, launch and
on-orbit control activities of Air Force
space and ballistic missile systems.
He was also responsible for Western
and Eastern Space and Missile
Centers and the Consolidated Space
Test Center at Onizuka Air Force
Base. Lieutenant General Cromer
became commander of the Space
Systems Division, Air Force Systems
Command in June 1988. He wears
the Master Missile and Master Space
badges. Among his military decorations are the Distinguished Service
Medal and the Legion of Merit with
oak leaf cluster.
Maxime A. Faget
Dr. Faget is the Chief Executive
Officer of Space Industries, Inc., and is
involved with the design and development of industrial space facilities.
During a 35-year career with NACA
and NASA, Dr. Faget served in engineering and managerial positions in
manned spacecraft programs. He
conceived the Project Mercury oneman spacecraft and Gemini and
Apollo configurations and the design
of a completely reusable spacecraft
that lead to the Space Shuttle. Dr.
Faget is an author, the holder of many
space-related patents and the recipient of many awards and honors,
including the American Society of
Mechanical Engineers Gold Medal
and two NASA Distinguished Service
Awards. He is a member of the
National Space Hall of Fame.

President and Chairman of the
Executive Committee of Grumtnan.
Earlier, he was Chief of the Grumman
Missile and Space Engineering
Program and Director of the Apollo
Lunar Module Program, for which he
received the NASA Distinguished
Public Service Medal. He was the
Aerospace Educational Council "Man
of the Year" in 1968. He is a member
of the National Academy of Engineering, the American Astronautical
Society and the American Association
for the Advancement of Science.
Michael D. Griffin
Dr. Griffin is the Deputy for
Technology of the Strategic Defense
Initiative Organization. He holds six
degrees in physics, electrical engineering, aerospace engineering and
business administration from Johns
Hopkins University, Catholic University, the University of Maryland,
the University of Southern California
and Loyola College of Maryland. He
has worked in spacecraft design and
mission operations at Computer
Sciences Corporation, Jet Propulsion
Laboratory, Johns Hopkins Applied
Physics Laboratory and the Strategic
Defense Initiative Organization. He is
a recipient of the Department of
Defense Distinguished Public Service
A ward and the American Institute of
Aeronautics and Astronautics Space
Systems Award for his work on the
Strategic Defense Initiative Organization Delta 180 space intercept mission. Dr. Griffin has been an adjunct
professor at the University of
Maryland, Johns Hopkins University
and George Washington University,
offering courses in astrodynatnics,
spacecraft design and applied mathematics. He is a registered professional engineer in Maryland and
California and the co-author, with J.
R. French, of the textbook Space

Vehicle Design.
Joseph G. Gavin, Jr.
Mr. Gavin is a Senior Management
Consultant for Grumman Corporation. Previously he served as
A-4

Larry B. Grimes, Esquire
Mr. Grimes is partner in charge of the
McGuire, Woods, Battle, and Boothe

law office in Washington, D.C. His
areas of specialization are corporate
legal matters and commercial and
international financial transactions.
Following experience with the
Securities and Exchange Conunission
and with Westinghouse Electric
Corporation, Mr. Gritnes has, since
19 81, devoted himself to the private
practice of law. He represents major
high-technology companies in the
United States and abroad. He has
represented joint ventures with particular emphasis on stn1cturing nonconventional finance (commodities
countertrade) transactions for export
of high technology goods to the
developing world. Mr. Grimes
attended the University of Idaho (B.A.
1965, J.D. 1967) where he was editor
of the Idaho Law Review.
Henry J. Hatch
Lieutenant General Hatch, U. S. Army
Corps of Engineers, is a 1957 graduate
of the U.S. Military Academy. He
also holds an M.S. in geodetic science
from Ohio State. He is a graduate of
the Army Command and General
Staff College and the Arn1y War
College. Through a variety of significant command and staff assignments,
Lieutenant General Hatch rose to the
command of the U.S. Army Corps of
Engineers in 1988. He has served in
Korea, Vietnam and Europe. He also
served on the faculty at the U.S.
Military Academy. He has earned the
Ranger, Master Parachutist and Army
Air Assault Badges. Among his military decorations are the Distinguished
Service Medal and the Legion of Merit.
Bastian "Buz" Hello
A 1948 mechanical aeronautical engineering graduate of the University of
Maryland, Mr. Hello retired in 1988
as the Corporate Senior Vice
President of Rockwell International
Corporation. His industry experience
spans the P-5M Patrol Seaplane; the
Air Force Prime Lifting Body; SaturnApollo launch operations; the Space
Shuttle; B-1 research, development

and test; and corporate relations with
all branches of the federal governn1ent. He is a member of several U.S.
political and international professional associations and is a past presid e nt of the American Institute of
Aeronautics and Astronautics. He is
the recipient of numerous honors,
two NASA Public Service A wards
and the NASA Distinguished Public
Service Award.
George W. Jeffs
Mr. Jeffs received B.S. and M.S.
degrees in aeronautical engineering
from the University of Washington
and is a veteran of 44 years service
with Rockwell International. His
duties have involved many key space
efforts: Apollo Chief Engineer;
NA VSTAR Global Positioning System; research, development and
production of high performance aircraft and all aspects of the Space
Shuttle system (integration and operations, orbiter and main engine development); and several advanced
surveillance, com1nunications and
technology programs. He is a member of several professional associations and the recipient of many
honors, including membership in the
National Academy of Engineering,
two NASA Distinguished Service
Medals and the Presidential Medal of
Freedom.
Christopher C. Kraft, Jr.
From 1945 until 1982, Mr. Kraft had
a distinguished career in government.
While with NASA, he made significant contributions to aeronautical
flight research. He was the Johnson
Space Center Director for ten years.
He was a member of the original
Space Task Group established to
manage Project Mercury. He was a
prin1e contributor to the development
of many basic 1nission and flight control techniques for manned space
flight. He was Flight Director of all
Mercury nussions and many Gemini
missions. He directed the design and
implementation of the Mission

Control Center in Houston. He is the
recipient of many honors and awards,
including the Presidential NASA
Outstanding Leadership Medal and
four NASA Distinguished Service
Medals.
Thomas S. Moorman, Jr.
Lieutenant General Moorman is the
Com1nander of the Air Force Space
Command. A graduate of Darhnouth
College, he was commissioned
through the Reserve Officer Training
Corps program as a distinguished
graduate in 1962. He served in
assignments of increased responsibility in the intelligence and space fields.
In October 1987, Lieutenant General
Moorman became Director of Space
and Strategic Defense Initiative
Programs, Office of the Assistant
Secretary of the Air Force for
Acquisition. He also represented the
Air Force in the Strategic Defense
Initiative progrmn and served as special assistant for the Strategic Defense
hutiative to the Vice Cmmnander for
Air Force Systems Command. The
Distinguished Service Medal and the
Legion of Merit with Oak Leaf Cluster
are among his 1nilitary decorations.
Charles A. Ordahl
Mr. Ordahl is Vice President of
McDonnell Douglas Space Syste1ns
Cmnpany. An electrical engineer
from the University of North Dakota,
he has held numerous executive
positions related to space. He has
extensive experience in com1nercial
launch endeavors both in the United
States and abroad. With McDonnell
Douglas, his responsibilities have
encompassed Space Transportation,
Space Station and now the Space
Exploration Initiative. He is a member of many professional associations.
Bernard A. Schriever
General Schriever retired from the Air
Force in 1966 after 33 years of service.
After a distinguished wartilne career,
he was assigned many scientific
duties. He received a B.S. degree

frmn Texas A&M in 1931 and a M.A.
degree in aeronautical engineering
from Stanford in 1942. After the war,
he was Chief of the Scientific Liaison
Section, Headquarters USAF. He
com1nanded the Air Force Ballistic
Missile Division and the Air Research
and Development Command. He
was responsible for research and
development on Atlas, Titan, Thor
and Minuteman ballistic missiles.
Concurrently, he provided launch
sites, tracking facilities and ground
support equipment necessary for
deployment. Since his retirement,
General Schriever has been a consultant to government and industry on
technology and management. He has
served on numerous commissions
and received many awards, including
the 1980 induction into the Aviation
Hall of Fame and the 1986 Forrestal
Award.
Joseph F. Shea
A retired Senior Vice President of the
Raytheon Company, Dr. Shea is an
adjunct professor of Aeronautics and
Astronautics at the Massachusetts
Institute of Technology. His academic and industry experience include
1nany engineering and space accomplishinents. Among his contributions
in the field of spaceflight were service
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LEGACIES

In order to provide guidance for
developing architectures, a list of
guidelines was developed based
upon the programmatic experience of
the senior members of the Synthesis
Group acquired since the space program's inception. This list of Space
Experience Legacies was presented to
the Advisory Committee on the
Future of the U.S. Space Program and
was well received by the committee.

Space Experience Legacies
Guidelines
1)

Establish crew safety as the
number one priority.

2) Have clean lines of management authority and responsibility for all elements of the
program - ensure that one
organization or prime contractor is clearly in charge.
3) Establish realistic program
milestones that provide clear
entry and exit criteria for the
decision process, and create
useful capabilities at each step.
4) Ensure that the Administration
and the Congress clearly
understand the technical and
programmatic risks and realistic costs of the Space Exploration
Initiative.

6) Make maximum use of modularity over the life of the program to maintain flexibility.
Successive missions should
build on the capabilities
established by prior ones.
Provide the capability to incorporate new technology as
required.
7) Press the state-of-the-art in
technology when required
and I or when technological
opportunities are promising
with acceptable risk.
8) Ensure optitnutn use of manin-the-loop. Don't burden man
if a machine can do it as well
or better, and vice versa.
9) Lhnit development times to no
more than ten years. If it takes
longer, the cost goes up and
commitment goes down.
10)

Focus technology development toward programmatic
needs.

11)

Minilnize or eliminate on-orbit
assembly requiring extravehicular activity.

12)

Minimize mass to low Earth
orbit to reduce cost.

13)

Have redundant primary and
separate backup systems. Design in redundancy versus
heavy reliance on onboard/
on-site maintenance.

14)

Hire good people, then trust
thetn.

5) Mandate simple interfaces
between subsystems and modules.
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Pitfalls
1)

Establishing requirements that
you will be sorry for; i.e., wish
lists being treated as requirements and allowing requireInents to creep.

2) Trying to achieve a constituency by promising too much to
too many and "low balling"
the technical and financial
risks.
3) Committing to interminable
studies and technology
demonstrations without a firm
cmnmitment to execute a real
program.
4) Not establishing configuration
controls/baselines as soon as
possible; e.g., weight and electrical power requirements.
5) Allowing software to run
w1checked and become a prograin constraint rather than a
supporting element.
6) Setting up agreements for
develop1nent of progran1 elements that are not under
direct program management
control.
7) Not saying "we were wrong"
when we were wrong.

gies (e.g., high-definition television)
that permit the general public to share
directly in the exploration experience.

Discussion
Mission definition is crucial in implementing the Lunar Exploration Waypoint. The issue is whether to
establish a fixed outpost, gradually
building up to a permanent base, or
to conduct separate, multiple missions to different sites. Each option
has specific advantages: a fixed outpost rapidly builds up infrastructure
while multiple sites greatly increase
the scientific return of the waypoint.
If the primary reason for going to the
Moon is exp;oration, then multiple
sites 1night be preferred. However, in
combination with other equally
emphasized activities, a fixed outpost
might be more attractive.
Extended access to multiple sites is
a key requirement in conducting surface exploration. This is best accomplished by a crew using a pressurized
rover. The pressurized rover is an
essential part of geologic exploration
and provides a means of traveling to
distant sites but also exploring while
traversing the terrain. Surprising and
significant discoveries could be made
in this way.
"Telepresence" robots can conduct
smne geologic field work. While such
a technique might greatly enhance the
scientific return, the details of how
such robots might work with people
re1nain to be developed. Operators
for these telepresence robots need
near-insta:.1t radio contact with the
robots. This may be marginally
obtainable by having the controllers
on the Earth, but operators on or near
the Moon have a near-zero time lag
for robotic te1eoperations. An operator located at an Earth/Moon
Lagrange point (L1), for example,
would have complete line-of-sight
radio access to almost the entire near
side of the Moon. Teleoperations
from this vantage accomplish significant field exploration by projecting

human powers of thought and observation into the robotic alter ego on the
surface. This operations concept is
particularly valuable at Mars, where
telerobotic control fron1 Earth is not
feasible because of the great time lag
in radio communications. Although
the robots advocated here are extremely capable, people still maintain
an edge as explorers, probably for the
indefinite future.

Initial Operational Capability
The Initial Operational Capability is
substantial, designed to build on the
unique scientific opportunities provided by an optimum mix of robotic
and human presence, each supporting the other. The waypoint can be
imple1nented in several ways, each of
which provides specific exploration
advantages. A crew of six returns to
the Moon. Five crew members
descend to the surface and explore a
carefully selected site during one
lunar daytime (14 Earth days), with
the sixth crew member remaining in
orbit. During initial missions, crew
members live out of the lander, which
keeps the total delivered mass to the
lunar surface small at the Initial
Operational Capability. These missions explore the immediate vicinity
of the selected site, returning samples,
observations and data on the site
geology, resources and physical environment. Surface activities include
geologic surface reconnaissance and
field work, instrument package
emplacement, detailed mapping and
initial data analysis. Mission success
depends largely on the ability to do
effective, long-duration extravehicular activity. Based on experience, a
low pressure (~5 psi), reliable, redundant, rugged and flexible extravehicular activity suit is required. The
extravehicular activity suit should
have no prebreathe requirement.
On the initial missions, the crew
has the ability to traverse distances of
up to 50 km frmn the lander spacecraft in a small ( ~5 metric ton class)

pressurized rover; this distance
increases to 100 km on subsequent
flights. The pressurized rover supports a nominal crew of two (three in
an emergency) for a period of up to
three days, and is designed to protect
the crew from solar radiation. It has
an airlock, so that the entire rover is
not depressurized for extravehicular
activity. It has robotic manipulators,
for the astronauts to collect reconnaissance samples and emplace s1nall
instrument packages enroute. And it
has the ability to be teleoperated (i.e.,
driven) from the Earth or lander control center. This small, pressurized
rover is constructed so that its capacity and traverse range can be increased
incrementally on successive missions.
Flexible scheduling and mission
control are key to successful surface
operations. Because the task of the
crew is to explore, they must have as
much autonomy as possible to determine their own pace and style of
investigation. Although crews work
within a general exploration plan (i.e.,
pre-identified targets and their backups), the actual traverses and surface
activities are not planned on rigid
timelines, as was done during Apollo.
Flexible surface operations are essential if significant discoveries are to be
made and the necessary follow-up
investigations carried out.
During the course of a two-week
visit to the Moon, a crew of two is
able to make at least three traverses in
the pressurized rover. The other
remaining crew n1embers are involved in detailed field work near the
lander site, with one crew member
designated as the surface "mission
director," remaining in the lander and
operating the telepresence robot.
A key feature of the Initial Operational Capability is pre-deployment of
the lunar telepresence robot. This
robot acts as a hwnan surrogate during surface exploration, possessing
much of the sensory capacity and
Inanipulative ability of humans,
including vision sensors optimized
for geologic exploration. The tele-
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presence robot is operated by the
crew member in the lunar lander or
from lunar orbit for true (no time
delay) telepresence. The robot operates independently or in tanden1 with
field crews on the Moon.
During mission operations, data
rates approaching 500 Mbps are
needed for short time periods. Most
of this data is produced by the telepresence robot. For surface stays of
two weeks, several gigabits of data
are produced. As some of this data is
not time-sensitive, data storage is
required . In addition, a return sample mass of about 200 kg per flight
has been estimated. Selective sample
collection and some data analysis in
the field assures that return samples
are of high scientific value, equivalent
to many times the samples returned
by Apollo.
There are two possible ways to
implement this waypoint's Initial
Operational Capability. In the first
case, a site is selected on the Moon
that ultimately becomes the location
of a permanent lunar outpost or base.
The advantage of this strategy is that
equipment delivered to the lunar surface becomes part of the base infrastructure. This approach rapidly
expands the resource base on the
Moon and the ability to support multiple crew me1nbers. A drawback is
that the total exploration coverage is
geographically limited, being confined by the range of the surface
rover. We believe that many scientifically challenging sites exist on the
Moon.
In the second approach, missions
go to different sites on each flight. In
this scenario, diverse targets would be
chosen for specific two-week missions, with each mission carrying the
same equipment con1ple1nent to the
Moon. A variant of this idea is to
deliver one pressurized rover to the
Moon for exploration. It then is
remotely operated from Earth to the
next site, making observations and
collecting samples along the way.
The rover is then available for use at
A-12

the next site, where humans refurbish
and use it to conduct another nussion.
This kind of operation is extremely
interesting scientifically because large
areas of the lunar surface are explored
robotically, interspersed with human
field work during crew missions. The
drawback of this approach is that the
lunar infrastructure re1nains fairly
small, lilniting the number of people
the outpost can support.

Next Operational Capability
The evolution of the Lunar Exploration Waypoint involves increasing
surface access, stay times and data
return. The increased data return
involves not only surface science,
both robotic and human, but also
improved, second-generation orbital
science to help understand the Moon
and its resources.
For orbital science, a lunar satellite
can produce global i1nages of Inoderate and high resolution. These
images constitute the global database
needed to support future lunar cartography and surface exploration.
For studying surface physical properties, specific instruments, including
multispectral imaging radar, provide
global maps of surface physical properties and subsurface imaging. The
need also exists for regional chemical
and mineralogical information, both
to understand lunar processes on a
gross scale and to extend the results
of the detailed human field studies to
larger areas.
For human surface missions, the
Next Operational Capability increases
surface access by increasing the range
of the pressurized rover from 50 to
100 km. At those distances, great
geologic diversity is available for
direct field study by the crew and,
through telepresence, by Earth-bound
scientists and even the interested public. This increase in range can be
accon1plished by increasing the
capacity of the pressurized rover,
either as a differently designed single
mut (to be delivered to the lunar sur-

face; mass ~9500 kg), or by modularly expanding the capacity of the
butial Operational Capability pressurized rover. In this second concept,
power, habitation and accessory
modules are connected to the Initial
Operational Capability rover to comprise a multipurpose, long range surface "train." This type of vehicle is
ultimately expanded to allow traverse
ranges of up to 500 km and stay times
of several weeks.
Crew size remains at six during the
first Next Operational Capability,
doubling to 12 by the second Next
Operational Capability. The key feature permitting greater exploration at
the first Next Operational Capability
is the extension of stay time (40 Earth
days) to include the lunar 11ight. Surface illumination on the llmar near side
at 11ight from earthslune is sufficiently
bright (the equivalent of a 60-watt
bulb hanging from a ceiling in a dark
room), that a great deal of surface
exploration is possible during the
lunar night, probably augmented by
artificial lighting. The net effect of the
increase in surface stay time is to at
least double the amount of exploration time available for human field
work on the Moon. The main drawback to this mode of operation is the
lack of solar power available during
the lunar night.
Another way to increase exploration productivity is to increase the
number and capabilities of remotely
operated robots on the lunar surface.
Robotic rovers could perform longrange surface reconnaissance, both as
a human precursor and as a way to
retrieve information about distant
sites that will not be visited by people.
In the first case, the telepresence robot
acts as a crew member, working in
conjunction with the surface scientists. In the second case, separate traverses are conducted to interesting
science sites that the human crew
either cannot reach or does not have
time to study. This mode of operation permits selected field study of
sites not covered by the traverses of

the pressurized rover. It thus acts as
an intermediate step between automated, robotic, geologic reconnaissance and full fledged human field
study. If the robots are capable of
telepresence operations (defined
mostly by high-definition stereo
vision and hmnan-like manipulative
abilities), then scientists on Earth and
in lunar or Ll orbits actively participate in the exploration of the lunar
surface, along with the crew on the
Moon or independent of them.
As the capabilities for surface
exploration expand, the quantities of
data greatly increase. This increase
probably requires augmentation of the
conununication and data storage facilities. Also, increased dissenrination of
the collected data is highly desirable.
For exa1nple, it is possible to allow the
general public to participate directly in
the exploration of the lunar surface by
transmitting the high-definition television and teleoperated robot data channels into hmnes (via commercial cable
systems), theaters and virtual reality
workstations at museums around the
country . Supplying information
directly to the public has great potential to interest and inform them about
the ongoing exploration of the Moon.

Full Operational Capability
During Full Operational Capability,
the entire Moon is available for
detailed study by humans and robots.
Global access for extended periods is
a key requirement for understanding
lunar processes and history in geoscience field study. Global access is
accomplished in several ways. Separate missions from Earth orbit are
staged, making the entire lunar globe
continuously accessible. This 1node
of operation is particularly useful for
multiple, te1nporary exploration nlissions of the Initial Operational Capability type.
It may ultimately be possible to
traverse great distances, for weeks at
a time, thus blending into a type of
global surface access. This technique

is unlikely to be used in the early
years, since it raises severe safety and
logistical problems.
Finally, it may be that global access
for humans is only achieved by telepresence. In a scenario like this, only
robot field geologists physically travel
around the Moon, providing human
access by telepresence sensors.
Although this technique of global
access is likely the easiest to implement, some provision must be made
for robotic return for maintenance
and sample return to an outpost, base
or directly to Earth.
Crews of 20 to 30 are engaged
profitably in various exploration activities by Full Operational Capability.
Such a large crew requires a considerable infrastructure, including multiple
pressurized rovers, habitats, small
utility vehicles, and robotic probes,
rovers and teleoperators. A typical
tour of duty is about one year. Most
of the crew is stationed at the 1nain
lunar base, although several small outposts are desirable for the conduct of
other lunar surface activities.

Early Milestones
The Lunar Exploration Waypoint
requires precursor activities that,
co1nbined with the initial human
return to the Moon, provide several
early milestones. The first required
lunar precursor mission is a polarorbiting satellite carrying instnnnents
to sense the composition and structure of the Moon. This mission
should provide global maps of lunar
surface chenristry, mineralogy, topography, gravity and morphology. The
proposed Lunar Observer n1ission, if
appropriately equipped, satisfies
these requirements. The data from
Lunar Observer is important in a
strategic sense to: 1) conduct efficiently the overall global reconnaissance of
the Moon required by the charter of
exploration; 2) identify sites and processes deserving of more detailed
investigation by either machines or
people; and 3) characterize the

resources of the lunar surface for possible future exploration. A polarorbiting 1nission to the Moon
provides flexibility for future lunar
exploration as well.
In addition to global reconnaissance from orbit, several types of surface missions have been identified.
For reconnaissance, a global network
of geophysical instruments would
provide important information on the
physical and chemical make-up of the
solid Moon. At least eight stations
e1nplaced equidistant from each other
create a global network that permits
clear exanrination of moonquake foci,
deternlines the mean lunar heat flow
to high precision, and measures local
magnetic fields. Such an instrument
network allows us to understand the
composition and thermal characteristics of the lunar interior.
For local site studies, a surface rover
deployed at a pre-designated human
exploration site conducts an important
"pre-reconnaissance" of the outpost
site. The teleoperated rover traverses
the future exploration site, n1aking in
situ chemical and mineralogic measurements, imaging the surface and
subsurface, and collecting samples (to
be returned to Earth later by the crew).
The knowledge and samples gained
provide a much more comprehensive
and detailed understanding of the site
than would otherwise occur, thus
permitting both an expansion of
exploration knowledge as well as
maximizing the effectiveness of subsequent human exploration. This
rover is a relatively rudimentary type
of teleoperated robot (w1der virtually
complete Earth-based control) or a
much more capable telepresence
robot, which is then available for use
by the crew when they arrive on the
Moon.
Additional precursor n1issions
may also be undertaken, but the set
described here addresses the most
pressing exploration goals. All of
these missions occur very early in a
Space Exploration Initiative program
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and constitute highly visible, scientifically productive early milestones.

Enabling Technologies and
Processes

Enabling Technologies

• Small Pressurized Rover
• Advanced Power Supply
• Extravehicular Activity Suit

• Radiation Shielding
• Teleoperated Robotics
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The small pressurized rover delivered
at Initial Operational Capability is a
key enabling technology for the
Exploration Waypoint. It is envisioned that a preliminary design will
incorporate an extended unpressurized rover chassis, onto which an
inflatable crew module is attached.
Rover pressurization is ~ 5 psi for
numerous considerations. This design permits considerable mass savings, yet still permits extended human
traverses. The extended traverse
range of this rover (50 kn1 radius for
the first flight with a capability to be
extended up to 100 km with proper
safeguards and testing) requires an
advanced form of power supply;
advances in rechargeable fuel cells
should permit us to operate on these
scales of distance.
In a similar vein, our surface activities are heavily dependent on extensive extravehicular activity and
surface exploration. Reliable, redundant, rugged and flexible extravehicular activity suits are an absolute
necessity for mission success. Radi-

ation shielding for lunar inhabitants is
also required. This problem is particularly acute for the crew members
who conduct the extended traverses
(who live out of the pressurized
rover) and for all crew 1nen1bers at
Initial Operational Capability (when
the lander doubles as the lunar surface habitat). The technologies
required to use life support consumables as shielding (e.g., water "jacketing" of living areas) and use of local
resources (e.g., regolith shielding)
must be developed and understood.
Extensive use of robotics augments
human exploration. The techniques
of robotic teleoperations (including
the incorporation of artificial intelligence routines) and telepresence must
be developed. Most of the unknowns
in telerobotics are in the human factors area. How much time delay can
be tolerated before telepresence
begins to break down? What kinds of
visual display systems are needed? Is
stereo vision and high definition (i.e.,
greater than 5,000 lines) necessary, or
are those a luxury? What kinds of
manipulator systems are required?
Virtually all of these questions require
much more study before the
machines that will explore the planets
in tandem with people can be built.

WAYPOINT: PREPARATION FOR MARS

test site. The Moon provides a unique
database for life science and operational verification in a reduced gravity environment, combined with the
psychological realism of operations at
a harsh extraterrestrial location.
In addition, by preceding the
Moon simulation activities with
orbital activities, the Mars transit
operation, equip1nent and human factor issues are also verified. After a
designated ti1ne in orbit, the crew
travels directly to the lunar surface to
conduct the Mars simulation activities. This allows determination of the
human adaptation capability in a
reduced gravity environment after an
extended tin1e in zero gravity.

Site Selection

Initial Operational Capability

The lunar site selection is dependent
upon Mars site selections. The lunar
sites will be selected so that the lunar
terrain is similar to that of the Martian
terrain to be visited.

The Initial Operational Capability
develops operational concepts for
future Mars exploration. The Initial
Operational Capability is reached
after two missions to set up systems.
Tasks include the installation of solar
flare warning equipment, emplacement of a long-term cryotank verification test and exploration to select the
next landing site.
The first mission consists of separate cargo and piloted flights. It is
envisioned to begin in 2005, with the
cargo mission delivering a habitat,
power supply, unloader and the cryotank experiinent. The piloted mission follows two to three months
later, taking an unpressurized rover
and supplies for an expected stay of

Cryotank Experiment
A major uncertainty in Mars missions
is the ability to store super-cold cryogen fuels over long periods with minimmn boil-off. A long duration test on
the Moon or in lunar orbit provides a
unique environment to fieldtest cryogenic storage designs utilizing active
refrigeration. Such a system also
enhances other lunar operations by
providing a reliable backup source of
hydrogen.

Tn!Jic 1

ANALOG COMPARISONS
Parameter

Mars

Moon Analog

Antarctic Analog

Temperature Extremes

-143°C to 1JCC

-173°C to 12JCC

-50°C

Length of Year

687 days

28 days

365 days

Rotation

1.026 days

28 days

6 months

Gravity

0.38

0.17

1.00

Surface Pressure

0.006 bar.

None

1.0 to 0.56 bar.

Atmosphere

C02

None

02N2

Dust

Blowing

Clinging

Snow blowing

Climate

Seasons

None

Seasons

Surface

Soil

Regolith

Desert

Storms

Dust

None

Snow

Communications Delay

Up to 38 minutes

Two seconds

None

Mars Extravehicular Activity
Simulation

-

Possible

Not possible

Mars Geology

-

Relevant

May not be relevant

Mars Psychological
Realism

-

Relevant

Lacks realism

-

Total integration: crew,
systems and operations

Limited

Mars Systems Test
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operations in 2008 at a site within 100
km of the Initial Operational Capability landing site. All the systems and
equipment are deployed and remotely
operated just as they will be on Mars.
The equip1nent delivered on the
cargo flight undergoes a year-long
operational validation test. A mission
with a crew of six is flown in 2009.
The crew stays in lunar orbit for a
period of 120 days, a tilne comparable to a shortened Earth-to-Mars transit, and then descends to the surface
to stay an additional 30 days. They
accomplish all the activities associated
with the Mars mission during their
stay, verifying procedures and operations critical to successful cmnpletion
of the first Mars mission. The vehicles
and systems flown, as 1nuch as practical, are the same vehicle and systems
to be taken to Mars.
For example, the lunar orbiting
vehicle is the Mars Transfer Vehicle.
The use of this vehicle allows for realistic mission-critical evaluations of the
performance of the systen1s and the
crew with a high degree of operational fidelity. It also provides an
opportunity to develop the procedures and techniques for having the
crew in orbit accomplish meaningful

science using telerobotic systems on
the lunar surface. Techniques and
procedures developed in lunar orbit
directly apply to utilization in Mars
orbit. These operations can be accomplished without the time delays inherent in Earth operations of such systems on either the Moon or Mars.
While this flight of 150 days is in
progress, a second piloted mission is
flown by another six-member crew
that descends and lands at the original Initial Operational Capability site
with no delay in lunar orbit. Their
mission is planned to have the1n in
place on the lunar surface when the
150-day crew lands. Three of the crew
members drive to the Mars rehearsal
site in a rover and provide assistance
to the Mars rehearsal crew after they
land. The rehearsal crew is weighted
after landing to verify their adaptation to the three-eighths gravity environment of Mars. The crew in place at
the site assists in performing necessary life science experiments and protocols. They stay on the Moon after
the rehearsal crew departs, verifying
equip1nent operations up to a total
mission duration of approximately 90
days.

The advantage of conducting the
last two phases simultaneously is that
the crew already on the lunar surface
serves as a safety net, if necessary, to
assist the dress rehearsal crew arriving at the lunar surface from lunar
orbit. The effect of a long period in
zero gravity and the resulting deterioration of body systems is an
unknown factor for predicting crew
perfonnance on a planetary surface.
The successful co1npletion of this
phase of lunar operation constitutes
the achievement of Lunar Next
Operational Capability-2, The Mars
Dress Rehearsal.

Early Milestones
Early nulestones include the return of
humans to the lunar surface by the
year 2005. Other early milestones
include setting up a habitat, operating
on the lunar surface for a 14 Earthday initial stay, determining human
performance and qualifying of hardware for future Mars 1nissions.
The Preparation Waypoint uses
the Moon to provide operational verification of Martian equipment, systeins and procedures. In addition, the
physiological and psychological

PREPARATION SITE SELECTION
Mars Site

Moon Site

1.

Impact-produced cratered terrain (regolith)

1.

Any highlands site

2.

Bedrock and rough, blocky surfaces (lava plains)
Viking Lander-1 landing site, Chryse Planita

2.

Melt "pond" north of King Crater
(far side) Floor of Tycho

3.

Sand/dust eolian deposits; dunes and duricrust

3.

Rima Bode; Sulpicius Gallus

4.

Ice and permafrost terrains (polar ice caps)

4.

No known analog

5.

Fluvial (ancient riverbed) deposits

5.

Rima Hadley; Rilles near Gambart

6.

Canyonland terrain (Vallis Marineris)

6.

Vallis Schroteri; Rima Hyginus
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issues concerning Mars missions are
addressed. Lunar missions can also
be combined with orbital activities as
a byproduct to completely simulate
the long duration, zero gravity transit
to Mars, followed by activities on the
reduced gravity surface. These activities will provide a database on hwnan
physiology and performance. From a
total mission perspective, the Moon is
the best Mars analog available.

Enabling Technologies
Several technological developments
are required for the successful implementation of this waypoint. As in
other waypoints, the capability to
launch a large payload to low Earth
orbit is required; 150 metric tons with
designed growth to 250 metric tons.
Cryogenic fuels must be stored with
minimal boil-off for long periods of
tilne (year-long scales). This storage
technology is developed around the

use of liquid hydrogen, the most difficult cryogen to keep for long periods.
The long duration of human flights to
Mars requires the development of
radiation protection for people. Such
protection includes not only shielding
the spacecraft and habitats from normal galactic cosmic rays, but a syste1n
to provide early warning of solar flare
events and the provision of storm
shelters for hutnan occupancy during
such events. Closing the life support
loop is highly desirable, but complete
closure is not required to go to Mars.
Research should continue on life support system closure to reduce launch
weight as much as possible, with
emphasis on closing the oxygen and
water loops. Finally, significant operations on both the Moon and on Mars
require reliable and robust surface
power systems. We believe this dictates the need for nuclear reactors on
planetary surfaces for long term
human presence.

Enabling Technologies

• Cryogenic refrigeration
necessary for storage
over long missions
• Heavy lift launch
capability
• Solar flare warning
system
• Nuclear surface power for
long term operations
• Maximize closed loop life
support to reduce mission
weight and test system
reliability
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support and life sciences. An airlock
provides the capability for astronauts
to continue to work within the habitat
during ingress I egress by other crew
members. The amount and type of
airlock usage for lunar operations
need to be defined. Visual options
include windows, periscopes and
video displays. Life science issues
related to habitat design deal with
shielding, life support and human
factors.
Beyond micrometeorite protection,
the habitat must be shielded to protect the crew from radiation. The
structure can use lunar regolith either
underground or above ground. An
unshielded habitat would require
some kind of storm shelter to protect
against the effects of solar flares and
define limits on exposure to galactic
cosmic radiation. Also, the issue of
closed life support syste1ns versus
open life support systems greatly
affects the design and mass of the
habitat and storage sheds. Human
operations continue to expand in an
incren1ental capability to increase
their independence from Earth. In
the process of accomplishing this
activity, the lifeline fro1n Earth
becomes n1ore of a communication
line than a logistic lifeline, enabling
humans on both planets to share each
other's experiences.

Initial Operational Capability
This waypoint is built to demonstrate
the ability of humans to live and perform productive tasks in the lunar
environment. As such, the tasks and
equipment are developed in successive steps, leading from the basic survival needs of food and shelter and
progressing toward fuller capabilities.
The Initial Operational Capability
allows a s1nall crew to stay for short
periods in a confined space, but reaffirms the basic lessons learned in the
Apollo program. New materials will
allow significant advancement in
equipment fro1n the pioneering

efforts of the past. These materials
must be proven in small scale tests
prior to the commitment of humans
in large numbers and for longer periods.
Work performed is centered first
on the tasks needed to construct the
initial habitat and airlock with supporting power and shielding. These
tasks also serve a secondary purpose
of allowing the crew to lean1 how to
work with the tools provided. They
are the steppingstones to further
capabilities on the Moon as well as
beginning the lessons for eventual
Mars operations. In order to include
the public in the space experience,
many of the activities are transmitted
to Earth, where high-definition television allows students and the general
public to view day-to-day action.
A pre-deployed cargo mission
includes a communications package,
initial power capability and moving
equipment to handle bulk material.
This capability is met by the landing
and activation of a pressure vessel
habitat onto the lunar surface. This
habitat houses a crew of six and will
serve as the center for future constnlction operations. This construction
will be done by a combination of
telerobotic and crew surface operations.
The initial capability is characterized by austere living conditions.
Included is full closure (95-100 %) in
air systems, partial closure (30-50 %)
for water systems and no closure in
food and waste systems. Limited
space is dedicated to medical care and
health monitoring as well as exercise
facilities. If future habitats use in situ
resources to supplement these partially closed systems, de1nonstration programs for recovery of air and water
from in situ resource utilization
should be initiated early in the program.
The extent of telerobotic assembly
and excavation operations affect the
work space requirements. Radiation
and micrometeorite protection will be

provided by a sufficiently thick (1 to
3 m) regolith cover added by the crew
on site.
Expansion during this phase involves placement and mating of additional airlocks plus pressure vessels
for habitation, laboratory and storage.
Approximately 30 metric tons of
lunar surface delivery capacity are
required. The introduction of a
power capability that does not require
large energy storage for lunar night
(i.e., a continuous nuclear-driven
power generator) and a constructible/ expandable habitat package
mark the movement toward the Next
Operational Capability.

Next Operational Capability
The Next Operational Capability is
marked by the evolution from mating
of multiple Earth-derived pressure
vessels to the construction of expandable or inflatable structures. The concept for the next capability level is
that equal or greater habitation volume will be made available for less
mass. This need involves more
sophisticated and complex construction practices than have been developed earlier. Crew surface operations
for the assembly of habitat components will be extensive. The introduction of more capable airlock operations is necessary to support the
increased crew egress frequency and
a larger resupply requirement.
Crew size will grow to 12 for mtinterrupted stays of six to 12 months,
with an appropriate resupply rate.
Because of the increase in the amount
of consumables that will be needed,
improvements in the efficiency of
water recycling should approach 70
to 80 %. In addition, the waste management cycle should approach partial closure. To achieve tltis, consideration must be given to the processing
of waste stored during previous missions. Food cycles will remain open
with continued den1onstration of closure programs like "salad machine"
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technology and potential "elemental
supplements" diets.
Larger crew size and longer stays
will require increased personal living
space. This will focus on life science
issues such as crew health, environmental monitoring, human factors
and other biomedical issues. For
longer missions, radiation and micrometeorite protection would like! y
incorporate a hybrid system of bulk
regolith and structural design.

Full Operational Capability
This level utilizes combinations of the
habitat structures and routine surface
operations to validate full-time lunar
presence. In this phase, local resources allow the recovery of volatiles
from lunar materials necessary to
support the infrastructure. This
includes recovering oxygen for both
the atmosphere of the habitat and for
use as a propellent. The crew size
increases to 20 to 24 for continuous
stays of up to two years, with appropriate resupply. Waste closure is targeted at 95-100 %, but the food cycle
remains open, although with advances toward partial closure in
demonstration programs.

Early Milestones
Earth-based testing validates subsystem designs. This is done in environments which can best simulate lunar
conditions. Early launches begin with
small scale operations in order to try
operational techniques for movement,
construction and basic elements of
human survival in space.
The first steps toward implementing this waypoint consist of relatively
large scale testing in Earth simulation
facilitites and some small scale testing
on the Moon. The Earth-based phase
tests the design of the habitat, proto-
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type mechanisms of payload unloading, and concepts of substrate excavation (including pyrotechnics) for habitat emplacement. Lunar operations in
this phase are at the bench scale and
concept level. Testing involves regolith and substrate characterization,
movement of loose regolith, and testing of the prototype construction
equipment.
Full scale lunar operations consist
of both a cargo and piloted flight.
The cargo vehicle contains the pressure vessel habitat, airlock, power
system, rover, and some initial food
production test equipment. The piloted flight delivers the crew to the surface; once there, they conduct surface
operations that emphasize living and
working on the Moon. This consists
of mobility tests (both for the rover
and people) and construction operations. Task evaluation in construction
will entail site preparation, installation of the power system and some
initial, experimental food production.

an early warning system for solar
flares, radiation protection technologies and efficient methods of handling of loose regolith (for shielding).
Medical care facilites must be provided for crew members, including both
medical treatment facilities and
robotics technology for telemedicine.
The Habitation Waypoint will also
profit from the general technology
development for robotic telepresence,
both for construction operations and
for general maintenance once the
habitat is constructed.

Enabling Technologies and
Processes
A number of technologies and processes underlie the Habitation
Waypoint. Some of these relate
specifically to habitat design, while
others relate to activities or processes
for handling, protecting or maintaining the habitat.
A number of required technologies
and processes underlie the Habitation
Waypoint. A safe and reliable airlock,
closure of the life support loop
(including waste management and
food production) and excavation and
construction techniques are required
to emplace and operate the lunar
habitat. Human safety for long-duration stays on the Moon require radiation protection; specific technology
requirements include development of

Enabling Technologies

• Airlock
• Closed loop life support
system
• Excavation and construction techniques
• Radiation protection and
shielding
• Medical facilities
• Telepresence robotics

WAYPOINT: LUNAR BASED OBSERVATION

Limitations of the Moon
Factors that make the Moon a less
optimum place for observation include the logistics of getting instruments to the lunar surface, lin1its to
extra vehicular activity operations,
effects of lunar dust on equip1nent,
and the unique engineering environment.

The instru1nent set for the Initial
Operational Capability consists of:
1)

Limitations of Earth Orbit
Once above the Earth's atmosphere,
virtually the same sky exists for
observational purposes. However,
smne of the reasons that make this
option less desirable are: debris in
low-Earth orbit; gas ionization and
atmospheric drag, obscuring multispectral radiation from Earth; rapid
thermal gradients experienced
because of the Earth's shielding of
solar flux; stability problems for
pointing and tracking; and physical
blocking of targets by the Earth.

Initial Operational Capability
The objective of the Initial Operational Capability is to take advantage of
the lunar surface in establishing a
modest observational capability. This
will be a satisfactory accomplishment
if no other instruments are deployed.
The instruments required to 1neet
Initial Operational Capability provide
a better understanding of the emplacement, operations and Inaintenance of lunar based instnunents.
This provides the basis for deciding
on options for emplacing larger, more
complex instn1ments requiring extensive hmnan support.
The Initial Operational Capability
requires at least one 10 to 12 day Inission by five astronauts (one astronaut
remains in lunar orbit) to an equatorial site within a few degrees of a
limb. Using both piloted and robotic rovers, the astronauts will survey
the surface and the top few meters of
the regolith over an area of approximately 10 1112.
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Environmental Survey Instrument:
This is the initial portable instrument delivered to the lunar surface to provide data for future
construction purposes. The station is envisioned as a suite of
s1nall instruments to measure
basic engineering data (radiation, temperature, seis1nic information, galactic cosmic rays,
micrmneteor flux, etc.). Mass is
estilnated as 100 kg with a
power requirement of 10 We
and 1 kbps data rate.

2)

Magnetospheric Observatory: This
is a space physics portable package deployed by a crew 1ne1nber. It can be easily accmninodated in early missions because
of its s1nall mass. The purpose
of the instrun1ent is to study the
solar wind and its interaction
with the Earth's magnetosphere.
The observatory is envisioned to
include a 1nagnetometer, solar
wind detector, and photon and
neutral atom i1naging instrun1ents. The anticipated 1nass is
10 kg with a power requirement
of 30 We and a 1 kbps data rate.

3) Operations Test Telescope: This
will be a small, 1 m class optical
telescope placed on the lunar
surface during one of the initial
survey 1nissions. It is a simple
telescope with a scanning capability. The unit is envisioned to
acquire targets selected by an
Earth control station, track them,
and transnut images back to the
Earth station. The image sensor
will be a cooled, large-fonnat
charge coupled diode array; the
entire syste1n is esti1nated to
have a mass of 300 kg, with a
100 We power requirement and
a 2 Mbps data rate.

4) Transit Telescope: The 2 m lunar
transit telescope is a robotically
emplaced system that provides
an all-sky survey in the ultraviolet, visible and infrared ranges.
The telescope is fixed so that the
slow lunar rotation will allow
integration times of hours. The
Moon's rotation supplies one
axis of motion. A large mosaiccharged coupled diode array
sensor is used as a shift register
at the proper rate to compensate
for the rotation, allowing long
integration ti1nes. A reflective
sunscreen shields the telescope
frmn Sun and Earth light and
allows the detectors to be passively cooled down to 100 °K.
An estimated total site system
mass is 1.3 metric tons, with a
400 We power requirement and
a 30 Mbps data rate.

Next Operational Capability
The emplace1nent of more sophisticated instruments requires the presence of astronauts to assemble and
check them out. Support for the
astronauts will be provided by a permanent habitat. Surface mobility will
require an unpressurized rover and
some form of teleoperated deployInent capability. Subsequent emplacement of instruments, which
significantly increase opera tiona I
capability, is defined as Next Operational Capabilities 1, 2, 3. These next
operational capabilities require more
astronaut activity and the capability
of transferring heavy components
from cargo landers to their deployment/ assembly points. This will be
enabled by the establishment of a
habitat that supports six astronauts
for a period of 40 to 60 days and the
provision of a robotic equipment
mover.

Next Operational Capabilihj-1. The
first Next Operational Capability
establishes the infrastructure on the
lunar surface for building up a com-

ple111ent of observational instruments.
Returning optical images to Earth is
the highest priority of this Next
Operational Capability, so its 111ajor
instrument is the 4 m telescope. This
is the initial increment of an optical
instrument capable of detecting
Earth-like planets around nearby
stars. Ulti111ately, the 4 m telescope
will be cm11ple111ented with additional 4 m segments to give a total aperture of 16 m. The 4 n1 telescope will
also be used as one of the collecting
elements of the optical/ infrared interferometer to be emplaced later. The
telescope is envisioned as a 4 m filled
aperture, diffraction limited, wide
field-of-view telescope. The structure
and optics are passively cooled to
100 O
K and the detectors may require
active cooling. The basic instrument
is robotically delivered to the site as a
single package, with an estimated
mass of 15 metric tons, a power
requirement of 3 k We and a 10 Mbps
data rate.

Next Operational Capabilittj-2. The
second Next Operational Capability
takes advantage of the Moon's unique
stable-surface, interferometric measure111ents. Also, due to the Moon's
low plasma frequency and near
absence of a magnetic field, a low frequency array and cos1nic ray detector
are set up. The low frequency array
studies diverse phenomena in the
fields of extragalactic astronomy,
galactic astronomy, and Solar System
science, including mapping the auroral radiation around the Earth. Since
this frequency range is not well
explored, the most important scientific results may be frm11 the discovery
of new classes of objects and phenomena. The syste111 is envisioned as 19
stations located in a "T" formation
with three arms, each 36 km long.
Each station has two 10 111 dipoles
with a receiver and a digitizer.
System mass is esti111ated as 1 n1etric
ton, with a power requirement of 100
We and a data rate of 32 kbps.

The low energy cosmic ray detector, which allows the study of the
physical processes responsible for
fon11ing chemical ele111ents, relies on
detailed measurements of the relative
abundance of all the ele111ents and
their isotopes. Galactic cos111ic radiation, consisting of atomic nuclei that
have been accelerated to relativistic
speeds, is uniquely important because
it carries fresh 111atter from supernovae and other galactic bodies. The
Moon has both a very s111all magnetic
field and no ah11osphere, thus providing the ideal location to conduct these
measurements. The detector is envisioned as a cylindrical ion chamber,
2.5 111 in dian1eter and 4 n1 tall. Its
mass is estimated as 3 111etric tons
with a power requirement of 500 We
and a 10 kbps data rate.
The submillimeter interferometer
exm11ines astronomical objects at submillimeter wavelengths and at spatial
resolutions many orders of magnitude better than is capable from
Earth. It also observes compact galactic sources over a wide frequency
range, part of which is blocked by the
Earth's atmosphere. The interferometer is envisioned as a 5 m diameter
antenna on the lunar surface. The initial baseline is on the order of 50 111,
later growing to 10 km as the final
configuration of seven antennas is
built up. The first three antennas
have sensors for the 200 to 1000
micron wavelength range. As the
array is completed, sensors are
upgraded to cover the 30 to 1000
111icron range. Active cooling to less
than 100 O
K is required. Mass is estimated as 14 metric tons for seven elements having a 20 kWe power
requirement and a 100 kbps data rate.
The optical interferometer observatory conducts ultra-high resolution
optical astronm11y via direct (non-heterodyne) interferometry. In its ultimate configuration, the interferometer will be capable of producing
detailed images with six orders of
magnitude increase in resolution

compared to Earth-based telescopes.
It has the capability to:

•

Directly detect and characterize Earth-like planets around
nearby stars

•

Image mass transfer binary
systems where one cm11ponent is a massive cm11pact
object, such as a black hole

• Resolve the broad-line and
narrow-line regions in active
galactic nuclei

•

Image accretion disks around
supermassive black holes

•

Observe parallax of objects to
several111ega-parsecs

•

Indirectly detect Jupiter-sized
planets within the visible part
of our galaxy

•

Deten11ine the mass of Earthlike planets which may be
discovered by ilnaging

In its final configuration, the optical
interferometer observatory is envisioned to consist of 12 optical telescopes with 1.5 111 apertures, employing a bea111 cm11biner and correlator,
and 12 moveable optical delay line
carts. The separate telescopes function
together as a single very large aperture
observatory with the 4 111 telescope as
the base instrument. The signal delay
line carts carry mirrors along straight
paths to provide coarse optical path
length compensation. Precision path
length adjustment is provided withil1
the beam combiner facility. The telescope optics are passively cooled
while the detectors will require active
cooling. An initial configuration of
three telescopes with 100 m basefu1es
(telescope to telescope) can conduct
significant observations and later
evolve into a complete facility with 10
km baselines. Total operational system mass is estin1ated as 16 metric
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tons, with a power requirements of 9
kWe and a data rate of 1 Mbps.

Next Operational Capability-3. The
third Next Operational Capability
builds on the infrastructure established earlier by completing construction of the 16 m optical telescope. At
this time, enough experience has
evolved to set up a radio telescope,
which will be a node in a very long
baseline array. The 16 m telescope is
the final increment of the instrument
begun at Next Operational Capability2 to detect Earth-like planets around
nearby stars. The initial 4 m telescope
is complemented with additional 4 m
segments to give a total aperture of 16
m. The telescope is capable of various
ultra-high sensitivity, ultraviolet, visible and infrared wavelength astronomical studies. The telescope is also
used as one of the collecting elements
of the optical/infrared interferometer.
The structure and optics are passively
cooled to 100 OK, while the detectors
may require active cooling. The 16 m
telescope is an important additional
element in the optical interferometer,
thus significantly increasing the interferometer's effective collecting area.
Total mass is estimated as 42 metric
tons, with a 5 kWe power requirement
and a 10 Mbps data rate.
A Moon-Earth radio telescope
extends the technology of interferometry to a baseline extending from the
Earth to the Moon, essentially creating a radio telescope with a 384,000
km long baseline. High sensitivity
observations of radio emissions are
then possible. The lunar radio telescope is envisioned as a 25 m parabolic dish used in conjunction with
Earth-based and Earth-orbiting telescopes at a 10 GHz frequency. Mass
is estimated at four metric tons, with a
power requirement of 15 kWe and a
data rate of 10 Mbps.

Full Operational Capability
The Moon will have a mature and
robust observational capability at Full
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Operational Capability. This involves
e1nplacing additional instn1ments to
cover the high energy part of both the
electromagnetic and cosmic ray spectrum. The high-energy cosmic ray
detector will identify cosmic rays that
provide the only directly accessible
sample of matter outside the Solar
System. The almost complete absence
of a magnetic field and atmosphere
on the lunar surface provides the
ability, for the first time, to directly
measure the isotopic component of
these high energy cosmic rays. The
detector is envisioned as having alternating layers of plastic scintillator or
drift chambers, with layers of passive
lunar regolith providing the intervening target mass. A charge measurement layer is on top of the 3.6 m deep
instrument. Detection of particles
will range from 1,000 GeV to
10,000,000 GeV. Delivered system
mass is estimated as three metric tons,
not including lunar excavating
requirements, a power requirement of
1 kWe and a 10 kbps data rate.
The lunar environment provides a
highly stable base for a long focal
length, hard x-ray imaging telescope.
The telescope operates as an untended, unpainted, transit telescope for xray astronomy studies in the energy
range 10 to 50 keV. This band is key
for the study of non-thermal emissions as cyclotron lines from compact
sources fall into this band. The instrument is envisioned as a nested, high
throughput mirror constructed from
lightweight, flat grazing-incidence
reflector plates. An imaging hard xray detector with 1mm spatial resolution is placed separately on the lunar
surface. Mass is estimated at 2 metric
tons, with a power requirement of 1
kWe and a 100 kbps data rate.
The gamma ray telescope provides
high spectral resolution measureInents of cosmic and solar gamma ray
lines. The gamma ray telescope will
study a broad range of transient phenomena such as gamma ray bursts,
supernova shock breakout, and flare
stars. It can also provide radiation

and solar flare monitoring. The
instrument is envisioned as a cooled
array of germanium gamma ray
detectors covering the energy range
from 10 keV to 10 MeV placed
behind a coded mask. The maskdetector assembly is based in a 6 m
deep cavern in the lunar regolith and
shielded by a 2 m ceiling. A mass of
three metric tons is estimated with a
power requirement of 1 kWe and a
data rate of 25 kpbs.

Instrument Priorities
The proposed sequence of the instruments in the Observation Waypoint is
a function of the difficulty of emplacing them and of their ability to produce major scientific discoveries. If
scientific importance were the only
criterion, the priorities would be:
• High
- 4 I 16 m telescope
- Optical interferometer
- Submillimeter interferometer
• Medium
- Transit telescope
- 25 m radio telescope
- High energy cosmic ray
observatory
- X-ray telescope
- Gamma ray telescope
• Low
- Magnetospheric observatory
- Low energy cosmic ray
detector
- Very low frequency array

Early Milestones
Small, portable astronomical instruments can be deployed on the first

lunar n1ission. These instruments,
although relatively unsophisticated,
have the ability to immediately transmit data back to Earth. Each subsequent instn1ment placed on the Moon
will open up an entirely different part
of the electromagnetic spectrum that
may yield significant results. For
example, very low frequency array
(less than 2 MHz) observations cannot be 1nade on Earth because of
atmospheric attenuation.
There are no limiting technology
requirements, and the enhancing
technologies are generally those that
will be pursued in the further development of Earth- and space-based
instruments. However, there are
some system issues that require attention. The problem of dust can be
resolved by locating sensitive instruInents 10 km from areas where there
is extensive astronaut activity. This

cannot be a complete solution since
the astronauts will be required to
work around the instruments. The
system designs must incorporate procedures for protecting sensitive surfaces and, if necessary, cleaning them.
The designs must also be highly Inodular for easy assembly, maintenance
and upgrading. The assembly procedures that require operations by suited astronauts and robotic equipment
will differ significantly from procedures used on the Earth. The variations of temperature can result in significant changes in the properties of
elements such as the primary reflector
of the 4 I 16 m telescope. Careful
design can minimize thermal effects,
but there will also be the requirement
to have a dynamic surface measurement and adjustment capability in
order to maintain instrument performance.
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oxidizer are produced and utilized for
all transport above low Earth orbit,
mass requirements for Mars mission
equipment to low Earth orbit may be
reduced.

Useful Materials on the Moon
There are a number of useful materials available on the Moon's surface,
including ilmenite (a source of oxygen, iron and titanium) and anorthite
(a source of oxygen and aluminum).
Although the Moon has less
volatile elements than the Earth, its
volatiles are in the lunar surface soil
or regolith, mostly as implanted gases
(e.g., hydrogen and nitrogen) and
light elements (e.g., sulfur and carbon) from the solar wind. Both the
volatiles implanted by the solar wind
and the chemically bound oxygen
found in the lunar regolith can be
extracted for a variety of practical
uses.
The utilization of lunar materials
will require both new technology
development and operations concept
development. This process becomes
cost effective with sustained operations.

Processes and Feedstocks
The choice of a process for the development of lunar materials is critical,
both in terms of requirements for surface operations and for the potential
fuel yield. Process options can be
divided into two categories: those that
are feedstock-dependent (ore) and
those that are feedstock-independent.
Feedstock-dependent processes
require an involved set of precursor
1nissions. In contrast, feedstock-independent processes use whatever
materials exist at the site, Ininimizing
precursor needs. Feedstock-dependent processes have the advantage of
requiring less energy than do feedstock-independent processes for a
given quantity of product. Their
drawback, however, is that they
require the identification of enriched

feedstocks on the Moon. Ores may
occur naturally (e.g., a high concentration of solar wind gases adjacent to
a magnetic anomaly) or they 1nay be
manufactured (e.g., electromagnetostatic separation of ilmenite from the
regolith). Lunar ore concentration
must be identified and characterized
before establishing a processing plant.

Precursors
Three types of precursor activities are
required for the Fuels Waypoint.
Precursors should be of modest cost
and focused on obtaining resource
relevant data. Robotic lunar exploration will be used to examine
resource sites. The Apollo 11 and 17
sites are the most attractive known
sites from a resource standpoint. They
consist of high-titanium mare
regolith, rich in ilmenite, a feedstock
cmn1non to several suggested processes. A robotic surface rover could
survey the site and characterize the
resources. The rover would be teleoperated from the Earth and would
measure che1nical, 1nineralogical, and
physical soil properties. In addition,
direct on-site measurements would
be made of the quantities of volatiles
present in the soil.
As in the Energy Waypoint,
Earth-based experiments to develop
resource processes using simulated
lunar materials and actual lunar samples will also be required. These
experiments would serve to define
the most attractive processes and provide the basis for actual prototype
plant development. Experiments
Inight be conducted under simulated
lunar conditions of vacuum, thermal
and dust environments. A telerobotic
engineering experiment station at the
selected site would be deployed to
demonstrate aspects of resource processing. This experiment station may
be robotic (teleoperated from the
Earth) or it may require crew-tending
for full capability. Its purpose is to
establish the feasibility of selected
processes in the actual lunar environ-

ment and test the activities required
to produce propellant and other useful products on the Moon. This station would have a mass of 2 to 3 metric tons, require several kilowatts of
electrical power, and tens to hundreds of kilowatts of thermal process
heat. This energy could come from
solar concentrators and photovoltaics,
regenerative fuel cells or a small
nuclear reactor.
A cargo mission could emplace
this station. The first crew to return to
the Moon could set it up and operate
it during a short stay (14 Earth days).
An experiment on this scale would
produce useful quantities of breathing gases, fuel cell reagents and possibly some structural rna terials. It
would provide the engineering data
necessary for the design of future
plants or capabilities.

Robotic Operations
The experimental plant would also
operate while the site is unattended,
building up a considerable stock of
useful materials for later use.
Experience on Earth suggests total
automation of the plant is i1npractical,
but some level of automation will be
critical to economical materials processing activities. On the Moon,
where communication time to Earth
is short, the plant would operate telerobotically without being cmnpletely
autonomous. Estimates suggest a successful experimental plant could produce several metric tons of useful
materials over the span of a year.
Specific robotic activities could
include:
•

Regolith preparation and mineral component separation

•

Regolith bagged for shielding

•

Ilmenite reduction for oxygen
production

• Magma electrolysis
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• Volatile extraction and
separation
• Water electrolysis
• Cryogenic liquification and
storage
• Disposal of spent material
Technical issues to be addressed include energy and power recovery,
machine lifetime and wear patterns,
and process efficiency; that is, 1nass of
useful product per mass of processed
regolith.

metric tons of regolith would have to
be processed to produce one metric
ton of oxygen. One metric ton of oxygen will support a crew member for
1,000 days. This is the only known
way to extract solar wind volatiles.
The mass and power requirements
for industrial scale processing of
regolith in this manner are well
understood. To derive 250 metric
tons of oxygen per year from this
process, ilmenite reduction would
have to be performed on approxiInately 82,000 metric tons of
high-titanium regolith per year.

Vehicle Refueling
Initial Operational Capability
Following these precursor activities, a
pilot plant would be delivered at the
selected site with a crew of six to
re1nain for an extended time. The
Initial Operational Capability will be
achieved when lunar surface operations are producing 250 metric tons of
liquid oxygen per year.
The creation of more lunar activity
will be the cornerstone of this waypoint. For example, solar thermal concentrators or photovoltaic arrays used
to supply energy for processing will
be produced frmn lunar 1naterials
mined during the previous stages.
The most desirable initial processes
are those that use lunar-derived propellants to enable delivery of additional payloads to and from the lunar
surface and enhance the construction
of the support infrastructure (e.g.,
habitat emplacement, landing pad
grading, roads for dust-spray reduction).

Process and Products
A baseline process is to heat high-titanium content regolith to extract
hydrogen, reduce the ilmenite to produce oxygen, and collect resulting
byproducts. This largely feedstockindependent method of oxygen production is a low-yield process. At an
Apollo 11-type site, for example, 327
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The handling and transfer of cryogenic propellants produced on the
Moon for vehicles on the lunar surface and in orbit are critical.

Next Operational Capability
Next Operational Capability-1. The
first Next Operational Capability will
supply up to 500 metric tons of fuel.
The lunar launch infrastructure must
be able to deliver the necessary propellants and transfer them to the
Mars transfer vehicle. Lunar ascent/
descent vehicles of 40 to 100 metric
ton capacity appear feasible, suggesting that five to 15 flights would be
required to fuel the Mars transfer
vehicle.
Next Operational Capability-2. The
second Next Operational Capability
will demonstrate a complete mission
to Mars. Lunar produced fuels can be
more advantageous if an additional
piece of transportation infrastructure
is added to the Fuels Waypoint at
Next Operational Capability-2. This
is a high-efficiency cargo barge to
transfer payloads between low Earth
and low lunar orbits. The barge could
also transfer the dry Mars transfer
vehicle from low Earth orbit to await
fueling at the space-based mission
staging node. An electric propulsion
vehicle could perform barge opera-

tions because there is no requirement
for short flight times on cargo missions. An electric propulsion spacecraft would cover the Earth-Moon distance in about 100 days. Automated or
supervised payload docking and fueling would be required, and space
assembly minimized.
Next Operational Capability uses
this transport and fuel production
infrastructure to launch a piloted mission to Mars with just one or two
Earth-launched flights required for
the dry Mars transfer vehicle. By comparison, at least 10 launches are
required for most all-chemical missions to Mars when terrestrially produced propellant is used.

Full Operational Capability
By Full Operational Capability, the
waypoint would support continuing
Mars exploration and the lunar base
with minimal amounts of Earthlaunched propellant. The system will
produce as much propellant as
required for regular cargo and piloted
flights to Mars. In addition, the
volatile byproducts will support operations on the Moon, near-Earth space,
and potential asteroid missions. The
development of the teclmologies necessary to mine and use lunar resources
opens up new areas of the inner
Solar System.

Early Milestones
Earth-based experimental processes
can provide early opportunities to
display manufactured products at terrestrial locations. The deployment of
prospecting 1nissions at the Apollo 11
site and subsequent deployment of
the lunar surface experimental station
provide the next set of early milestones. The return to the lunar surface
with a robotic processing experilnent
and the transformation of the lunar
regolith into hydrogen, oxygen and
other materials for use by returning
crews are significant early accomplishments of the Fuels Waypoint.

Enabling Technologies and
Processes
The development of meaningful
space-based fuel production capability will require significant technology
advance1nent. Systems will have to be
reliable and capable of long term
remote operation. The selection and
development of the fuel production
process is critical; experiments and
bench scale testing should be done on
the Moon before this important decision is made. Mining, regolith transport and processing equipment must
be developed. The space transportation infrastructure (refuelable lunar
ascent and descent vehicles), cryogenic facilities and the systems to
store and transfer fuels must all be
designed and tested before large scale
fuel production begins.

In addition to these required elements, several technologies would
significantly enhance waypoint activities. Precursor missions should be
sent to lunar production sites to characterize the surface chemical and mineralogical composition; these missions
should include a site rover that carries
an evolved gas analyzer for in situ
measurements of solar wind volatiles.
A variety of lunar surface power system technologies can be investigated,
including solar thermal, solar electric,
and nuclear power systems. There is
no requirement for fast transit of
lunar-produced fuel cargo; low thrust
cargo vehicles (e.g., nuclear, electric,
solar electric and power beaming systems) should be developed to make
lunar fuel production more profitable.
Telerobotic operations can also greatly ease the work burden on the lunar
surface crew and increase efficiency
and production.

Enabling Technologies

• Surface power systems
• Cryogenic storage
• Telepresence robotics

A-31

of equipment are required to extract
the required amount of Helium-3. An
area of lunar surface of roughly
20 km2 has to be processed to 1 m
depth per year.
The extracted volatiles also support the manufacturing process capable of producing 1 to 10 km2 of thin
film solar cell substrate annually.
These solar energy producing materials are deployed on the lunar surface
or launched from the Moon using
propellants (e.g., hydrogen and
methane) produced in the mining and
recovering process. Thin film polymer rolls are routinely produced on
Earth in 3 m by 9 km rolls. The lunar
environment also offers many features which may be ideal for semiconductor manufacture, including high
vacuum. Solar collectors and transmitters then have to be folded and
packaged for launch and automated
space deployment.
Launch rates required for solar
power satellites from the lunar surface depend on the size of the launcher and satellite. For example, a 40
metric ton payload capability would
require one launch per week to establish 1 GWe per year generating capacity. These orbital power satellites are
based on "thin film" technology such
as "vacuum microelectronics" or
semiconductor laser systems and
could be deployed as separate units
while having their energy outputs
combined. Such systems are conceptual at this stage but warrant further
investigation. Five MWe of power
(solar, nuclear, or combination) along
with 20 MW of thermal process heat
is required to heat the lunar regolith.
Based on terrestrial experience, a
lunar crew of 10 to 40 is required at
the Next Operational Capability.
Power may also be transmitted to
Earth or space directly from the lunar
surface. If such transmission occurs
using microwaves, large areas (100
km across) are required for the lunar
transmitters to allow reasonable sizes
for multiple Earth receiver sites (10
km across). At least two sites near the

lunar limbs combined with orbiting
reflectors provide continuous solar
illumination and power delivery during the complete lunar orbital cycle.
Laser transmission from the lunar
surface at 0.8 micron wavelength
requires 10 m diameter optics for 100
m diameter spot size on Earth. Laser
transmission offers the advantages of
smaller optics but requires laser and
optics installation on the Moon and
space relay mirrors for continuous
coverage at Earth. Another advantage
of laser transmission is the use of
ground-based photovoltaic materials
as receivers. This allows a potential
dual use with terrestrial solar electric
or even solar thermal systems.
Advances must be made in laser efficiency and the manufacture of laser
components from lunar materials for
this concept to become feasible.
Clouds and weather are more constraining on the higher frequency systems than the microwave systems,
but means to mitigate the effects (frequency adjustment, diversity) are feasible. The scale of space-to-Earth
power beaming and the technology
employed depends on the results of
the experimental power beatning
developments, terrestrial environmental considerations, and the desirability of lunar surface versus orbital
placement. Several different systems
may also be employed simultaneously. The success of the Next Operational Capability also allows a decision to be made on whether to pursue
a Deuterium-Heliutn-3 fuel cycle and
a full power beaming energy delivery
concept.

Full Operational Capability
The Full Operational Capability produces and returns to Earth two metric
tons of Helium-3 while continuing to
produce 10 GWe installed solar
power satellite capacity per year. This
provides 10 % of the current U.S. electricity consumption. This necessitates
emplacing requisite mining and processing equipment and processing an

additional 200 to 300 km2 of lunar
surface.
This operation requires a more efficient cargo delivery system to lunar
orbit using, for example, power
beamed or solar electric orbital transfer vehicles. The power beaming
experiments or lunar-produced solar
cells may, in fact, first be applied to
low thrust orbital transfer vehicles
used in the Earth-Moon transportation
cycle. The required Earth supplies are
made much smaller assuming a manufacturing and repair capability on
the Moon.
At Full Operational Capability, in
order to return two metric tons of
Helium-3 to the Earth, one billion
metric tons of lunar regolith have to
be processed annually. This requires
several hundred megawatts of thermal process heat, mostly collected by
solar concentrators constructed from
lunar materials.
The Energy to Earth Waypoint has
the potential to grow by utilizing
indigenous resources at each step to
support future operations. The Moon
may supply a major portion of Earth's
energy needs without damaging the
environment. While the payoff is
high, there retnain numerous technical as well as economic, social and
political issues which must be
resolved.

Early Milestones
While the Energy to Earth Waypoint
is large scale and long term, the early
milestones are modest, but nevertheless significant. Success at the early
stages makes growth feasible and
affordable by utilizing lunar materials. The first milestone is the fabrication of key components in terrestrial
laboratory-based experiments utilizing simulated or actual lunar materials. The next milestone is the emplacement of a small experimental resource
extraction system on the Moon at the
Apollo 11 site or another selected site.
This experiment processes small
quantities of lunar material roboticalA-35
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ly, or with the aid of a crew. Such a
system is highly automated and continues to operate while untended,
building up a considerable stock of
materials for the next crew. Current
estimates suggest a small experimental plant (e.g., four metric tons) could
produce the equivalent of several
heavy lift Earth launches in useful
materials over the course of several
years.

Enabling Technologies
•

Heavy lift launch vehicle

•

Planetary surface systems
Mining machines
Processing machines

•

Cryogenic storage

•

Surface power system

•

Reusable space
transportation systems
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Development of several technologies
have a high potential for improving
or enhancing lunar exploration and
could be used in conjunction with
meeting the objectives of other waypoints. As in other waypoints, a
heavy lift launch vehicle (150 metric
tons, with designed growth to 250
metric tons) is required. Surface systems are a major part of this waypoint
and technology studies should be
cognizant of the harsh environment
(e.g., vacuun1, angular abrasive dust)
of the lunar surface; equipment may
be difficult to use and maintain for
any length of time. Machines to mine,

process, and discard large quantities
of regolith are needed; these could
include tractors, conveyors, and bulldozers. The collected gases from the
1nined regolith n1ust be gathered, separated, purified, and condensed into
cryogens for convenient storage; facilities for liquified products 1nust be
available.
These operations require large
amounts of power; solar, thermal,
electric and nuclear surface power
systems may be necessary. Efficiency
is greatly increased through the use of
1nethods to recover waste heat from
the thermally processed regolith.
Transport vehicles, including lunar
ascent and descent vehicles, should
be reliable and capable of refueling
and reuse. Robotic teleoperations can
greatly increase productivity and
safety for the human inhabitants of
the Moon. Power beaming and electric propulsion technologies make
transport and delivery of lunar products to space more profitable.
Techniques for the control and
deployment of large structures in
space and on the Moon must also be
developed.

WA YPOINT: ASTEROIDS

which have been steered into Earth's
vicinity by the gravitational fields of
the various planets.
A survey of near-Earth asteroids
could also provide the first concrete
estiinate of one of the most promising
resource bases available for expanding human presence in space. One
thousand near-Earth asteroids with
diameters greater than a kilometer
could provide the resource base for
further scientific investigation.
Recoverable volatiles such as water
may be abundant on carbonaceous
asteroids, since water has already
been detected in main belt asteroids.
Future robotic missions to asteroids could mine and process volatiles
and metals. The extraction and processing of water from an asteroid will
require many of the capabilities
developed for fueling a Mars transfer
vehicle in orbit.

Precursors
The most productive near-term precursor is an expanded Earth-based
survey to find the most favorable rnission targets. Newly catalogued nearEarth asteroids are discovered at a
rate of 10 to 15 a year. A program to
expand this to over 150 a year in the
next 15 years would yield over 2,000
new discoveries with a percentage
being very favorable for a rendezvous
mission.

planning for exploitation of asteroids as
a resource base. Early robotic missions
could provide imagery, spectroscopy,
structural information and sample
returns from exploitable asteroids.

Initial Operational Capability
A representative mission would be to
have a piloted rendezvous with
Orpheus, a carbonaceous chondrite
asteroid 500 m in diarneter. Using
rninimum energy, a mission launched
in 2005 would have a seven-month
outbound trip, a rendezvous of 10
days and a return trip time of five
months. The velocity change and
complexity of such an asteroid mission is significantly lower than for
Mars missions.
The objective of an asteroid rendezvous mission would focus on field
studies and in situ resource utilization
experiments. Rock samples would be
collected from both natural outcrops
and crater ejecta. Core extractions
from a deep drilling operation would
help define the internal structure and
potential resource base. Seismic
experiments would provide structural information. Experience gained
from these activities could be used to
assess the potential for robotic
resource recovery missions. In addition, a human mission to an asteroid
would also allow for the low gravity
checkout of resource recovery techniques.

Enabling Technologies
The Asteroid Waypoint requires
development of several critical technologies. Robotic survey missions
should be equipped with the most
advanced remote-sensing instrurnents available, including chargedcoupled device imaging systems,
mapping spectrometers and robotic
equipment for the surface exploration
of an extremely low gravity object
(e.g., thrusters for station-keeping;
digging tools for sampling). Because a
major function of this waypoint is to
simulate the Mars mission, the complete Mars transportation system
(except lander) should be available to
fly the mission. If significant resource
utilization of asteroidal materials is
contemplated, then excavation, processing and extraction technologies
should be studied and developed.
These operations could include blasting, rubble collection, milling to a fine
grain size, and heating the feedstock
for volatile extraction. Rendezvous
techniques of large masses in highly
elliptical and hyperbolic orbits, station-keeping, and surface operations
must also be developed.

Enabling Technologies

Characterization
Once the near-Earth asteroids are cataloged, they will be characterized using
Earth- and lunar-based instruments.
The priinary tool for surveying the surface structure and composition of nearEarth asteroids would be a lunar, longbaseline interferometer as described in
the Lunar Observation Waypoint. The
results would support a scientific
investigation of prilnordial materials to
detennine the processes that produced
the Solar System and would enable the
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Next Operational Capability
Following the first human exploration, a decision would be made to
initiate resource recovery from the
specified target or to conduct another
exploration mission to a different
asteroid. Recovery of resources might
be initiated by a robotic low thrust
spacecraft which would return
volatiles and metals to the Earth-Moon
system.

• Rendezvous techniques of
large masses
• Remote sensors
Charged-coupled
devices
Spectrometers
• Planetary surface equipment
Excavation
- Extraction

approved Deparhnent of Energy test
site. The first flight test of the nuclear
rocket could be accomplished on the
first cargo flight to Mars.
Nuclear electric propulsion offers
10 times the specific impulse of chemical propulsion. However, because of
the heavy power system and the
lower thrust levels associated with
nuclear electric propulsion, a direct
comparison is not that straightforward. Nuclear electric propulsion
devices are low thrust, but they thrust
continuously throughout the mission
to obtain the desired velocities.
Power levels for cargo nussions are
in the 2 to 5 MWe range. Nuclear electric propulsion provides the lowest
mass in low Earth orbit for minimum
energy trips, but requires significantly
longer trip times.
1) Nuclear thermal propulsion
requires about half the mass in
low Earth orbit compared to
chen1ical propulsion for similar
nussions and launch windows
2) Nuclear thermal propulsion
requires about 500 to 600 metric tons for long duration nussions; short duration 1nissions
will require 600 to 700 metric
tons in the selected years
3) Chenucal propulsion requires
1,100 to 1,600 metric tons for
long duration missions; short
duration 1nissions will require
1,300 to 2,000 metric tons, even
in the selected years (2008,
2014,2016,2018,2020)
Trip times are approximately 400
days for long duration missions,
although use of nuclear thermal rockets could decrease these times to 320
days round trip for a modest increase
in propellant mass. For short duration
nuclear propulsion missions, surface
stay times can be extended from 30
days to 100 days at a penalty of about
100 to 200 metric tons in favorable
years. Higher performance nuclear

rockets (engine specific impulse =
1,250 seconds) can save approximately 200 n1etric tons per 1nission.
The Mars transfer vehicle will use
propulsive braking for orbital insertion and direct entry for Earth return
in a separate return crew module. The
aerobraking concept was found to
have too many unknowns and unresolved issues to be considered for a
baseline, due to such factors as:
• Complexity of on-orbit assembly
• Structural integrity verification
processes
• Incompatibility with nuclear
thermal rocket propulsion
• Incompatibility with high entry
velocities
• Spacecraft configuration limitations
• Abort options
• Research and development costs
• Unknown Martian atmospheric
conditions
• Sensitivity to mass distribution
The payload mass would be split
among several vehicles, with the
return vehicle from Mars 1nade as
light as possible. Most of the 1nass
would be carried on the cargo flights,
with return fuel being the largest single item of cargo. Sufficient fuel
would be carried in the crew transfer
vehicle to ensure that a return trip
with a minimum energy trajectory
could be accomplished if rendezvous
fails with the cargo flight carrying the
return fuel.
Cmnmunications, navigation and
information 1nanagement systems are
critical factors for conducting human,
autono1nous operations at Mars.
Operationally there is approximately
a seven to 40 minute communications

delay due to the round trip distances
radio transmissions must travel. This
constraint precludes Earth-based, real
time command and control, so functions such as extravehicular activity
control, guidance, acquisition and
tracking must be performed in situ.
The Mars-based control center will
be supported by an information
management system that allows
astronauts the ability to conduct operations without having to actively
monitor or control mission element
systems.
Communications with Earth and
between other mission elements will
be supported by a constellation of
relay satellites orbiting Mars and a
series of Earth ground stations. The
radio frequency bands selected to sustain the high data rates required of tlus
mission are Ka-band (27 to 40 GHz) for
the Earth-Mars uplink, and UHF for
local emergency and crew communications. It should be noted that the feasibility exists to use lugh frequencies for
inter-element surface cmmnmucations
if the Martian ionosphere supports sky
wave transn1issions.
Navigation for mission ele1nents
will be supported primarily by an
Earth-based system (radiometries),
and assisted by onboard electronic
aids for critical operations, such as
orbit insertion, landing, rendezvous
and docking. Mission operations
requirements for the later missions
may require a navigation system to
provide the desired resolution, with
positional accuracies approacl1ing 100m
if using a Martian global positioning
system.
The mini1num communication
capability for the first two Mars missions is for the crew on the Martian
surface to be able to frequently and
predictably communicate with the
Earth either directly or by relay
through the vehicle orbiting Mars.
An integrated logistics support
system could be required for resupply and spares for the later n1issions.
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Initial Operational Capability
The first piloted 1nission will establish
the Initial Operational Capability and
include a demonstration of:
• Conununication/navigation
systems capability
• Human transportation system to
Mars and return
• Habitat and life support system
on the surface
• Initial scientific experiments on
the surface
The concept calls for emplacing as
much mission material as possible in
Mars orbit and on the Martian surface
(remotely verified to ensure that all
systems are functional) to allow
turnkey operations by the crew when
they arrive. The crew will be provided with the tools and equipment necessary to perform a wide variety of
operations.
The mission would be performed
using separate cargo and crew vehicles. Earth orbit operations will use
automated rendezvous/ docking of
standard modules, minimizing onorbit operations. Cargo missions for
the Mars surface and orbit will be
delivered in the most energy efficient
way. The cargo for the surface
includes the habitat, pressurized
rover, unloader, power systems,
exploration packages and in situ
resource experi1nents. Mars orbit
cargo includes the stages for returning to Earth and the descent/ ascent
vehicle. The piloted 1nission would be
flown with 1ninimum transit times to
reduce crew exposure to high radiation and zero gravity. Sufficient fuel
and supplies would be carried by the
piloted vehicle to provide an abort
mode for return to Earth.
The primary mission option would
be a short duration (30 to 100 days)
stay performing surface exploration.
Command and control will reside
A-42

with the six-person crew. All crew
members will be on the surface in
order to minimize effects of zero gravity during the long trans-Mars and
trans-Earth trips. Prior to Mars orbit
insertion, crew 1ne1nbers will begin
telerobotic exploration of the planet.
This will help characterize the proposed and alternate landing sites in
addition to expanding basic exploration. Should surface conditions be
unfavorable for a landing, because of
adverse weather conditions, telerobotic exploration will continue from
Mars orbit.
The lander transports all of the
astronauts and their equipment to the
surface and returns the astronauts and
Martian samples to orbit. Only short
term life support would not be
required, as the lander will not be
used as a surface habitat.
Part of this support system would
be a reusable habitat separate fron1 the
lander. The habitat has a closed loop
life support system, except for food,
and is capable of long term use with
resupply. It is modular in design, supports a crew of at least six and contains living quarters and work space.
It is capable of automatic setup and
checkout before the astronauts arrive.
A pressurized rover will provide
mobility for the crew and enable
overnight trips to a 50 km radius for
the initial flight, expanding to 100 km
for subsequent flights. Several days of
life support will be available from the
rover. A major increase in space suit
capability is required. Improve1nents
over current suits are needed to
reduce weight and provide greater
increases in flexibility, reliability and
life support capability.
The arrival of hu1nans on the surface of Mars opens new vistas of scientific accomplishment. Field studies
becmne possible when human powers
of observation and thought are present, both through the actual presence
of humans and by extension through
telepresence. The crew can systematically examine, measure and sample
exposed deposits, map their extent

and continuity, and search rock exposures for possible fossil remains. The
field work proceeds on both a contingency and an iterative basis. In the
first case, the crew's specific field
tasks are actively directed by significant findings in the field; these decisions are made by the field crew in
real time. In the second case, the crew
needs the ability to revisit, re-examine,
and resample previously explored
field sites, both to supplement new
knowledge and to integrate data into
new contexts derived from the evolving conceptual framework. Such
work requires insight and geological
experience. Traverses in the pressurized rover are to sites identified from
orbital imagery and the prior surface
rover reconnaissance. A crew of two
or three travels up to 50 kn1 away
from the lander to examine key geological sites, collect carefully controlled samples, deploy instrument
packages, and decipher and understand the cmnplex geology of the
region adjacent to the landing site.
Although general routes are
planned and major field sites identified in advance, the unique opportunity of human travel over the Martian
surface permits traverse routes and
plans to be modified in real time. This
capability is the cornerstone of conducting true field exploration, and the
maximun1 possible latitude for operational changes are granted to the crew
during the Mars visit. In this way, significant and unexpected discoveries
are most likely to be made and, as
i1nportantly, to be followed up with
additional field work.
Hundreds of kilowatts of electric
power would be needed for the
Martian base, with an emergency
backup syste1n for the habitat capable
of operating for at least six months.

Next Operational Capability
The Next Operational Capability
would be established by repeating the
mission to two other sites or a revisit
of the original one answering Mars

scientific questions. A significant
improvement in capability would be
accomplished with a permanent base
and by the use of in situ resources
(hydrogen, water, methane and oxygen) for life support and rovers. The
traverse radius of the pressurized
rover increases from 50 to 100 km.

Mars precursors should be designed
to reduce the risk for human missions.
In an aggressive plan, the schedule for
these activities would be very tight
due to the fact that 2008 is the first
reasonable launch window for a piloted mission.

Enabling Technologies
Early Milestones
In preparation for the long human
flights to Mars, all components of the
mission would need to be validated.
This will provide confidence that the
mission could be performed in a safe
and reliable manner and that the
operational concepts are valid. The
Moon offers the only partial gravity
environment necessary for Mars mission testing.
The Preparation for Mars Waypoint
uses orbital research facilities and the
Moon for validation experiments;
allows secondary activity involving
exploration, observations, learning to
live on the Moon and developing
lunar in situ resources; and meets the
President's goal of going back to the
Moon to stay. The main objective of
validating systems for Mars would
not be compromised. For example,
the habitat that is designed for Mars
would be as close to a Mars prototype
as possible when tested on the Moon.
The same could be done with the
Mars descent vehicle.

The Mars mission needs several critical technologies for its successful
completion. As in other waypoints, a
heavy lift launch capability is the first
requirement; at least 150 metric tons
payload capacity with design growth
to 250 metric tons is necessary.
Nuclear thermal propulsion gives the
maximum amounts of leveraging and
should be developed. Automated rendezvous and docking technology will
facilitate space operations for the
lunar and Martian trips. For the long
duration in space required for trips to
Mars, long duration cryogenic storage, closure of life support system
loops, and better knowledge of the
space radiation environment and zero
gravity and its effects on humans are
also needed. To ensure that humans
can do productive work when they
reach Mars, flexible and maneuverable extravehicular activity suits and
robotic telepresence technologies
should be aggressively pursued.

Enabling Technologies
• A heavy lift launch capability of greater than 150 tons
with designed growth to 250
metric tons
• The development of nuclear
thermal propulsion
• Automated rendezvous/
docking capability
• Long-life (5 year) cryogenic
storage systems
• Knowledge of radiation and
zero gravity effects on
humans
• Highly maneuverable low
pressure extravehicular
activity suits
• Telerobotic devices for setting up facilities, servicing,
and exploration
• Surface power of hundreds
of kilowatts with backup
emergency life support
• A closed life support system (except for food)
• Nuclear electric propulsion
would be considered a great
enhancement for the cargo
missions
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10-page background paper. These
administrative restrictions were
designed to preclude the submittals
of books and manuscripts, as well as
to ensure that all ideas would get
equal review by RAND's technical
panels. In practice, ideas were not
rejected based upon format. The initiator was requested to place the idea
into one of 11 technical categories,
and these areas were reviewed by
panels of experts from RAND. The
categories were:
• Mission Concepts and
Architectures
• System Design and Analysis
• Space Transportation Launch
Vehicles and Propulsion
• Space and Surface Power
• Life Support Systems, Space
Medicine and Biology and
Human Factors
• Space Processing, Manufacturing
and Construction
• Structures, Materials and
Mechanisms
• Communications, Tele1netry and
Sensing
• Automation, Robotics and
Teleoperators
• Information Systems
• Ground Support, Simulation and
Testing
• Other
The inputs were initially screened by
the panels. This screening process
was designed to assure relative insensitivity to the quantity of submissions
in any given area and to select the
best of the ideas for further analysis.
The review process was such that
each reviewer worked independently
to establish a numerical score against
established criteria. The scores were
later compared by the panel chairn1en, and if there were disparities,
they were discussed in order to determine the reasons for different ratings.
To establish scoring criteria, the
panels established five principal

attributes. These were utility /usefulness, feasibility /risk, safety, innovativeness and relative cost. For each of
these attributes, each panel tailored
individual criteria for the scoring.
The five attributes were also given
weights for each of the panels. Each
idea was scored against each of the
attributes using a scale of 1 to 5. With
the individual scores and weights of
the attributes, values were computed
for each submission.
Demographics of Submittals
Nearly 11,000 information packets
were mailed to individuals based
upon letters and calls to RAND. An
additional 34,500 were mailed by
NASA. These mailings resulted in
1,697 individual submissions logged
by Peat Marwick Main and Co.; 149
were eliminated as being invalid, and
1,548 were provided to RAND. A
sub1nittal was determined to be
invalid if it were proprietary, classified or if no information were supplied with the cover sheet. Of the
submittals, the vast majority (63 %)
were frmn individuals. Twenty-two
percent were from industry. Only 5%
were from educational institutions.
Many of the individual submittals did
give university or college addresses,
but were marked by the originator as
private submittals.
There was broad geographical
response, with all states except Alaska,
Arkansas and Wyoming represented.
Even though the outread1 was technically a national exercise, there were subnuttals from Argentina, Australia, Canada,
Israel and Scotland. A preponderance
of the submittals, however, were from
three states: California (26 %), Texas
(9%), and Florida (5%); 121 submittals
included NASA addresses associated
with the respondent. The largest single
number of ideas were in the transportation area (20%). Next was architechrres,
with 18%. Ten percent were in the life
support area, and 9% were power related. The fewest submittals were in the
information systems area, with slightly
more than 1%.

Resulting Analysis
The ideas submitted show iimovative
but not necessarily revolutionary ideas.
There were ideas from people who did
not have a formal technical background,
but wanted to show their interest and
support. This group included young
children who could someday participate in the Space Exploration program.
However, the submissions did contain
new in1plications for old ideas in the
context of the Space Exploration
Initiative. The submissions supported a
wide range of Space Exploration
Initiative 1nission concepts and architechrres.

American Institute of
Aeronautics & Astronautics
The A1nerican Institute of Aeronautics and Astronautics solicited
from their own individual members
new technical ideas or approaches
applicable to the Space Exploration
Initiative (Figure 2). The resulting
submissions were assessed for their
value in reducing the costs or risks of
human flight beyond low Earth orbit
or the time needed to do so; or
enabling the accomplishment of more
useful space exploration objectives
with the available resources. The
American Institute of Aeronautics
and Astronautics solicited ideas via
advertising as well as direct mail
to 44,000 members. These resulted in
542 responses which were then
evaluated by nearly 100 volunteer
Technical Committee members assembled into five working groups.
These were:
•
•
•
•
•

Architecture and Systems
Transportation Technologies
Human Support Technologies
Planetary Surface Technologies
Support Facilities and Systems

Conclusions and Recommendations
Each of the five working groups
established its own recommendations
or conclusions, which are described in
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In addition to these conclusions,
the Department of Defense identified
the following findings:
1) Extensive

Department of
Defense experience has great
benefit to the Space Exploration
Initiative, specifically in the
areas of space launch and operations, logistics support and
surface facilities and operations.

2) Department of Defense technologies in propulsion, robotics,
information processing and
power have a major application to the Space Exploration
Initiative.
3) Many features of the Department of Defense acquisition
management syste1n can enhance the Space Exploration
Initiative.
4) The Department of Defense
latmch road rna p and the Space
Exploration Initiative launch
requirements are consistent.
5) Mutual leverage is provided by
the space launch infrastructure.
6) Operability requirements are
similar.
7) Department of Defense space
systems have many potential
applications to the Space Exploration Initiative.

Defense and Space Exploration
Initiative requirements.

inspiring the nation's young
people.

2) Conduct a detailed evaluation
of the application of selected
Department of Defense space
systems.

2) The Department of Energy and,
in particular, its National
Laboratories, have unique energy and energy-related expertise, capabilities and facilities
that can directly support the
Initiative. This includes over 30
years of experience in remote
sensing in and from space;
nuclear power and propulsion
systems; non-nuclear energy
syste1ns; and advanced technology development in robotics,
materials, manufacturing, life
sciences and high performance
computing applicable to the
Initiative.

3) Consider the National Test Bed
as a model for an independent
test and validation facility.
4) Use the Department of Defense
engineering and construction
expertise in the Space Exploration Initiative.
5) Develop joint technology plans
for each architecture.
6) Establish a national program
organization with Department
of Defense involvement.

The Department of Energy. Recommendations were also solicited from
all the federal laboratories. The
Department of Energy presented its
views on power, propulsion, power
beaming, resource utilization, robotics,
con1puters, sensors, Helium-3, life support, safety, materials, debris shielding and ways that its radiation
facilities can contribute to the Space
Exploration Initiative.
In support of the goals and objectives of America's Space Exploration
Initiative, the Department of Energy
concluded:
1)

8) Upgrades of Department of
Defense space systems can
enhance the Space Exploration
Initiative and would also have
tremendous benefits to the
Department of Defense.
In light of these findings, the
Department of Defense specifically
recommended:
1)

Develop a national launch strategy combining Department of

The Space Exploration Initiative
should be a broad-based, interagency effort that harnesses the
nation's intellectual prowess
and industrial 1night to explore
the universe as well as to benefit humans on Earth. Particular
attention should be paid to
preserving the pristine environment of the Moon and
Mars, enhancing U.S. competitiveness throughout the world,
solving global problems and

The Department of Energy can
make major contributions to this
national Initiative:
1)

In designing, developing and
testing space nuclear power
and propulsion systen1s.

2) In exploring new energy production, transmission, conditioning and storage tecluuques
for use in and from space and
on the lunar and Martian surfaces.
3) In developing space-qualified
remote sensing capabilities for
exploration of the Moon, Mars
and other planetary bodies.
4) In conducting research and
development on radiation effects and limits and shielding
for humans and equipment in
space.
5) In applying teclu1ology research
conducted in advanced materials, optoelectronics, robotics,
high performance computing,
sensors, and biomedicine to
manufacture ultra-reliable space
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GLOSSARY

Apsidial- Relating to the point in the elliptical orbit of a moon, a planet, etc. nearest to (lower apsis),
or farthest from (higher apsis), the gravitational focus point.
Beneficiation- The process of concentrating useful (ore) materials from surface regolith (soil).
Conjunction - An astronmnical alignment where two bodies appear in the same direction as seen from
the Earth. The condition of two or more celestial bodies, especially a planet with the sun, located along
the same celestial longitude when viewed from Earth.
Cryogenic- Of or pertaining to liquified gases or very low temperature (3 to 100 degrees Kelvin; -276
to -76 degrees Celsius; -285 degrees Farenheit) materials.
Deuterium- An isotope of hydrogen whose nucleus contains one proton and two neutrons. Used in
nuclear fusion reactions.
Eccentricity - For a given conic section, a mathematical constant that is the ratio of the distances from
any point of the conic section to a focus and the corresponding directrix.
Heliocentric- Having or regarding the Sun as the center.
Helium-3- An isotope of helium whose nucleus contains two protons and one neutron. Used in
nuclear fusion reactions.
Ilmenite - A titanium and iron oxide mineral, abundant in some deposits on the Moon; useful in the
production of oxygen from lunar regolith in certain processes.
Lagrange Points- Points in space where the gravitational attractions of two or more bodies cancel out
so that an object placed there will remain relatively motionless.
Lidar - An instrument using transmitted and reflected laser light for detecting objects or atmospheric
particles and determining their position, concentration, etc.
Opposition - An astronomical alignment where two bodies appear in opposite directions as seen frmn
the Earth. The position of two celestial bodies when their celestial longitudes differ by 180 degrees,
especially the position of a planet or the Moon when it is in opposition with the sun.
Parsec- A unit of astronomical distance equal to 3.26light years or 3.09 x 1013 km.
Periapsis - The nearest point to the gravitational center in the orbit of any satellite.
Phase Angle - The angle between two planets at a definite point in their orbits as seen from the Sun.
Regolith- Unconsolidated residual or transported material that overlies the solid rock on the Earth,
Moon or a planet.
REM (Radiation Equivalent Man) - A dosage of radiation absorbed by a human that takes into
account the biological effects of different types of radiation.
Telepresence- The projection of human senses (e.g., vision, touch) and physical powers of locomotion
and manipulation through a robot at a remote location.
Tritium - An isotope of hydrogen whose nucleus contains one proton and three neutrons. Used in
nuclear fusion reactions.
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