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THE VICE PRESIDENT

WASHINGTON

May 6, 1991

Lieutenant General Thomas P. Stafford, USAF (RET.)
Chairman, Synthesis Group

1225 Jefferson Davis Highway, Suite 1501

Arlington, VA 22202

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,

G Gy



S ynthesis Group

May 3, 1991

The Honorable J. Danforth Quayle
Chairman, National Space Council
The White House

Washington, D.C. 20500

Dear Mr. Vice President:

I am pleased to submit the attached report "America at the Threshold"
in response to your request. This report is the result of contributions by
a great number of people desiring to participate in the Space Exploration
Initiative. The Outreach Program, implemented by NASA, included
studies by the American Institute of Aeronautics and Astronautics,
proposals from individuals throughout the nation and contributions from
government departments and industrial concerns. These all combined to
form the basis of our evaluation. With the advice and counsel of senior
members, this report was prepared by a group of dedicated experts
made available to the Synthesis Group by departments and agencies
throughout the government, private corporations and universities.

Our conclusions support America's goal to provide this generation a
robust, safe, and affordable future in space while ensuring the greatest
benefit for mankind on Earth.

Sincerely,

Thomas P. Stafford
Lieutenant General USAF (Ret.)
Chairman, Synthesis Group

1225 Jefferson Davis Highway, Suite 1501
Arlington, VA 22202
Phone: 557-5544 - FAX: (703) 557-5502




FOREWORD

time. The decisions we make now for space will set the nation's course for decades, if not centuries to

There are times when seemingly small decisions reverberate through the centuries. Now is such a
come. The legacy we leave to future generations may well be decided in these next few years.

The Past

In the 15th century, China may well have been the most technologically and culturally advanced state on
Earth. It owned great fleets of large oceangoing ships. In 1433, a fleet of Chinese ships sailed all the way to
Africa, trading, exploring, and advancing Chinese culture. But the Ming Empire had other priorities —
problems at home, pressing needs elsewhere. They recalled the fleet — and then they burned it. They
wanted to bring an end to “wasteful” exploring. And they also wanted to ensure that Chinese explorers
would not even be tempted to venture forth again for a long, long time.

At about the same time that China was burning its fleet, a small European nation's farsighted leader,
Prince Henry of Portugal — now known as Henry the Navigator — sent ships up and down the coast of
Africa. Soon another European nation, Spain — just emerging from centuries of war and turmoil — also
began an exploration program. For a time, Portugal and Spain competed to explore and use the new world
that Spain discovered.

Portugal did not completely abandon exploration, as China did. But Portugal soon lost out to Spain
through gradual loss of sea exploration capabilities. Spain went on to reap the harvest of two continents —
ushering in a golden age for its people which was to last almost two centuries. With the destruction of the
Spanish Armada, the British seized the leadership position with such expeditions as Sir Francis Drake's
world voyage and Captain Cook's Pacific voyages.

Nations lose their leadership position when they give up the role of exploration. The question now fac-
ing the United States is which path to take with regard to “oceans” of the 21st century.

The Present Challenge

In 1989, President George Bush challenged America in a way no one has challenged us before, “ . . . back to
the Moon, back to the future. And this time, back to stay. And ... a journey into tomorrow . .. a manned
mission to Mars.” In the history of the human race, no technological challenge has been so great, and no
goal so distant. Likewise, there has never been a nation like ours, nor an opportunity so promising.

Owurs is a rapidly changing world. To remain competitive and maintain world leadership in the 21st cen-
tury, America will need the best trained and educated work force, the most advanced technology and the
strongest leadership. We now have goals that challenge our abilities far beyond what we’ve experienced
before.

The Space Exploration Initiative is a vision for the 21st century. It is a vision of America reaching beyond
itself, and onward, beyond the very bounds of this planet to an entirely new world. On the way there, we
will reap the real, tangible benefits of space exploration.

Space 1s clearly our most challenging frontier. Enroute to Mars, we will explore
the Moon, advance Earth sciences, and develop new, innovative technologies. We
will tap lunar, Martian and solar energy resources as we explore the heights of
human talent and ability. Along the way, America's drive, initiative, ingenuity and
technology — all those things that have made our nation the most successful soci-
ety on Earth — will propel us toward a future of peace, strength and prosperity.
The challenge is before us. This report shows how we begin.
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“We are living at the very beginning of time. We have come into
being in the fresh glory of dawn, and a day of almost unthinkable
length stretches before us with unimaginable opportunities for
accomplishment. Our descendants of far-off ages, looking down
this long vista of time from this other end, will see our present age
as the misty morning of human history. Our contemporaries of
today will appear as dim, heroic figures who fought their way
through the jungles of ignorance, error, and superstition to discover
truth.”

Sir James Jeans, Astronomer, 1930

The Earth Viewed from

Apollo X
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EXECUTIVE SUMMARY

“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 peo-
ple. And . . . it is America’s des-
tiny to lead.”

President George Bush

pollo 11 first placed America

on the Moon on July 20, 1969.

This extraordinary accom-
plishment 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 Ini-
tiative, represents one of the greatest
technological challenges the world
has ever known.

Vision for America

The Space Exploration Initiative pro-
vides 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 System, the origin
of life, and the ultimate fate of our
universe. People are the best explor-
ers, but they often need machines to
help. The Space Exploration Initiative is
an integrated program of missions by
humans and robots to explore, to under-
stand and to gain knowledge of the uni-
verse 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 muster. Through a long
range commitment to space, we stim-
ulate our national education system
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

and maintain American preeminence
in technological innovation and space
leadership. Other nations have
gained the initiative in certain areas
and have become leaders in a tradi-
tion of space exploration that America
pioneered. Leadership cannot be
declared . . . it must be earned.

Technologies for Earth. America’s
recent history has demonstrated
that our space program stimulates a
wide range of technological innova-
tions that find abundant application
in the consumer marketplace.
Space technology has revolution-
ized and improved our daily lives
in countless ways, and it will con-
tinue to do so. Energy from space,
advances in solar power and fusion
fuels, useful materials for advanced
communications, new resources,
medical breakthroughs, and greater
insight into the human 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 limitless, 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 glob-
al communications, all become increas-
ingly feasible and profitable once routine,
reliable and affordable access to space is
available.

Strengthened U.S. Economy. New
technologies open new markets. An
investment in the high technology
needed for space exploration main-
tains and improves 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-



ic security. The Space Exploration
Initiative is an investment in the future nf
America.

Why the Moon?

Earth’s closest neighbor in space, the
Moon, is surprisingly complex. It is
an object for detailed exploration, a
platform from which to observe and
study the universe, a place to live and
work in the environment of space,
and a natural source of materials and
energy for an emerging space-based
economy.

The Moon offers a record of four
billion years of planetary history. Its
violent birth and hlstorv of bombard-
ment from space is closely related to
events on the early Earth. The Moon
provides a natural laboratory for
detailed study of geology and plane-
tary formation, the output of our Sun
over its lifetime, and the elements of
our universe. The Moon’s 14 Earth-
day night, crystal clear, airless sky
and stable ground provide a superb
platform for astronomy.

The Moon is the nearest object in
space where people can live under
conditions similar to those we will
face on other planets. Thus, the Moon
is a natural test bed to prepare for
missions to Mars through simulation,
systems testing, operations and
studying human capabilities.

The Moon is a rich source of mate-
rials and energy for use in space.
Abundant metals, ceramics and
recoverable amounts of hydrogen,
carbon and oxygen can provide pro-
pellants and human life support from
the lunar surface. The 14 Earth-days
of a lunar daytime provide abundant
solar energy. Our Moon provides a
rich scientific and economic waysta-
tion for human expansion into the
Solar System.

Why Mars?

Of all the planets in our Solar System,
Mars is the most like Earth. With a
thin atmosphere, weather, seasons

Leaving Earth Orbit




EXECUTIVE SUMMARY

and a 25-hour day, Mars has a
diverse and complex surface, includ-
ing ice and evidence of water.
Although conditions on Mars cannot
support life now, a variety of evi-
dence suggests that Mars was
warmer, wetter and had a much
denser atmosphere early in its history.
Life may have existed. If so, fossil
evidence may be found.

Mars has undergone a complicated
geologic evolution. Its surface con-
sists of gigantic canyons, huge volca-
noes, 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 under-
stand 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 three-
day journey. The challenges of a
Mars expedition stem from the dis-
tances, 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 tech-
nologies can shorten the transit
time, provide flexible surface stay
times, significantly reduce the pro-
pellant mass to low Earth orbit and
increase the available launch oppor-
tunities.

Shorter travel times are desirable
to reduce the impact of the deep
space environment on the crew and

mission equipment. During the space
voyage, expected hazards include
radiation from galactic cosmic radia-
tion and solar flares, the lack of nor-
mal 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 expedi-
tion. Thus, we will require a heavy
lift launch capability to minimize
assembly in Earth orbit. Nuclear pro-
pulsion 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 commu-
nications times will vary from seven
to 40 minutes. We also need im-
proved long term life support sys-
tems that operate for lengthy time
periods without resupply.

The planetary surface of Mars pro-
vides 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 sci-
ence, and space resource develop-
ment for the benefit of Earth.
Different architectures vary with the
degree of human 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 iden-
tified and they provide significant dif-
ferences across the possible areas of
interest. They are:

Mars Exploration: The emphasis of
this architecture is on Mars explo-
ration 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 sys-
tems and operations and to simulate
Mars stay times. The Moon is
explored while developing opera-
tional concepts for Mars.

Robotic precursor missions are
used to scout the territory before com-
mitting 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
emphasized equally, and an early
global assessment of both bodies per-
mits 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 gen-
erated through extensive operations
on the Moon. Human-controlled
robotics assist the planning and execu-
tion of human activity on the surface.
Instrument emplacement focuses on
early deployment of portable instru-
ments which gather observation data
independent of lunar location. In the
latter stages of architecture implemen-
tation, emphasis shifts to larger scien-
tific 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 sci-
ence on the Moon, human missions to
Mars take place beginning in 2014.
All knowledge gained by the activi-
ties in lunar orbit, and on the surface
becomes part of and is complemen-
tary to the dress rehearsal for the
Mars mission.

The Moon to Stay and Mars
Exploration: This architecture
emphasizes permanent human pres-
ence on the Moon, combined with the
exploration of Mars. One of the major
objectives is to build towards life sup-
port 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 observa-
tion. For lunar exploration, extended
traverses in pressurized rovers will
permit detailed study of complex and
puzzling lunar features and process-
es. Robotic assistants will extend
human reach for great distances
across the lunar surface. With a per-
manent 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 pre-
pare for future exploration missions
to Mars. The first human mission to
Mars is in 2014, with a surface stay of
30 to 100 days.

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, con-
struction and many other long term

Architectures

. Mars Exploration

Il. Science Emphasis for the
Moon and Mars

lll. The Moon to Stay and
Mars Exploration

IV. Space Resource
Utilization




Beyond the Moon

activities. In preparation for the first
human return mission, a robotic
experimental resource producing
plant is landed on the Moon in 2003.
The first human mission to the Moon
takes place in 2004 and to Mars in
2016. On Mars, the basic exploration
would be done on the first two mis-
sions with the addition of more
resource development, which could
be expanded on missions beyond the
first two. In the long term, this archi-
tecture may benefit Earth by provid-
ing Helium-3 to fuel Earth-based
fusion reactors and beaming solar-
produced electricity to Earth.

Transportation

After study of the various transporta-
tion options, it was concluded that
chemical propulsion from low Earth
orbit, as used in the Apollo program,
is still the preferred way to get to the
Moon. However, significantly heav-
ier lift capability will be required to
support any of the architectures. For
the Mars transit from Earth orbit, the
nuclear thermal rocket is the pre-
ferred propulsive system to allow sig-
nificantly reduced mass to low Earth
orbit, shorter transit times and greater
operational flexibility.

Supporting Technologies

Technology will provide the tools
necessary for safe and cost effective
exploration of the Moon and Mars.
Technology development is required
in the following areas:

1) Heavy lift launch with a min-
imum capability of 150 met-
ric 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 long
term storage

6) Automated rendezvous and
docking of large masses

7) Zero gravity countermea-
sures

8) Radiation effects and shielding
9) Telerobotics

10) Closed loop life support sys-
tems

11) Human factors for long dura-
tion space missions

12) Lightweight structural mate-
rials and fabrication

13) Nuclear electric propulsion
for follow-on cargo missions

14) In situ resource evaluation
and processing

At first glance, the implementation of
the architectural approaches outlined
appears daunting. It is indeed com-
plex. But it is noteworthy that
America’s ability to return to the
Moon and to begin the exploration of
Mars depends on two fundamental
technologies:

1) Restoration of a heavy lift
launch capability

3]
~

Redevelopment of a nuclear
propulsion capability

This nation had both of these capabili-
ties in the early 1970s. In addition to
these two areas, the 12 other tech-
nologies identified, if successfully
developed, offer the potential for
vastly enhancing the exploration of
the Moon and Mars.



Organization and Acquisition
Management

The Space Exploration Initiative rep-
resents a major management chal-
lenge as well as a significant techno-
logical challenge to this country. The
capability exists in this nation to
accomplish the Space Exploration
Initiative within the combined re-
sources 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 Program Office for the Space
Exploration Initiative Organization.
It should define the leadership role of
NASA and the cooperative relation-
ships among various governmental
departments and agencies. The
Executive Order should clearly enu-
merate the staffing, budgeting and
reporting relationships and responsi-
bilities of the affected agencies.

The Synthesis Group reviewed
numerous successful and unsuccess-
ful 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 autho-
rized to tailor the existing procure-
ment system and devise new proce-
dures 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 mate-
rials in space for use in space and on
the Earth, and electronics technology
represent a few of these potential areas.

Recommendations

Specific recommendations are provid-
ed 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 center-
piece.

“. . . the jewel represented by the
vision of a seemingly unattainable
goal, the technologies engendered,
and the motivation provided to
our nation’s scientists and engi-
neers, its laboratories and indus-
tries, 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.”

A strategic plan will provide decision
points to allow flexibility during the
life of the program, concentrate man-
agement activities of diverse depart-
ments, provide budget guidelines and
identify technology pathways. The
plan must be based on a detailed gov-
emnmental (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 complements the goals of
Mission to Planet Earth.2



EXECUTIVE SUMMARY

“We propose . . . to accelerate
the development of the NOVA
nuclear rocket. This gives promise
of some day providing a means
for even more exciting and ambi-
tious exploration of space, per-
haps beyond the Moon, perhaps
to the very end of the solar system
itself.”

John Fitzgerald Kennedy

RECOMMENDATION 2

Establish a National Program
Office by Executive Order.

This organization would include
Department of Defense and Depart-
ment of Energy personnel working
directly for the National Program
Office. With the multi-agency nature
of the National Program Office, an
Executive Order should be issued to
cite the basic charter of the organiza-
tion, the leadership role of NASA,
and the cooperative relationship
among various governmental depart-
ments and agencies. The Executive
Order should clearly enumerate
staffing, budgeting and reporting
relationships and responsibilities of
the affected agencies.

RECOMMENDATION 3

Appoint NASA’s Associate Admini-
strator 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 simul-
taneously providing a focus for
NASA’s supporting program ele-
ments.?

RECOMMENDATION 4

Establish a new, aggressive acquisi-
tion strategy for the Space Ex-
ploration Initiative.

The Space Exploration Initiative
should standardize acquisition rules
for the agencies executing the
Initiative’s various projects. The most
streamlined processes available
should be adopted for that standard.
The Space Exploration Initiative is so
great in scope that it cannot be execut-
ed in a “business as usual” manner
and have any chance for success. The

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

RECOMMENDATION 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 lig-
uid oxygen-hydrogen upper stage
engines (upgraded Saturn ]-2s or
space transportation main engines),
could result in establishing a heavy
lift launch capability by 1998.2

RECOMMENDATION 6

Initiate a nuclear thermal rocket
technology development program.

The Synthesis Group has deter-
mined the only prudent propulsion
system for Mars transit is the nucle-
ar thermal rocket. Sufficient testing
and care must be taken to meet
safety and environmental require-
ments.

RECOMMENDATION 7

Initiate a space nuclear power tech-
nology 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 mis-
sion.

RECOMMENDATION 8

Conduct focused life sciences experi-
ments.

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 ex-
periments are needed to reduce the
uncertainties of long duration space
missions.2

RECOMMENDATION 9

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

The Initiative will require scientists,
engineers and technicians for its exe-
cution. It is a source of interest and
expectation to those considering sci-
ence and engineering careers. The
Space Exploration Initiative can con-
tribute directly to undergraduate and
graduate education in engineering
and science by re-invigorating a uni-
versity research program in support
of the Exploration Initiative as was
done during the Apollo program of
the 1960s and early 1970s.

RECOMMENDATION 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 recom-
mendation that they review them

periodically. The Outreach Program
generated not only ideas but also
greater interest in the Space Ex-
ploration Initiative. Both features
should be emphasized. The database
should be refreshed with further out-
reach solicitations, perhaps every two
years, and with increasing focus to
specific program goals. The Space
Exploration Initiative touches virtual-
ly every scientific field and engineer-
ing 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 com-
mitment of the nation’s resources.

Why Now?

America stands at the threshold. Our
national space program is undergoing
intense scrutiny. Many ask questions
similar 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 Initia-
tive is a positive, social endeavor. Ina
world of uncertainty, it has the capac-
ity 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 from 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

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

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 Adviso
Committee on the Future of the U.S. Space
Program.



INTRODUCTION

Origin of the Space
Exploration Initiative

On the 20th anniversary of the first
lunar landing mission, Apollo 11,
President Bush outlined a program
that would put the United States on
an aggressive track to return to the
Moon to stay, and to land humans on
Mars. The President’s space policy
calls for expanding human presence
and activity beyond Earth orbit into
the Solar System; obtaining scientific,
technological and economic benefits
for the American people; encouraging
private sector participation in space;
improving the quality of life on Earth;
strengthening national security; and
promoting international cooperation
in space. The Space Exploration
Initiative accomplishes these goals. In
August 1989, NASA began an exten-
sive review to summarize the technol-
ogy and strategies for going back to
the Moon and on to Mars.

The Outreach Program

Vice President Quayle, Chairman of
the National Space Council, realized

10

that the complexity and challenge of
the program would require the best
minds within the government, indus-
try, academia and throughout the
country. He requested NASA “to cast
a net widely to find the most innova-
tive ideas in the country.” These ideas
were solicited by the Administrator of
NASA, Richard H. Truly, through an
Outreach Program of personal letters
and public announcements.

The Synthesis Group

Lieutenant General Thomas P.
Stafford, USAF (Ret.), a Gemini and
Apollo astronaut and Commander of
the Apollo-Soyuz Test Project, was
asked by Vice President Quayle and
Administrator Truly to serve as chair-
man of a group to analyze and syn-
thesize the recommendations of the
Outreach Program. Lieutenant Gen-
eral Stafford assembled a group of
individuals from the Office of the
Secretary of Defense, U.S. Army, U.S.
Navy, U.S. Marine Corps, U.S. Air
Force, the Department of Energy, the
Department of Commerce, the
Department of Health and Human
Services, NASA, academia and indus-
try. The Synthesis Group was char-
tered to provide two or more signifi-
cantly different architectures, technol-
ogy priorities and the early accom-
plishments to support the nation’s
Space Exploration Initiative.

Twenty-three senior members, all
professionals with vast experience
and of national regard, participated.
These senior members met periodical-
ly to review progress and participated
in working sessions to direct the
Synthesis Group's efforts.

In order to determine the breadth
and scope of a program, it is essential
to identify its goals. To provide a
frame of reference for the Space
Exploration Initiative, it was neces-
sary to determine activities to be
accomplished on the Moon and on
Mars. Then, and only then, could it
be decided how to provide a capabili-
ty for accomplishing these activities.



The Synthesis Group initially con-
centrated on the major topical activi-
ties to be performed on the planetary
surface. These activities, called Way-
points, were further bounded by
defining incremental capabilities.
Each incremental capability is a sig-
nificant achievement in itself.

Moon Waypoints

® Lunar Exploration

® Preparation for Mars
* Habitation

®* Lunar Based
Observation

* Fuels
* Energy to Earth

Asteroids Waypoint
Mars Waypoint

The Architectures

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

* Emphasis on Exploration and
Science

¢ Emphasis on Human Presence

* Emphasis on Space Resource
Development

The balance between activities on the
Moon and Mars is another factor that

offers a distinction between architec-
tures.

The concepts of Initial Operational
Capabilities and Next Operational

Capabilities are important to the
architectures, as they provide logical
decision points within the Initiative.
Decision points allow necessary flexi-
bility during the life of the Initiative to
modify the emphasis, adopt new
technologies or respond to changes in
available funding.

This document describes the archi-
tectures, technologies and recommen-
dations of the Synthesis Group.
Technology priorities are identified
within the Supporting Technologies
section of this report. Early accom-
plishments 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.

National Space Visions

* |ncrease 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)

¢ Develop technology with
terrestrial application

* Facilitate further space
exploration and commer-
cialization

* Boost the U.S. economy

11



WHY THE SPACE EXPLORATION

INITIATIVE?

%r 1 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, “Locksley Hall” 1842
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hirty years ago, President

Kennedy 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 accom-
plished ahead of schedule, it also led
to an unparalleled series of space and
technological achievements and a
vigorous civilian space program.
American preeminence in space was
unquestioned, and we reaped the
benefits of that position technically,
scientifically, economically and politi-
cally.

Many people believe that the US.
no longer enjoys the space leadership
earned during the Apollo program.
Now that President Bush has chal-
lenged 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.

National Space Visions

Derived from the National Space
Policy and other documents, the
Synthesis Group established the fol-
lowing broad visions for the Space
Exploration Initiative:

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

origin of life and the ultimate fate of
our universe. These questions are not
suddenly answered by some single
piece of information or mission, but
require a series of investigations and
missions that collectively advance our
understanding,.

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 diffi-
cult tasks, such as the search for fossil
life on Mars, require human presence.
A machine can be built to retrieve a
rock; only a human 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. Sucl 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 suc-
cessful implementation requires out-
standing scientists, engineers and
technicians. Because the Initiative is a
long range, continuing commitment
to space, national education must
become an integral part of the pro-
gram. Such education must encom-
pass both the academic establishment
and the general public. Information
system technologies permit the
widespread dissemination of knowl-
edge 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 reju-
venate our base of scientific and tech-
nical 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.

Refocus U.S. position in world
leadership. The Space Exploration
Initiative provides us with an oppor-
tunity to re-establish and maintain
American preeminence in space, both
on a practical level and in the intangi-
ble areas of national prestige. One of
the main benefits of the Apollo pro-
gram was technical innovation.
Deadlines and strict requirements
push technology development. The
Initiative will create imaginative tech-
nologies 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 mature
naturally, without a focus.

Other nations have seized the ini-
tiative and, in certain areas, have
become leaders in a tradition of space
exploration that America pioneered.
Our national ethic is based on a sense
of manifest destiny and leadership in
new fields of endeavor. Leadership,
however, cannot be declared . . . it must
be earned.

Develop technology with terrestrial
application. The space program has
traditionally stimulated technical
innovations that have found abun-
dant application in the marketplace,
and space technology has revolution-
ized and improved our daily lives in
countless ways. Transportation,
medicine and communications are
just a few areas where space technolo-
gy has made consumer goods safer,
more effective, more affordable and
easier to use.

Space technology provides several
potential alternatives for producing
energy. Solar power or fusion fuels
could ultimately provide clean and
safe energy for the terrestrial econo-
my. The Space Exploration Initiative

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

Facilitate further space exploration
and commercialization. The encour-
agement of private sector activity in
space is part of our National Space
Policy. Routine, reliable and afford-
able access to space is required for sig-
nificant 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 indus-
trial development for the benefit of
humanity. The production of commer-
cial products and service industries all
become feasible once routine and reliable
access o 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 Initiative will generate new
opportunities for thousands of engi-
neers, 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; histori-
cally, we have led the world in profit-
ing from technology. Aerospace tech-
nology is one of the few areas where
America retains a positive trade bal-
ance. Investment in the high technol-
ogy needed for the Space Exploration
Initiative will maintain and signifi-
cantly improve our share of the global
market in technology and positively

13
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affect our international balance of
trade. The Space Exploration Initiative is
an investment in the future of America.

Why Now?

America stands at the threshold. Our
national space program is undergoing
intense scrutiny. Many ask questions
similar 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 value of human presence in
space?

Great nations have always explored
and profited from 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
next century. As Americans, we must
ask ourselves what our role will be in
human expansion into the Solar
System: to lead, follow or step aside?

Thirty years ago, the politics of a
bipolar world order compelled us to
take up the challenge of space compe-
tition. The lellcnuc we now face is
no less u)mptllm\' or significant in
the new and emerging world order
than it was at the height of the Cold
War. The world has changed. We
face not only leadership LhﬂllL‘H"L‘
but economic and technological ones
as well. The Space L\plmalmn
Initiative will restore America to its
preeminence as the world’s space
leader.

A global consciousness is emerg-
ing on such issues as environmental
and resource conservation. Problems
are so massive, complex and time
consuming that few of them are sub-
ject to a quick solution, regardless of
the availability of resources. There is
near universal recognition that the
future of all nations depends upon
high technology. The science and
technology associated with the Space
L\p]matlon Initiative take us down
avenues that converge on ways to
deal with the world’s problems. By

exploring space, we come to better
understand both ourselves and our
planet.

By offering direction and purpose,
the Space Exploration Initiative will
rejuvenate our sense of challenge,
competitiveness, and 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.




The Space Exploration Initiative is

vital to the future of this nation. In “I believe without question that if a nation misses the great move-
this country’s past, focused, goal- ments of its time it misses the foundation on which it can build the
driven programs have a record of suc- future. The high technical requirements for success in space are so fun-
cess and benefit to all humanity; we damental that spin-off rewards are almost automatic ... No one today
do not settle for less now. can even guess the limits of either the personal items or the industrial

which might accrue from the basic scientific work that has to be done
in a space program. This is the great unknown ocean of the universe
and we . . . are as obligated to probe it and use it and participate in its
control as the nations of Europe were obligated to explore their terres-
trial oceans in 1483.

I believe that there are moments in history when challenges occur of
such a compelling nature that to miss them is to miss the whole mean-
ing of an epoch. Space is such a challenge.”

James A. Michener

Descartes Region of the Moon, Apollo XV




ARCHITECTURES

Architectures

l. Mars Exploration

Il. Science Emphasis for
the Moon and Mars

lll. Moon to Stay and Mars
Exploration

IV. Space Resource
Utilization
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n architecture is both a set of

objectives ordered to achieve

an overall capability and the
sequential series of missions (includ-
ing specific technical activities) to
implement those objectives. Sub-
sequent sections of this chapter dis-
cuss the considerations and con-
straints affecting all architectures, the
common elements across the architec-
tures and the four architectures.

Commonality of Architectures

Although the architectures presented
here differ, there are common aspects
that relate to mission sizing, launch
opportunities, duration and surface
activities. The dates provided are esti-
mates based upon the optimum launch
opportunities for Mars. The dates are
notional and depend upon available
resources and technological develop-
ment.! The target year for the first land-
ing 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 attempting the chal-
lenging Mars mission. This also coin-
cides with the opening of a 15-year syn-
odic period of optimum low energy
Earth-to-Mars missions. Missions to
Mars are possible on 26-month inter-
vals. Recognizing there can be pro-
gram 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 some
flexibility is possible with the dates for
lunar activities, they are selected in
order to accomplish activities specified
by individual architectures, and to prop-
erly certify equipment and procedures
for the Mars mission in preparation for
the initial launch date.

All Mars architectures are designed
for a 30 to 100 day stay for the first
mission and an approximate 600 day
stay for subsequent missions. This

leads to total mission durations of
approximately 500 and 1,000 days
respectively. It is assumed that after
the first human Mars mission, coupled
with the experience gained on the
Moon, confidence in systems and
human capabilities will allow for
longer duration missions. A crew of
six was selected for both the Moon and
Mars missions to achieve maximum
commonality for equipment, crew
tasks and procedures. For the first two
piloted missions to the Moon, one crew
member remains in orbit to perform
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 mem-
bers descend to the surface for every
mission, as the reliability of the unat-
tended vehicle has been verified
around the Moon. This reduces the
hazards associated with space radia-
tion and prolonged time periods in
zero gravity.

Architectural activities are de-
scribed 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 pro-
vide decision points at which a given
program can be continued, modified,
or stopped; and to let each mission
contribute to the capability required
to meet the next operating level in the
sequence. After the lunar Initial
Operational Capability in all architec-
tures, a decision can be made to con-
duct the preparation-for-Mars lunar
mission 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-



matic aspect, different architectures
vary as to the degree of human pres-
ence in space, the level to which
exploration and science are pursued,
the extent to which space resources
are developed, and the relative
emphasis between lunar and Martian
activity. Regardless of the primary
emphasis of a given architecture, the
other two emphases are always
included, as shown below.

Time in lunar orbit to prepare for
Martian missions varies from a total
of 120 to 460 days, depending on the
architecture. Although the 120 day
stay time does not exactly duplicate
the Mars transit time, it is felt that this
time could be extrapolated with a
high degree of confidence.

The use of the Mars transfer vehi-
cle, in conjunction with a surface
emplacement on the Moon, would
allow mission-critical studies into the
physiological effects of the factional
Earth-normal gravitation exposures
following extended zero gravity
stays. This objective can be accom-
plished with a high degree of opera-
tional fidelity on the Moon, and the
ready access to zero gravity or frac-
tional gravity would permit 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 number of other key missions
in addition to life science activities,
including simulations of Mars mis-
sions, 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.

Considering the three different
areas of emphasis and the variations
in lunar and Mars activity, four archi-
tectures have been defined. The Mars
Exploration architecture places an
emphasis on Mars rather than on the
Moon. Only activities absolutely nec-

essary to prepare for the Mars mis-
sion are planned for the Moon.
However, this still allows for mean-
ingful lunar scientific return as a
byproduct. The second architecture,
Science Emphasis for the Moon and
Mars, explores both the Moon and
Mars and uses the Moon as an
observing platform with an integrat-
ed strategy of robotic and human
missions. The third architecture, The
Moon to Stay and Mars Exploration,
emphasizes human presence on the
Moon, with smaller crews engaged in
exploration and science at Mars. This
architecture is designed to establish a
permanent presence for humanity on
the Moon so that significant explo-
ration and observation can be accom-
plished. The fourth architecture,
Space Resource Utilization, empha-
sizes the development of lunar
resources to provide energy for Earth
and the production of propellants to
be used for lunar launch and surface
operations, and potentially for Mars.

1 Norman R. Augustine, Chairman of the
Advisory Committee on the Future of the US.
Space Program, addressed the Synthesis
Group. When asked what was meant by “go-
as-you-pay” in the report, he answered that
“The Space Exploration Initiative should be
programmed to proceed at a schedule consis-
tent with available funding and the establish-
ment of a solid technology underpinning.
When there are problems in the program, as
there will always be, the schedule should be
slipped rather than taking money from other
smaller programs such as the research pro-
gram.”

Space Exploration Initiative

|
I Architectures

17



CONSIDERATIONS AND CONSTRAINTS

Table 1

l'I'!he Space Exploration Initiative
architectures are based on the
priorities of safety, cost, perfor-
mance and schedule. This differs
from the Apollo program priorities of
safety, schedule, performance and
cost. These priorities and the lessons
learned from previous experience
establish a philosophical baseline of
specific concepts and ideas that are
common to all Initiative architectures.

Crew Safety

Crew safety is the prime considera-
tion for human spaceflight opera-
tions. Missions which include both
long duration flight and planetary
surface stays require system designs
and operations concepts that main-
tain crew health and safety. Due to
the communications delay on a mis-
sion to Mars, the crew will need to
operate independently for critical
phases. Mars missions require redun-
dancy in system design and abort
options. Propulsion systems, landers
and habitat modules require reliable
and redundant design to reduce vul-
nerability to failure.

Phase Abort Principles
En_rroute Reduce Vulnerability to Failure by System Reliability and Redundancy
[¢]
Moon Provide Trans-Earth Injection Fuel or Use Free Return Trajectory
En_rl_ome Reduce Vulnerability to Failure by System Reliability and Redundancy
o
Mars Provide Trans-Earth Injection Fuel
Moon
,ﬁg?s Reduce Vulnerability to Failure by System Reliability and Redundancy
Orbit
Ascent/ Red — - Sl
Descent uce Vulnerability to Failure by System Reliability and Redundancy
g%ﬁ;%g‘ Provide Both Abort to Surface/Orbit and Options to the Commander
S’:}?fgg; Reduce Vulnerability to Failure by System Reliability and Redundancy
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The following principles were
identified to ensure crew safety:

* Multiple levels of parallel
redundancy with high reliabil-
ity and low maintenance
requirements

e Capability for both the crew
and built-in systems to moni-
tor and control all critical func-
tions during normal and con-
tingency operations without
support from Earth

* Capability for the crew to
manually control and override
critical systems

» System designs which allow
crew maintenance or repair

e System and consumable mar-
gins which reflect resupply
rates

The Synthesis Group established
mission abort principles for the archi-
tectures. Options were considered
for each phase of the mission. While
it is understood that establishing
generic guidelines for abort strategy
is difficult at best, basic principles are
required to establish criteria for plan-
ning. The basis for all abort options is
to reduce vulnerability to failure by
system reliability and redundancy,
and to provide flexibility to the mis-
sion commander to execute an abort
mode if necessary (Table 1).

Essential functions must be toler-
ant to multiple failures and must be
restorable. System design requires
that the first failure results in no oper-
ational degradation; the second
leaves the system operational, but
possibly in a degraded mode; and the
third leaves it in a safe and restorable
configuration. Thus, the third failure
is not catastrophic and the time to
restore the function, at least to a
degraded operational mode, is less
than the time leading to an irre-
versible catastrophic condition.



Mission Opportunities

In order to understand the complexi-
ties of interplanetary spaceflight, cer-
tain terms must be explained. These
terms are:

Engine Specific Impulse: Expressed
in seconds, the engine thrust in
pounds divided by the propellant
flow rate in pounds per second.

Thrust-to-Weight Ratio: The ratio
of the engine thrust to the engine
weight.

Delta-V: Transportation systems to
the Moon and Mars require a series of
propulsive maneuvers which result in
a velocity change for the spacecraft.
This velocity change is called delta-V,
expressed in units of velocity (km/s)
and related to the amount of energy,
and thus fuel, that a spacecraft re-
quires for a mission.

Initial Mass in Low Earth Orbit:

The total mass, fuel, transfer vehicle,
lander, etc. placed in low Earth orbit
to accomplish a space mission.

When Apollo crews went to the
Moon in the late 1960s and early
1970s, they accomplished the mission
in the following phases:

¢ Earth to orbit
¢ Earth orbit operations
* Trans-lunar operations
* Lunar orbit operations
¢ Descent to surface
¢ Surface operations
* Ascent from surface
¢ Lunar orbit operations
¢ Trans-Earth operations
e Earthentry

The total delta-V for the trip was

5.6 km/s from low Earth orbit to
lunar orbit and back. It took three

days to travel the 400,000 km from
the Earth to the Moon.

The Earth orbits the Sun once
every 365.25 days in a nearly circular
orbit with a radius of 149.5 million
kilometers. The mean speed of the
Earth relative to the Sun is 30 km/s.
Mars, on the other hand, orbits the
Sun every 686.79 days (1.88 Earth
years) in an elliptical orbit with an
eccentricity of 0.1. Although the
mean distance from the Sun is 227.8
million kilometers, the eccentricity of
the orbit results in a 20% difference in
distance from the Sun at the two
extremes of the orbit; the Mars orbital
speed varies between 22 to 26 km/s.
Further complicating matters is the
fact that the orbital planes of Earth
and Mars are inclined relative to each
other at 1.9 degrees, rather than being
co-planar.

With the difference in orbital peri-
ods, “similar” launch opportunities
occur only once every 26 months. A
similar launch opportunity is one in
which the planets have the same
heliocentric angular orientation, or
phase angle, relative to one another,
as shown in Figure 1. However, the
eccentricity in the Martian orbit, com-
bined with the orbital speed differ-
ences between Earth and Mars, mean
that exact launch cycles repeat only
once every 15 years. Even though the
same phase angle for a launch oppor-
tunity for a given mission occurs
every 26 months, the distances
between the planets and their relative
speeds are different, which lead to
different energy requirements and
trip times from one opportunity to
another.

The phases of the Mars mission
are:

* Farth to orbit

e Earth orbit operations

Trans-Mars operations
* Mars orbit operations

* Descent to surface

EARTH-MARS
PHASING

Mars Orbital Rate
0.5242" per day

Eartiy Orbital Rate
0.9656" per day

X

Y v

>

First
Opportunity

¥
h ~

; ¥

Second

Opportunity—
26 months later
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Figure 2

* Surface operations

* Ascent from surface

® Mars orbit operations

* Trans-Earth operations
e Earth entry

The delta-V requirements for the
trip from low Earth orbit to Mars
orbit and back vary from approxi-
mately 8.2 km/s to 24 km/s, depend-
ing on the launch opportunity.

Mission Duration

Missions to Mars fall into one of two
classes: long duration missions (con-
junction class) and short duration
missions (opposition class). A long
duration mission trajectory traverses
a heliocentric angle of about 180
degrees during each orbital transfer,
with tangential departure and arrival,
as shown in Figure 2. The transfer
trajectory, known as a Hohmann
transfer, is the minimum energy
orbital transfer. This mission dura-
tion is on the order of 1,000 days,
with a typical stay time at Mars of
approximately 500 days. The delta-V

requirements for long duration mini-
mum energy missions are fairly con-
stant, varying only about 10% over
the 15 year cycle.

Short duration missions are on the
order of 500 days total trip time, with
a 30 to 100 day stay at Mars. One of
the transfer legs, either the outbound
or inbound, must have a deep space
propulsive maneuver. This maneu-
ver can be replaced with a Venus
swing-by, which is more efficient
from a propulsive energy require-
ment, but requires that Venus be in a
particular phase with both Earth and
Mars. The Venus swing-by uses
Venus'’s gravity to modify the trajec-
tory and shorten the trip time and
reduce the delta-V. Due to a combi-
nation of the eccentricity and the incli-
nation of the Mars orbit, the delta-V
requirements for short duration mis-
sions can vary with launch date by as
much as a factor of two. The best
short duration mission opportunities
occur in 2003 and 2018. The transfer
legs of a typical short duration mis-
sion are shown in Figure 3.

There are two major propulsion
options for the Mars missions: chemi-
cal and nuclear. Both options are
compared in Figure 4 for the 2014
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TYPICAL SHORT DURATION MISSION

Relative conditions
at Earth arrival

Relative conditions
at Mars departure

Relative conditions
at Mars arrival

Relative conditions
at Earth departure

Cumulative mission
duration = 576 days

Cumulative mission
duration = 281 days,

Cumulative mission
duration = 221 days

with 60 days on Mars

opportunity. Chemical systems have
the advantage of being a well devel-
oped, flight-tested technology.
Unfortunately, chemical systems are
limited in performance, with large
propellant mass requirements in low
Earth orbit and major restrictions in
launch opportunities. Nuclear sys-
tems, on the other hand, promise high
performance with significant savings

in propellant mass. Although nuclear Figure 3
thermal rocket technology was
demonstrated in the 1960s, it has not
been flight tested.
Launch costs are heavily depen-
dent on the required initial mass in
low Earth orbit. Therefore, cost con-
straints tend to lead toward mission
configurations with lower delta-V

requirements, and correspondingly Figured
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extended from 30 to 100 days at an
increase of 100 to 200 metric tons in
the initial mass to low Earth orbit dur-
ing favorable years.

The total number of launches per
mission would be limited by the
need to minimize on-orbit assembly
and at the same time meet available
launch windows. For example,
using a heavy lift launch vehicle
with a 250 metric ton payload capac-
ity, and operating with a maximum
system linkup capability of three
launch modules, the initial mass to
low Earth orbit needed for a total
trip would be limited to a maximum
of 750 metric tons. Volume con-
straints and spacecraft design con-
siderations may apply additional
limitations. These types of practical
limits were considered in evaluating
potential missions.

Space Radiation

The space radiation environment out-
side the Earth’s magnetosphere is
composed of two types of radiation
which present a potential health haz-

ard: galactic cosmic and solar flare
events.

The galactic cosmic radiation envi-
ronment is reasonably well known,
yet there are uncertainties with
respect to biological effects and relat-
ed risk assessment. The allowable
annual radiation exposure for the
astronauts’ blood forming organs is
50 REM — a dose of radiation called
“Radiation Equivalent Man.” During
the Mars transfer, the unshielded
radiation dose rate will range
between 24 and 60 REM per year as a
function of the solar cycle (galactic
cosmic radiation is maximum during
solar minimum). The expected galac-
tic cosmic radiation dose received by
an unshielded astronaut on a trip to
Mars is below the allowable amount
based on the annual 50 REM limit
adopted for Space Shuttle astronauts.
Shielding to reduce the highly pene-
trating galactic cosmic radiation is
impractical, due to the enormous
weight penalty that must be paid to
shield the entire spacecraft. Selective
materials integrated into the space-
craft design, however, can reduce the

Figure 6
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radiation effects. Reducing the trip
time is the best method to limit the
galactic cosmic radiation exposure to
the crew. Once on Mars, the planet
and atmosphere provide adequate
protection.

Solar flare events may be incapaci-
tating or lethal for an unshielded
astronaut; however, the short dura-
tion and the energy spectrum of solar
flare events (lower than the energy
spectrum of galactic cosmic rays)
make radiation storm shelters an
effective countermeasure. 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 back-
up to water loop closure systems. A
radiation storm shelter with 16
gm/cm? of water is estimated to pro-
vide adequate shielding against
anomalously large solar flare events.
Solar monitoring satellites and obser-
vations from Earth will enable long
range predictions of solar flare activi-
ty for mission and extravehicular
activity planning purposes. In addi-
tion, 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 environment,
along with passive radiation shield-
ing and reduced trip times, should
provide adequate protection to the
crew for the Mars missions.

Zero Gravity

The issue of mission duration is cen-
tral to the discussion of architectures.
Within the context of the proposed
exploration missions, there are sever-
al distinct gravitational environments.
Extended stays on the lunar surface
will result in exposure to one-sixth
the Earth’s gravity. Mars missions
will entail exposure to zero gravity
during the outbound leg, three-
cighths 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 time 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 experi-
ences, to be confirmed with addition-
al research, indicate that with appro-
priate countermeasures, a crew can be
maintained in satisfactory condition
throughout long duration flights;
therefore, artificial gravity is not
incorporated in the four architectures.
It is expected that while crews are on
the Martian surface, the three-eighths
Earth’s gravity will help maintain
their physiological health.

It is necessary to fully understand
deconditioning effects in order to ensure



that Mars missions are conducted in a
safe manner. The approach recom-
mended involves crews using a Mars
transfer vehicle crew compartment in
lunar orbit and then descending to the
lunar surface to provide simulation
for Mars missions. This would allow

rapid accumulation of adaptation
data. This simulation capability will
be used to develop and test effective
countermeasures. Mars missions will
be designed to minimize, to the
degree possible, the time spent in
zero gravity.

Astronaut Working in Zero Gravity



COMMON ACTIVITIES

The journey to the Moon and
Mars will consist of many dif-
ferent activities, both on plane-
tary surfaces and in orbital and
interplanetary flight. The common

architectural strategies are shown
below.

Common Architectural Strategies

® Involve the public in the adventure of exploration
Provide for significant science return

Emphasize educational return

Encourage and facilitate benefits for commercial applications and

for the industrial sector
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Lunar Surface Activities

Surface activities at the Moon encom-
pass the three primary components of
the Initiative: science and exploration,
human presence, and space resources.
In each activity, specific tasks, equip-
ment and strategies are employed to
accomplish mission objectives. Not all
activities are undertaken at once; the
relative extent of each activity is part-
ly responsible for the diversity of
architectures.

The Moon is an important target
for scientific investigations, both as an
object of study and as a platform to
look upon the universe. The Moon
has undergone a complex and pro-
tracted geologic evolution, including
the formation of a crust and mantle,
impact bombardment, flooding of the
surface by volcanic lavas and defor-
mation of the crust by fracturing. The
lunar soil (regolith) contains a four
billion year history of the output of
the Sun. The craters of the Moon
record the variations in the impact
flux in the Earth-Moon system. The
complexity and richness of the lunar
geologic record can be deciphered to
give us an unprecedented view of
the origin and evolution of the Earth-
Moon system.

With its low gravity, vacuum and
long nights, the Moon is an excellent
site from which to observe the uni-
verse. It is a stable platform where
delicate astronomical instruments can
be emplaced and operated to give
detailed views of our own and neigh-
boring star systems. Moreover, the
observation instruments can scan the
entire electromagnetic spectrum from
the lunar surface. Observatories on
the Moon will give us incomparable
views of the universe and Earth and
new insights into their origin and
evolution. For the first time, it will be
possible to resolve the apparent disks
of individual stars and observe star
spots; such resolution may also per-
mit imaging of other planetary sys-
tems. For extra-solar planets, surface
features of Jupiter-sized planets can
be mapped while full disk spectra of
Earth-like planets can be obtained.

The Moon is a source of both mate-
rials and energy for an emerging
space-based economy in the 21st cen-
tury. The lunar regolith contains
absorbed solar light gases (c.g.,
hydrogen) and indigenous oxygen
that can be extracted and collected for
use as propellant and for life support.
The regolith also serves as a source of
ceramics and metals for construction
on the Moon and in Earth-Moon
space; iron, titanium and aluminum
are relatively abundant. Bulk soil can
serve as radiation shielding for sur-
face habitats. Solar power is constant-
ly available during the lunar daytime
(14 Earth days). Finally, the rare iso-
tope Helium-3 is present in the lunar
soil; this material may ultimately
power terrestrial fusion reactors in the
next century, providing clean and
safe electrical energy.

The Moon is a place for humanity
to live and work in the 21st century. It
is a small planet with natural, re-
duced (1/6) gravity; in total area, the
Moon is roughly equivalent to the
continent of Africa. The materials and
energy needed for human habitation
on the Moon are readily extractable
from surface materials. The Moon is



only three days from the Earth and
the near side has a constant and psy-
chologically reassuring view of our
home planet. It is a natural “space sta-
tion” orbiting planet Earth.

Lunar missions and preparations
are essential prior to accomplishing
piloted missions to Mars. Without
flights to the Moon, more than 40
years will have passed since the latest
piloted mission beyond low Earth
orbit. The Moon is relatively accessi-
ble and return to Earth is readily ac-
complished (as compared to a Mars
mission) if emergencies occur. The
topography and environment of the
Moon are used to simulate Martian
conditions. As a part of this approach,
it is important to test and operate the
actual equipment and systems to be
used for the Mars mission. The only
way to prove that equipment and sys-
tems are truly reliable is to test their
functions and operate them over long
periods of time in realistic environ-
ments.

The Moon provides a testing envi-
ronment of human performance to
ensure the safety of the crew. The
issue of human performance after
long exposure to zero gravity, and the
effectiveness of countermeasures to
long term exposure to zero gravity,
must be well understood before send-
ing crews to Mars. The degree of
autonomy required in systems and
equipment is better assessed after
understanding crew adaptability to
a reduced gravity environment.
Simulations of human stay time are
required between time spent on the
lunar surface and in space-based facil-
ities. Human adaptation at the Moon
is measured after spending sufficient
time in reduced gravity. Crew mem-
bers adapt in facilities on the Moon,
performing tasks similar to those
required at Mars. These crew mem-
bers also experience the psychological
effects and isolation that are experi-
enced by crews traveling to and from
Mars. Operational concepts are devel-
oped to make best use of the systems
and crew on the planetary surfaces.

This applies to robotic and telerobotic
systems, as well as human activities.

Martian Surface Activities

The exploration of Mars involves sev-
eral scientific disciplines that deal
with the study of Martian origin, geo-
logical processes, and evolution. All
architectures envision a robust Mars
exploration program that consists of
complementary robotic and human
mission elements. The exploration
program is designed to give first-
order answers to some of the most
fundamental questions of planetary
science.

Scientists are interested in the geo-
logical, climatological and biological
processes that now act or have acted
in the evolution of Mars. Mars has a
complex history, involving impacted
projectiles from space, internally gen-
erated magmas that both intrude the
crust and spill out on it (volcanism),
tectonic forces that deform and frac-
ture the planet’s surface, and erosion
and deposition by wind, water and
ice. Geological processes that have
shaped all the terrestrial planets have
acted to one degree or another on
Mars.

Although Mars is currently cold
and has a very thin atmosphere, it is
believed that conditions were much
more Earth-like several billion years
ago. At that time, Mars apparently
had a thicker, warmer atmosphere,
running water, and a more moderate
climate. Because these conditions
could have supported life, the search
for traces of former Martian life (fos-
sils) is an important objective in the
exploration of Mars.

For some reason, the benign
Martian climate changed; the atmo-
sphere thinned, temperatures cooled,
and the existing surface water either
sublimated into the atmosphere and
was subsequently lost to space, or
became frozen as ground ice. Why
this dramatic change occurred is one
of the major puzzles of Martian histo-
ry. Moreover, it may be a cautionary

American Exploration
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tale for Earth-dwellers, since the
dynamics of global climate change are
as poorly understood as they are life
threatening. With the concerns over
Earth’s global warming and the long
term effects of pollution on the envi-
ronment, the history of Mars holds
valuable insights that will assist in
understanding and improving the
Earth’s evolving environment. Study-
ing Mars also helps in understanding
planetary processes and formation
and in understanding the history of
the Solar System. The exploration of
this planet millions of miles from the
Earth complements the efforts of
Missions to Planet Earth and could
hold a key to understanding our own
planet.

Surface Science Activities (100 days)
The arrival of humans on the surface
of Mars opens new vistas of scientific
accomplishment. Field studies be-
come possible when human powers
of observation and thought are pre-
sent, both through the actual presence
of humans and by extension through
telepresence, the projection of some
human powers of discernment and
cognition through a machine.

Each mission carries a pressurized
rover, giving the crews access to areas
within a 50 km radius of the landing
site for the first flight, increasing to a
100 km radius in subsequent mis-
sions. Because they will have been
preceded by a robotic surface rover,
the crew’s first task is to thoroughly
characterize the landing site environ-
ment within a radius of 2 km.

Detailed field study of the geology
of this area is an ongoing task of the
crew members remaining behind
while others conduct rover traverses.
Experiments are performed on a
small scale to test the feasibility of
producing fuel from local resources
and to demonstrate the capability to
grow food in the habitat.

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 to examine key geologi-
cal sites, collect carefully controlled
samples, deploy instrument packages
and decipher and understand the
complex geology of the region adja-
cent 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 tra-
verse routes and plans to be modified
in real time. This capability is the cor-
nerstone of conducting true field
exploration, and the maximum possi-
ble latitude for operational changes is
granted to the crews during the Mars
visit. In this way, significant discover-
ies are most likely to be made and, as
important, followed up with addi-
tional field work.

As an example, a landing site
might be selected adjacent to certain
smooth deposits contained within the
floor of the Martian canyons; studies
have suggested that these deposits
represent ancient lake sediments. A
site reconnaissance orbiter documents
the geologic relations and context of
these deposits in some detail 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 examine
these deposits and perform geologic
field work. This consists of systemati-
cally examining, measuring and sam-
pling exposed lake deposits, mapping
their extent and continuity, and
searching the rock exposures for pos-
sible 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 has the ability to revisit,
re-examine and re-sample previously
explored field sites, both to supple-
ment new knowledge and to place
data into new contexts derived from
the evolving conceptual framework.
Such work requires insight and geo-



logical experience and it constitutes a
major contribution by humans to
planetary exploration.

Surface Science Activities (600 days)
Additional science opportunities are
presented by a long surface stay capa-
bility. Although the general character
of field exp]oratmn on a long-stay
mission is similar to that conducted
during a short stay, more thorough
field science of the selected site is
accomplished. Return in planetary
science is directly proportional to
access, capability and time. A signifi-
cant increase in the amount of time
available greatly increases the science
return of the mission. Time is avail-
able to completely characterize the
area surrounding the landing site
within the traverse radius of the pres-
surized rover. An important aspect of
extended time on the surface is the
ability to revisit sites. Such activity is
very common in terrestrial geology
and permits the field testing of
hypotheses that characterize ad-
vanced geologic study.

In order to take scientific advan-
tage of extended surface stays, it is
necessary to be able to do some first-
order analyses of collected Martian
materials in the habitat. This small-
scale sample analysis laboratory is
able to make bulk chemical analyses,
rock examination under microscope
and compositional analyses of
volatiles, including gas and ice. These
laboratory functions enable site revis-
its to have maximum effect, as field
geology requires laboratory work
interspersed with field collection.
Cryptic or subtle properties of the
samples hold significant clues to geo-
logical evolution, especially in the
fields of ancient environment recon-
struction and the search for fossil life.

Environmental and meteorological
measurements assume increased
importance during long stays, as the
increased surface time takes the crew
through an entire Martian year.
Seasonal variations are studied from
the surface in great detail; such

knowledge is also important in order
to protect the crew from possible
detrimental environmental effects
(e.g., dust storms).

Difficult scientific problems, such
as the search for fossil life or under-
standing ancient climates, require
large amounts of time to gather data,
understand field relations and recon-
struct processes and history. Such
problems are particularly amenable to
study during long duration missions.
While positive results from such an
investigation cannot be assured, the
chances for definitive answers are
much more likely to be derived from
extended surface activities than from
short stays.

Science investigations on later mis-
sions will likely be configured to take
advantage of the knowledge derived
from the initial visits and will carry
additional equipment or capability
designed to increase the information
return of surface exploration. It is
unlikely that the general problems of
climate change and the origin of life
will be resolved during the first visits.
These questions are deemed of great
significance and will probably receive
attention during any long range
exploration plan. To fully address all
these questions, many sites would have
to be visited, sites that span the range
of geological age and diversity evi-
dent on the planet’s surface. Such
access is achieved directly from Mar-
tian orbit, or from long range surface
travel. The baselined method of sur-
face travel offers the maximum flexi-
bility to the crew to modify explo-
ration plans in real time to accommo-
date discoveries likely to be made as
the surface exploration progresses.

It is possible to greatly increase the
science return from Mars exploration
through the use of telepresence
robots. Such robots permit human
presence at many varied and separate
sites without the logistic difficulties of
physically transporting cumbersome
life-support systems. In this opera-
tional concept, multiple robots are
deployed at widely separated locations
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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 collect-
ed by these machines under human
control. Samples and data are collect-
ed at centralized locations for trans-
port to the Mars habitat for first-order
analysis and ultimately, to the Earth-
return 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: operators of
instrument platforms, scientific
observers in orbit, and participants
in surface exploration by means of
robotic telepresence.

Orbital instruments are an inte-
gral part of the global reconnais-
sance of any planetary body. Global
observations from orbit are largely
accomplished by robotic precursor
missions. An instrument platform
could be built into an orbital vehicle
and operated in Mars orbit under
direct human supervision, but it has
not been baselined. This operation
involves instrument cycling, repair
and manual contingency operation.
The value of humans as instrument
operators was demonstrated 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 ter-
rain selectively, identify important
or critical elements and decipher or
unravel complex geological or mete-
orological phenomena in near real
time. The resolution of direct obser-
vation is partly altitude-dependent
and is augmented by optical devices
(e.g., telescopes). The key factor is
the human ability to synthesize dis-
parate data to obtain new geological
insight. As an example of how this

might happen, the famous orange
soil discovered on the Moon by
Apollo 17 was little more than a geo-
logical oddity until the geologist astro-
naut recognized regional deposits of
orange soil from orbit. Our under-
standing 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
major phase of volatile-rich lunar
volcanism in this region around
three billion years ago. Thus, signifi-
cant clues to planetary geologic evo-
lution may be uncovered through
the use of human observations from
orbit. Depending upon orbital
parameters it might also be possible
to conduct scientific observations of
the Martian moons, Phobos and
Deimos, as well.

The concept of telepresence de-
pends on nearly instantaneous re-
sponse 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 tele-
present 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 lat-
ter case, the robot makes periodic
returns to the surface lander to dis-
charge its cargo of collected samples
and stored data not directly transmit-
ted to orbit. This telepresence mode of
surface exploration not only greatly
extends human reach, by accessing
areas either too distant or inaccessible
by the surface crews, but also pro-
vides a back up capability for surface
field work by putting human “pres-
ence” on the surface, possibly under
conditions in which humans could
not effectively operate (e.g., abort con-
ditions, dust storms). This third type
of human activity from orbit greatly



augments the total scientific capabili-
ty of the Mars mission.

Transportation

A heavy lift launch vehicle is the basic
capability needed to support any
lunar and Martian architecture. The
Apollo Saturn V launch vehicle had a
lift capability of 140 metric tons to
low Earth orbit. This provided a very
constrained payload capability to the
lunar surface. The Space Exploration
Initiative architectures require a more
robust system. This has been provid-
ed for, in part, by having separate
cargo and piloted ﬂwhls Iho mass to
low Earth orbit requirements range
from a minimum of 150 metric tons
up to 250 metric tons per launch. Vice
President Quayle asked that we
investigate options to accomplish
America’s exploration goals faster,
cheaper, safer and better. “This investi-
gation has led to the very clear con-
clusion that to achieve these goals, the
utilization of a heavy lift ldumh vehi-
cle having a capability to launch 250
metric tons to low Earth orbit is
required. The heavy lift launch vehi-
cle significantly affects the ability to
implement the architectures defined.
All of the lunar and Mars architec-
tures have been baselined with such a
vehicle. This allows the architectures
to be clearly done faster, cheaper,
safer and better than with a less capa-
ble launch vehicle. They could be
done with a vehicle capable of only
150 metric tons. However, more
launches and assembly in Earth orbit
would be required, all at odds with
the desired goal. A greater lift capaci-
ty will require fewer launches to sup-
port any architecture, and offers more
operational flexibility when launch-
ing cargo and piloted missions in the
same year.

The need for a new heavy lift
launch vehicle has paved the way for
an infusion of launch vehicle technol-
ogy through the joint NASA-Depart-
ment of l)elonw National Launch
System Program. Many improved

production and processing tech-
niques have been identified. These
improvements should be incorporat-
ed in the contemplated heavy lift
launch vehicle. The lessons and the
proven technology of the past must
also be considered (e.g., the liquid
oxygen-kerosene F-1 cng,mcs used for
Apollo Saturn V, first stage). This
combination of propellants and
engines offers great potential for the
first stage and boosters of a new
heavy lift launch vehicle. These
engines demonstrated a sea level

Saturn V Launch of Apollo XV1I
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Heavy Lift Launch Vehicle
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150 metric tons capacity

thrust of 1.8 million pounds per
engine. Flight engines have a flawless
record of performance for 13 flights
with 65 engines. The propellants also
offer the advantage of having less
explosive potential by a factor of six
than that of liquid oxygen-liquid
hydrogen. There are no environmen-
tal issues associated with their CO,
and H,O by products.!

In addition to a heavy lift launch
vehicle, all architectures require the
capability to dock elements of the
lunar and Martian cargo and piloted
vehicles in low Earth orbit. Automatic
docking of modules, a technique uti-
lized by the Soviets on a regular basis,
is required. These operations pre-
clude the need for extensive extrave-
hicular activities in low Earth orbit to
assemble lunar or Martian transfer
vehicles.

Lunar Missions

A typical lunar mission begins with
the launch to low Earth orbit of a

Technical Strategies

* Develop a heavy lift
launch capability

¢ Limit on-orbit assembly

® Develop nuclear tech-
nologies

* Use the Moon as a test
bed in preparation for
Mars

* Use common systems
and operations between
the Moon and Mars

® Use a complementary
mix of human and robot-
ic resources

* Emphasize technologies
with terrestrial applica-
tions

cargo vehicle containing a habitat,
surface power supply, unloader, con-
sumables and experiments. It is
launched on a heavy lift launch vehi-
cle with the lunar transfer vehicle
injecting the cargo into the trans-lunar
phase. Upon lunar approach, the
lunar transfer vehicle provides an
orbital propulsive capture maneuver
to place the cargo and its lander into a
lunar orbit. The cargo is then placed
at a preselected landing site with the
lander. Like the Apollo program, an
all-chemical propulsion system is
used for lunar missions.

The lunar cargo mission is fol-
lowed by the piloted mission, con-
taining consumables and experi-
ments, as well as a rover. After launch
to low Earth orbit, they are injected
into a lunar trajectory by the lunar
transfer vehicle, identical to that used
for the cargo mission. A propulsive
maneuver places the vehicle in lunar



orbit. A piloted lander provides a
propulsive descent to the surface.

Upon the completion of their stay
on the lunar surface, the crew returns
to the lander for launch and ren-
dezvous with the lunar transfer vehi-
cle. A propulsive maneuver is accom-
plished to place the crew on a course
returning to Earth. The crew makes a
direct entry into the Earth’s atmo-
sphere using an Apollo-type com-
mand module.

Mars Missions

The typical Mars mission uses sepa-
rate cargo and piloted flights. The
nuclear thermal rocket is the selected
method of propulsion to reduce the
transit times and the exposure to zero
gravity, space radiation and mass to
low Earth orbit. The first mission to
Mars is a cargo mission. This mission
requires three launches for final
assembly. Components of these three
launches are then assembled into a
Mars mission cargo vehicle using
automated, on-orbit rendezvous and
docking procedures developed in the
lunar phase of the program. The acti-
vation of the nuclear engine propels
the vehicle out of Earth orbit and on
its way to Mars. After reaching the
required velocity, the engine shuts off
and the vehicle continues its journey.
Mid-course propulsive corrections are
also required. As the vehicle ap-
proaches Mars, the nuclear engine
activates for insertion into Mars orbit.
The cargo lander is sent to the surface
in time to have the emplaced systems
activated and checked out before
launching the piloted mission.

The piloted vehicle consists of the
crew in the Earth-entry vehicle, along
with their Mars transfer vehicle, the
nuclear engine, inflight experiments
and consumables. The crew can be
launched in the Space Shuttle, a Space
Shuttle follow-on vehicle, or on a
heavy lift launch vehicle. After on-
orbit rendezvous and docking, the
crew activates the nuclear thermal
rocket to initiate trans-Mars injection.

The piloted vehicle carries contingen-
cy trans-Earth injection fuel to permit
an abort from Mars orbit.

With Mars orbital capture and ren-
dezvous with the cargo vehicle com-
plete, the crew descends in their pilot-
ed lander to the surface of Mars. After
completion of their surface stay, they
ascend in their lander to orbit, using
the same techniques used for the
lunar missions to rendezvous and
dock with the Mars transfer and
Earth-entry vehicles in orbit around
Mars. They then undock the vehicle
and depart Mars orbit. The crew
makes a direct entry into the Earth’s
atmosphere after injecting the nuclear
stage into solar orbit.

250 metric tons capacity

1 NASA, Johnson Space Center, Code XE mem-
orandum dated January 11, 1991, “Preliminary
Heavy Lift Launch Vehicle (HLLV) Require-
ments for the Space Expl()ration Initiative,”
Norman H. Chaffee.

Heawy Lift Launch Vehicle
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Mars Exploration

The major objective of this architec-
ture is to explore Mars and provide
scientific return. The emphasis of
activities performed on the Moon is
primarily as a preparation for the
Mars mission. A significant lunar
infrastructure is necessary, however,
to test Mars equipment, systems and
operations. This permits meaningful
scientific return from the Moon.

Strategy

The emphasis of the architecture is on
Mars exploration and science. 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 con-
cepts for Mars. For Mars, robotic pre-

2000 2002

cursor missions are used to scout the
territory before committing to a land-
ing site. Cargo and piloted landers
are separate vehicles: the cargo lan-
ders travel one way to the surface,
while the piloted vehicle is sized for
crew transfer and minimal cargo from
the planet surface. Habitats are built
into the cargo landers, replicated and
joined to build up living volume.
This architecture is designed to be a
minimal approach to achieving the
program objectives.

Summary and Schedule
The projected schedule is shown below.
The first human mission to the
Moon occurs in 2005 for a stay of 14
Earth days (one lunar daytime). A
known site is chosen, based upon
Apollo data, and precursors are not
required. A subsequent lunar mis-
sion of 14 Earth days occurs the fol-
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lowing year to the same site. In 2007,
surface stays are extended on the
Moon up to 60 days. In 2009, two
lunar missions are flown as a dress
rehearsal for the Mars mission, with a
cargo mission preceding the piloted
mission in 2008. The opportunity
exists for additional lunar flights in
2010 and 2011 if further testing and
validation are required.

A minimum set of precursors is
flown to gather the data necessary for
selecting Mars landing sites. These
missions consist of two Mars site
reconnaissance orbiters in 1998 and a
rover in 2003 and 2005.

The Mars missions begin with a
cargo mission in 2012. The first
human mission to Mars occurs in
2014 with a surface stay of 30 to 100
days. The next flight occurs in 2016
to a different site for a 600 day stay.
The next launch opportunities occur

Astronauts Collecting Martian Rock Samples
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in 2018 with cargo missions preced-
ing each piloted mission by approxi-
mately two years.

Lunar Phase

Lunar Precursors. The landing site is
selected by reviewing the data and
photography from Apollo and other
sources, and requires no new lunar
precursor missions. 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
emplace and operate a habitat for at
least a lunar daytime. The first
human lunar mission 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,
consumables, cryotank verification
test equipment 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 out 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 returns
to the first landing site in 2006 for
another 14 Earth days, living in the
habitat, with a sixth crew member
remaining in lunar orbit. They check
out the condition of the equipment,
check the cryotank verification test
and deploy small instruments to sur-
vey and examine interesting geologic
sites. 1f an Apollo site is chosen, the
equipment left behind from that mis-
sion 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.

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 time,
including a lunar night (14 Earth
days), using prototypical Mars equip-
ment. This flight is the prelude to
the dress rehearsal for the Mars mis-
sion. 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 members. The
six crew members descend to the
lunar surface. This 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 accomplish-
ing their evaluations. They accom-
plish the reconnaissance leading to
the selection of a nearby Mars re-
hearsal landing site on the Moon.
They also accomplish a verification of
all the procedures required by such
operations. The nuclear power sys-
tem is activated and its performance
verified. Equipment is configured to
permit continued remote operations
and obtain further reliability data sub-
sequent to the crew’s departure. The
successful completion of this flight
constitutes achieving the Next
Operational Capability-1.

Lunar Next Operational Capability-2.
At this stage, the aim is to perform a
complete dress rehearsal for the mis-
sion to Mars while acquiring signifi-
cant life science data. In 2008, the
year following achievement of the
Next Operational Capability-1, the
Mars dress rehearsal is initiated with
a cargo mission to the lunar site cho-
sen for the Mars simulation, in close
proximity 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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prepositioned at Mars prior to the
first human mission. This includes a
habitat, a pressurized rover, a nuclear
power plant, an unloader/mover, sci-
entific exploration equipment and
communications equipment needed
for Mars surface operations. All the
systems and equipment are deployed
and remotely operated just as on
Mars. This remote operational vali-
dation continues for at least one year
prior to sending a crew to the site.

A mission with a crew of six is
flown in 2009. The crew stays in
lunar orbit for a period of 120 days, a
time comparable to a shortened
Earth-to-Mars transit, then descends
to the surface to stay for 30 days.
They accomplish all the activities
associated with the Mars mission dur-
ing their stay, verifying procedures
and operations critical to the success-

ful completion of the first Mars mis-
sion. The vehicles and systems flown
are the same vehicles and systems to
be taken to Mars, to the extent practi-
cal. For example, the lunar orbiting
vehicle is the Mars transfer vehicle.
The lunar lander could be the Mars
lander. The use of this vehicle allows
for realistic mission-critical evalua-
tions of the performance of the sys-
tems and the crew with a high degree
of operational fidelity. It also pro-
vides an opportunity to develop the
procedures and techniques for the
orbital crew to accomplish meaning-
ful science using telerobotic systems
on the lunar surface. Techniques and
procedures developed in lunar orbit
are directly applicable to their utiliza-
tion in Mars orbit. These operations
are done without the time delays
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inherent in Earth operations of such
systems on either the Moon or Mars.

While this flight of approximately
150 days’ duration is in progress, a
second mission is flown by another
six-member crew that descends and
lands at the original site with no delay
in lunar orbit. The mission is planned
to have them on the lunar surface
when the orbiting rehearsal 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 with
appropriate masses after landing, to
verify their adaptation to the three-
eighths gravity environment of Mars.
The crew in place at the site will be
able to assist in performing necessary
life science experiments and proto-
cols. They stay on the Moon after the
rehearsal crew departs, verifying
equipment operations up to a total
mission duration of approximately 90
days. The successful completion of
this phase of lunar operations consti-
tutes the Mars mission dress rehear-
sal. When successfully completed,
the Mars mission can proceed with
minimum risk.

If redesigns are required that
necessitate further testing on the
Moon, there are opportunities to fly
additional missions in 2010 and 2011
prior to launching the Mars cargo
mission in 2012.

Mars Phase

Mars Precursors. The techniques for
Mars exploration involve both people
and robots. The overall approach is
to achieve knowledge of Mars from
robotic missions and then to follow
up with detailed field science by
humans. An important enhancing
technique is the use of robotic tele-
presence to extend and aug_,ment
human access during piloted mis-
sions to Mars. The precursor mission
set described for this architecture is
the baselined minimum for all Mars
missions.

Landing sites on Mars are chosen
for scientific interest. In order to
assure adequate margins of crew
safety, each site is certified prior to
landing. Site certification involves col-
lation of photographic and other
remote sensing data to identify and
map hazards. Current knowledge of
Mars is considered inadequate to cer-
tify landing sites. Specifically, we do
not possess adequate image data to
see hazards, nor do we understand
terrain types or surface conditions
well enough to assure crew safety and
their ability to do useful work at
Mars. For these reasons, each archi-
tecture provides for site reconnais-
sance orbiters, which are two
identical spacecraft for obtaining
high-resolution (25 cm/pixel) con-
tiguous imaging of potential landing
sites. At least 12 candidate sites are
imaged. The precursor spacecraft
also carries additional instruments,
such as a mapping spectrometer, to
provide strategic science data to aid in
site discrimination and selection.

In order to verify terrain models
developed from the high resolution
imagery and to certify site safety, two
rovers are deployed before a plloted
mission is launched. These rovers
image the surface and subsurface,
make in situ chemical and mineral
measurements, and conduct tests for
soil toxicity. Prime and backup sites
are selected from the site reconnais-
sance orbiter data, and identical
rovers are deployed at each site.

Communication orbiters are need-
ed for data relay on rover and human
missions. Combining this capability
with that of the site reconnaissance
orbiter is preferable, and this will be
done if vehicle masses can be kept
within launch vehicle constraints.
Most of the precursor missions can be
launched by existing expendable
launch vehicles or the core of the
heavy lift launch vehicle.

Mars Initial Operational Capability.
The goal of the Mars Initial Opera-
tional Capability is to arrive at Mars



and successfully accomplish scientific
exploration of its surface. The first
mission with a crew of six establishes
the Mars initial operational capability
in 2014 with a surface stay of 30 to
100 days. The mission calls for pre-
deploying as much of the needed
equipment as possible on the Martian
surface to allow for operations by the
crew when they arrive. This cargo
mission, therefore, must be launched
during the previous window of
opportunity in 2012. The cargo flight
also serves as the validation flight for
the nuclear thermal rocket system
prior to the piloted flight in 2014.
The emplaced equipment is remotely
tested to ensure that all is ready
and functional before the crew is
launched. The mission concept is
similar to that employed at the Moon;
i.e., stabilized in Mars orbit, the crew
descends, accomplishes their activi-
ties on the surface, ascends to Mars
orbit, rendezvous and docks with the
Mars transfer and Earth entry vehi-
cles.

The habitat is the same design as
the one tested on the lunar surface.
Life support systems for both the
Mars transfer vehicle and the Mars
surface habitat are closed to the
degree possible. This probably
results in a system that is closed
except for food. The power system is
nuclear, with minimal photovoltaic
emergency backup.

The cargo vehicle for the 2016
piloted mission arrives at Mars in
2014. If an emergency occurs during
the 2014 piloted mission, the assets
available in this cargo mission could
be used. It contains Mars surface
equipment and a habitat, Earth return
propellant and a crew excursion vehi-
cle.

Mars Next Operational Capability.
The architecture next aims to achieve
a long surface stay on Mars to per-
form extensive field exploration,
including addressing difficult and
complex scientific pmblem% The
Next Operational Capability also

employs separate cargo and piloted
vehicles. The cargo vehicle departs in
2014 and, pondmg the results of the
2014 piloted mission, lands at a dif-
ferent site to maximize science return.
The piloted mission, again with a
crew of six, launches in 2016. The
option is available to return both the
piloted and cargo missions to the
original site and further develop the
infrastructure. The stay time on the
surface is on the order of 600 days to
take advantage of the reduced mass
to orbit with the conjunction class of
mission. It is assumed that after the
first Mars mission, confidence in sys-
tem and human capabilities allows
for longer mission durations. An in
situ resource demonstration unit is
included in this mission to test the
feasibility of producing fuels at Mars.
Such activities allow us to evaluate
the potential for long term habitation
and exploration of Mars by humans.

The option of leCatll‘I;, the long
stay mission is available in 2018 and
again in 2020 before the synodic win-
dow starts to narrow.

If the decision is made to accelerate
our return to the Moon and go to
Mars before the current goal of 2014,
Architecture | lends itself to such
acceleration. This would require
early and robust funding.

On the Rim, North Ray Crater, Apollo 16
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Science Emphasis for the
Moon and Mars

This architecture’s prime focus is bal-
anced scientific return from both the
Moon and Mars. Emphasized through-
out are exploration and scientific
activities, including complementary
human and robotic missions required
to ensure optimum return.

Strategy
The Moon and Mars are emphasized
equally, and an early global assess-
ment of both bodies permits a variety
of initial missions designed to better
understand global diversity. Life sci-
ence data required for Martian mis-
sions are generated through extensive
operations on the Moon.

The operational strategies of this
architecture emphasize the use of
human-controlled robotics (teleopera-

2002

tions and telepresence) to assist
human activity on the surface. In-
strument emplacement focuses on
early deployment of portable instru-
ments which gather observation data
independent of lunar location. In the
latter stages of architecture imple-
mentation, emphasis shifts to larger
scientific experiments and instru-
ments after developing surface capa-
bilities for construction, maintenance
and operations. Continuous explo-
ration activities yield a significant sci-
entific 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 architecture. A precursor robotic
probe could be sent to survey the
selected asteroid, followed by a
human mission.
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Summary and Schedule

The initial phases of this architecture
occur on the surface of the Moon,
with emphasis placed on exploration
and scientific activities. These activi-
ties, along with the planned lunar
precursors, provide a better under-
standing of the global characteristics
of the Moon. Coupling this knowl-
edge with the astronauts’ growing
adaptation to living and operating in
the lunar environment, longer mis-
sions to the surface are planned,
requiring a permanent crew habitat.
In addition, more advanced systems
enable extension of the crew work
area beyond the habitat area for sig-
nificant lengths of time. Gradually,
an infrastructure is developed for the
purpose of supporting the increasing-
ly advanced exploration and observa-
tion activities. Construction and
operational activities distant from
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the habitat become commonplace.
Complementing 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 sci-
ence 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
reconnaissance and to assure that scien-
tifically 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 recon-
naissance orbiter produces a global
remote sensing data base, consisting of
imaging, chemistry, mineralogy, topog-
raphy and gravity data. The lunar net-
work consists of a minimum of eight
surface geophysical and environmental
surface stations equally distributed
around the Moon.

The network should have a mini-
mum lifetime of ten years. Components
of the geophysical station will be a seis-
mometer, heat flow probe, a magne-
tometer, local geochemistry instruments
(alpha particle counter and x-ray fluo-
rescence spectrometer) and imaging
instruments for terrain characterization.
The environmental station will have
instruments that measure meteorite flux
and dust from secondary meteor impact
crater ejecta, plasmas, fields and parti-
cles, and the lunar “atmospheric” com-
position (neutral and ion mass
spectrometers).

Several locations for lunar landing
sites are determined from the lunar
reconnaissance orbiter and network
data. Three sites which offer the most
geological diversity and are complex
and challenging enough that human
presence is required, are selected for the
Initial Operational Capability human
landings.

Lunar Initial Operational Capability.
The lunar Initial Operational Capa-
bility 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 select-
ed observation instruments. In 2003,
the first human mission to the Moon
lands at one of the three preselected
sites. A crew of five lives in the lan-
der during lunar daytime of 14 Earth
days, with one crew member remain-
ing 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 from the
Moon surface, lunar orbit or from
Earth. Observation instruments con-
sist of an environmental conditions
survey package, a portable magneto-
spheric observatory and an opera-
tions test telescope. A solar flare
warning system is also included.
Surface activities focus on explo-
ration of the Moon. Two astronauts
utilize the rover to explore, conduct
field work and deploy instrument
packages. Other crew activities
include emplacement of the observa-
tion 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
increasing 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 estab-
lish a permanent crew-tended out-
post, building up the lunar surface
infrastructure. Additionally, more
exploration and the construction of
the permanent lunar observatory are
begun. The most notable difference
from Initial Operational Capability to



the first Next Operational Capability
in 2006 is the change in stay time to
90 Earth days and the delivery of sup-
porting equipment on a cargo flight.
Accompanying the six-member crew
is their habitat with a nuclear power
supply capable of generating the nec-
essary power throughout the lunar
day and night cycles. The permanent
site is selected from one of the previ-
ously visited sites. The prvssun/vd
rover left by the previous crew is uti-
lized; traverses up to 100 km radius
from the landing site are conducted.
Construction of the observational
instruments begins, including a tran-
sit telescope, a low energy cosmic ray
detector, and a very low frequency
array. An in situ resource utilization
system experiment and a robotic
prospector complete the remaining
payload.

This capability concentrates on the
construction and operation of the
observation instruments, along with
extended duration rover traverses.
Exploration surface activities grow to
five Earth-day missions away from
the habitat in the pressurized rover
A four-element, very low freque nq'
array is set up approximately 30 km
from the habitat. The transit tele-
scope is emplaced 10 km from the
habitat. Astronauts begin the in situ
resource utilization experiment and
continue resource identification and
quantification, with reconnaissance
sampling occurring via the two avail-
able local prospectors. Additional
activities include life sciences experi-
ments and installation of the habitat
waste management system.

Lunar Next Operational Capability-2.
The goals at this capability are to per-
form long duration stays on the Moon
for life sciences, conduct significant
surface exploration, increase the capa-
bility of the observatory, and experi-
ment with life support loop closure.
The additional support equipment is
provided by a cargo flight. The oper-
ational capability in 2007 doubles the
surface stay time to 180 days at the

same site. The six-member crew lives
in the existing habitat. Along with
the existing rover, the crew has avail-
able to them an improved pressurized
rover, which has increased range and
appropriate radiation shielding to
accommodate longer exploration
excursions. In addition, the observa-
tion instrument payload for this mis-
sion consists of a 4 m telescope, a
submillimeter interferometer, and a
very long baseline radio telescope. A
life support system with a high
degree of closure is included, as are
consumables required for the entire
mission.

Surface activities include extended
cxploralion excursions lasting 14
Earth days in the improved rover.
Placement of a small robot at the ed dge
of the rover range further extends thc
area accessible to humans. The 4 m
telescope is emplaced 10 km from the
habitat. The submillimeter interfer-
ometer placement is 1 to 10 km from

the habitat.

Surface life science activities are
enhanced, as well as life support
capabilities, with the installation and
testing of a waste management sys-
tem for the habitat. Attempts are
made at food production and breath-
ing gas self-sufficiency through the
use of c,\pcnmcntal in situ resource
utilization.

Lunar Next Operational Capability-3.
The mission associated with this Next
Operational Capability supports the
dress rehearsal activities for the mis-
sion to Mars (as described in Archi-
tecture I) during 2008 and 2009. The
crew for the dress rehearsal stays in
lunar orbit for 200 days, prov 1dlm,
additional life sciences data when
compared with Architecture I. Orbit-
al activities include operating the
Mars transfer vehicle in lunar orbit, as
previously described in Architecture L.
The crew then descends to the lunar
surface with a stay time of 30 days
prior to returning to Earth.

Another crew, as in Architecture I,
is launched to the lunar surface to
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Reconnaissance of Near-Earth Asteroid

provide assistance to other crews
arriving from orbit.

Lunar Next Operational Capability-4.
Expanding the operating capabilities
of the lunar outpost is emphasized in
this phase, with increased surface
exploration and refinement of the
lunar observatory facility. The mis-
sions for the fourth lunar operational
capability will occur in the years 2010,
2011, 2013 and 2015. The missions
continue to develop lunar surface
capabilities and provide science and
exploration opportunities. These mis-
sions could be flown to new or exist-
ing sites.

Mars Phase

This architecture uses the same Mars
mission scenario and science explo-
ration activities previously described
in the Mars exploration architecture.
This constitutes the establishment of
the Mars Initial Operational Capa-
bility. However, this architecture
requires several dddltumal Mars mis-
sions designed to fulfill planetary
geoscience exploration plans. Only
those additional Mars missions and
activities are described.

Mars Precursors. Additional Mars
precursors for this architecture deploy
a surface network for geophysical and
environmental measurements. This
network carries the same type instru-
ments as described in the Moon pre-
cursor section, but in addition,
deploys meteorological stations to
measure Martian weather conditions.

Eight surface stations are deployed
cquldlslanl around Mars. The net-
work is emplaced in 2007 and should
have a minimum lifetime of ten years.

Mars Next Operational Capability-1.
At Next Operational Capability, the
emphasis is on taking advantage of
the 600 day stay on the Martian sur-
face to conduct extensive field study
of complex areas. Next Operational
Capability-1 consists of two identical
missions in 2016 and 2018 to new

locations. The surface activities for
these missions are already identified
in Architecture I and emphasize the
expanding capability to conduct
human field work on Mars with long
stay Martian missions.

Mars Next Operational Capability-2.
The Next Operational Capability is
the establishment of permanent base.
A significant improvement in capabil-
ity is accomplished by the use of in
situ resources (hydrogen, water,
methane and oxygen) for life support,
rovers and propellant for the ascent
vehicle. Next Operational Capability-2
occurs in 2020, once a permanent site
is chosen. The next mission is also a
1,000 day class mission with surface
stay times up to 600 days. The crew
size increases to 12. Habitats are
joined to increase living volume.
Exploration and science continue to
be emphasized. Travel is possible to
other previous landing sites, and the
existing infrastructure is used for
extended stays. This allows for explo-
ration from more than one site.

Near-Earth Asteroid Option. This
option envisions both robotic and
human missions to a near-Earth aster-
oid. Asteroids are fragments of plan-
etary materials; their study is relevant
to the origin of the Solar System and
the early history of planetary bodies.
The near-Earth asteroids have orbits
that cross or approach the Earth’s
orbit about the Sun; they may be visit-
ed at energy costs comparable to
lunar or Martian missions (total delta-
V of 9 to 12 km/s, from low Earth
orbit).

Two broad classes of asteroids
exist in Earth-crossing orbits: primi-
tive and differentiated. Primitive
asteroids are apparently the source of
chondritic meteorites, objects that are
pieces of the original solar nebula
and, as such, contain important chem-
ical and isotopic clues to the origin of
our Solar System. Additionally, they
tend to be rich in volatile elements,
such as hydrogen in the form of



water, and may serve as a major
space resource. Differentiated aster-
oids are the disrupted fragments of
small planetoids; they contain a
record of the early geological evolu-
tion (e.g., melting and igneous differ-
entiation) of planetary bodies.

A robotic precursor could ren-
dezvous with a selected near-Earth
asteroid and map its chemical and
mineralogical composition. Several
possibilities exist for candidate mis-
sions since there are several asteroid
mission opportunities each year. It is
not required that the robotic mission
visit the same asteroid as the human
mission, but such a profile does
enhance the scientific return by pro-
viding precursor reconnaissance to
direct the human exploration.
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Human missions to asteroids
could vary from 300 days or longer,
with stay times of 10 to 100 days in
the vicinity of the asteroid. The aster-
oids are typically less than 2 km
across and gravity is negligible.
Extravehicular activities might be
achieved using Manned Maneuver-
ing Unit type backpacks. Science
activities at the asteroid consist of
mapping, sampling and emplacing
instruments. It is important to deter-
mine and understand variations
within the asteroid and to collect
representative samples. In situ
resource utilization experiments are
deployed to determine the resource
potential of the body. Mapping of the
complete asteroid is also possible
using active seismic and electromag-
netic techniques.

Mars Robotic Explorer
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Moon to Stay and Mars
Exploration

This architecture emphasizes perma-
nent human presence on the Moon,
combined with the exploration of
Mars. Long term human habitation
and exploration in space and on plan-
etary surfaces are conducted, provid-
ing 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 estab-
lishment of permanent facilities. The
lunar transportation infrastructure is
established through frequent mis-
sions to the Moon. One of the major
objectives is to build towards life-sup-
port self-sufficiency for breathing

gases and food production on the
Moon. Waste management technolo-
gies are developed to support an
extended human presence on the
lunar surface. Sufficient and comfort-
able living space should be provided
for routine activities rather than aus-
tere and spartan features inherent in
the other architectures. Limited inde-
pendence from Earth, while maintain-
ing an effective communication and
video link for science and education,
is a goal of the architecture.

The permanent presence of
humans on the Moon gives us an
impressive scientific capability.
Science on the Moon emphasizes
exploration and observation. For
lunar exploration, extended traverses
in a pressurized rover permit detailed
study of complex and puzzling lunar
features and processes. Robotic assis-
tants extend human reach for great
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distances across the lunar surface.
With permanent presence on the
Moon, advanced and sophisticated
astronomical observatories are
installed and maintained. Complicat-
ed instruments, such as optical inter-
ferometers, are emplaced by the
human inhabitants of the Moon, giv-
ing us unprecedented views of our
universe.

Extensive space and lunar surface
operations are conducted on the
Moon to provide the necessary life
science and engineering data to pre-
pare for future exploration missions
to Mars. After a habitat is established
on the Moon and preparation for a
Mars mission conducted, the human
exploration of Mars begins.

Summary and Schedule

The architecture uses lunar orbital
and surface rover missions to obtain
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global and local information designed
to optimize the location of the perma-
nent 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 liv-
ing and working on the Moon in
2004. Subsequent capabilities and
Next Operational Capabilities 1 in
2005 and 2 in 2006 increase the capac-
ity of the outpost for human habita-
tion, building up to a capacity of 18
by the Next Operational Capability-3
in 2007. Simultaneously, the crew
members will explore the lunar sur-
face, conduct extended traverses and
emplace scientific instruments and
resource and life sciences experi-
ments. The buildup of substantial
lunar surface infrastructure will per-
mit construction of a large astro-
nomical observatory and extensive
surface exploration. In 2009, the
Mars rehearsal mission is flown,
partly using the capabilities of the
permanent outpost to demonstrate
equipment and procedures for the
Martian mission. The Mars phase of
this architecture consists of the ex-
ploration scenario described in
Architecture L.

Lunar Phase

Lunar Precursors. Reconnaissance
orbiters are launched in 2000 to gath-
er information on potential landing
sites and to collect global remote sens-
ing data. A robotic rover is sent to the
lunar surface in 2002 to further inves-
tigate and characterize the selected
sites in preparation for a piloted land-
ing on the surface of the Moon in
2004. This precursor rover may carry
instruments to image 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

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 veri-
fication test equipment, portable sci-
ence instruments, an optical test
telescope, pressurized rover and a
solar flare warning system. The pilot-
ed mission delivers five of the crew to
a site near the cargo ship, while the
sixth crew member remains in orbit.
The piloted mission carries an
unpressurized 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 experi-
ence gained in both equipment and
operations from the lunar back-
ground 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; some surface scien-
tific exploration is also undertaken in
addition to performing habitat instal-
lation. The crew emplaces portable
instruments and an optical test tele-
scope within 1 km 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 re-
main on the lunar surface safely
through a complete lunar day/night
cycle while establishing the infras-
tructure for the permanent habitat.



The Next Operational Capability of
this architecture takes place in 2005.
A cargo mission brings a pressurized
rover and other cargo, including con-
sumables. The six-member crew flies
to the Moon. Five crew members
land and stay on the lunar surface for
40 Earth days. The sixth crew mem-
ber remains in lunar orbit. The crew
sets out additional portable instru-
ments and an in situ gas demonstra-
tion unit within 10 km of the habitat.
Using the bulldozer, the crew pre-
pares sites for emplacement of the
transit telescope and the 4 m tele-
scope. Additionally, the crew pre-
pares rough layouts of roads, landing
sites and areas for future expansion of
the habitat. The crew has the oppor-
tunity to perform at least two long
traverses in the pressurized rover to
sites of geological interest; the radius
of rover operations is up to 100 km for
this second trip to the Moon.

Lunar Next Operational Capability-2.
At the next stage of capability, the
ability to emplace and operate multi-
ple habitats while accumulating life
science data and operational experi-
ence is demonstrated. Initial demon-
strations of resource utilization, food
production and waste recycling are
completed. This Next Operational
Capability takes place in 2006 with
two piloted missions preceded by one
cargo mission. The cargo consists of a
habitat (to be attached to the existing
module on the lunar surface) and a
volatile production plant.

Two six-member crews are
launched within a week of each other,
both staying for 90 days on the sur-
face. The first piloted mission carries
a small unpressurized rover in order
for the crew to reach the cargo ship on
landing, a resources laboratory, waste
recycling demonstration, and an opti-
cal interferometer.

The crew begins food production
and waste management demonstra-
tions, in addition to conducting five-
day scientific exploration sorties in
the pressurized rovers. They install

and align the optical interferometer
and emplace the gas production
plant. The crew also investigates the
possibility of using indigenous mate-
rials for future construction on the
Moon.

Lunar Next Operational Capability-3.
The permanent presence of humans
on the Moon is the goal of this phase,
featuring regular resupply and crew
rotation. Additionally, food produc-
tion, life support loop closure, and in
situ gas production activities are
emphasized. The third Next Opera-
tional Capability is scheduled for
2007 and consists of cargo and pilot-
ed missions. The cargo ship carries a
third habitat, increasing the total
inhabitant capacity of the outpost to
18. A second bulldozer to be used for
continued development of the out-

Astronaut Collecting Linar Sample, Apollo X11
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post infrastructure is brought on the
next cargo ship.

In 2007, six-member piloted mis-
sions will be launched in the first, sec-
ond and third quarters, building to an
outpost capability of 18 crew mem-
bers 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 pop-
ulation 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 pro-
duction and achieve demonstration
levels of production of breathing
gases and water. Fourteen-day explo-
ration traverses are conducted with
the pressurized rovers; radius of oper-
ations 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 m 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 pres-
ence in a reduced gravity environ-

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 con-
ducting the Mars dress rehearsal mis-
sions outlined in Architecture I. This
dress rehearsal requires only one addi-
tional mission over the three planned, as
support would be provided by the
lunar inhabitants in addition to their
other duties. Crew members already on
the surface travel to the simulation site
and are available to provide assistance
as in the other architectures. An addi-
tional crew will not be required to be
launched for the 90 day mission out-
lined in Architecture L.

Mars Phase

This architecture uses the common
Mars exploration described previous-
ly in Architecture I. The extensive
knowledge base on human habitation
derived from the lunar experience
greatly aids the transition to long-
duration stays on the Martian surface.
Such experience includes optimum
methods of habitat emplacement, sur-
face operations, dust and environ-
mental control and use of indigenous
resources. Some commonality of
resource utilization techniques and
equipment is expected to ease logisti-
cal problems for the 600 day stay on
Mars. Just as importantly, human
physiological and psychological
effects of long stays on planetary sur-
faces will be much better understood
as a result of the lunar outpost experi-
ence.



This inage of the Moon was taken by the Galileo spacecraft at
9:35a.m. PST Dec. 9, 1990, at a range of about 350,000 miles.
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Space Resource Utilization

As in the days of the great terrestrial
exploration missions, this architecture
makes maximum use of available
resources to support the space explo-
ration missions directly. It also seeks
to develop a large class of available
resources for a broader range of trans-
portation, habitation, life sciences,
energy production, construction and
many other long term activities. The
goal is first to reduce the direct
expense of going to the Moon and
Mars, then to build toward self-suffi-
ciency of long duration space bases
and eventually to return energy and
resources to Earth.

Strategy

Space is a unique store of resources:
solar energy in unlimited amounts,
materials in vast quantities from the
surfaces of the Moon and Mars, gases
from the Martian atmosphere, and the
vacuum and zero gravity of space
itself. With suitable processing, these
raw resources are transformed into
useful products. These products,

while increasing exploration efforts,
provide bulky materials at a fraction
of the cost of transporting huge mass-
es from the deep gravity well of
Earth, supply much of the energy
needs of pioneering space activities,
produce the constituent gases for air
and would generate fuel for use by
both chemical and nuclear rockets.
Eventually, some space resources,
especially solar energy and Helium-3
(a potential fuel for future fusion
power plants), could be exported
back to Earth. This could maximize
the return on the investment of going
to space, and allow cost effective
expansion of space activities.

The implementation of this archi-
tecture entails several steps. First,
resource extraction processes must be
verified on Earth prior to space
demonstration. In the case of the
Moon, it is possible to use synthetic
regolith on the Earth and to simulate
other conditions which exist on the
Moon to run a prototype plant. In the
case of Mars, simulating the carbon
dioxide atmosphere at the correct
temperature and pressure is equally
feasible. In both cases, it is possible to
gain a high degree of confidence prior
to ever leaving Earth. Next, the loca-
tion and quantities of resources on the
Moon, Mars and other bodies must be
assessed. Some of this characteriza-
tion is done remotely from Earth, but
the general plan is to conduct robotic
missions to map the Moon and Mars,
emphasizing resource location and
quantification.

An early lunar experimental plant
is established to demonstrate the fea-
sibility of extracting hydrogen and
oxygen, other related volatiles, and
industrial feedstocks from the lunar
regolith. This experiment also dem-
onstrates an ability to operate such a
process from Earth remotely and veri-
fies that the gases produced can be
separated and stored for lengthy peri-
ods on the Moon.

The focus on Mars is similar; pro-
totype facilities demonstrate extrac-
tion and production of hydrogen,



methane and oxygen from the
Martian atmosphere autonomously,
including storage for later use. From
there, the strategy is to develop lunar
manufacturing capabilities further to
enable production of specific prod-
ucts which are made from the pro-
cessed regolith. These include items
such as solar cells, structural materi-
als, formed metals, various fuels and
other pure gases. These strategies are
pursued with the goal of achieving
lunar self-sufficiency, then build
toward eventual production of export
quantities of Helium-3 and electrical
power. On Mars the goal is to even-
tually achieve self-sufficiency.

Finally, an infrastructure is needed
to store, transport and use lunar-pro-
duced fuel to power rocket vehicles
landing on the Moon, moving in
Earth orbit and moving between the
Earth and the Moon. This phase
highlights the powerful effect of using
space resources to greatly reduce cost
and dependency on Earth. Fewer
heavy lift launches are then required
to support lunar and Martian activi-
ties.

Summary and Schedule

The Moon is emphasized because it is
nearby and has known valuable
resources which are extractable with
relative ease from the regolith. Mars
is secondary because its distance from
Earth is much greater.

Lunar activity begins with a pair of
site reconnaissance orbiters in 1999.
A telerobotically operated rover veri-
fies site suitability two years later. In
preparation for the first human return
mission, an experimental resource
processing plant is landed at the
selected site in 2003. In 2004, a crew
of six arrives for a 14 Earth-day (one
lunar daytime) stay. They live out of
the lander and bring a small, unpres-
surized rover for local exploration.
The next three piloted missions, in
2006, 2008 and 2010, are all to the
same site and continue the expansion
of resource processing capability, base
infrastructure, habitats, exploration
and science. The crew size remains
constant at six, but the stay duration
grows progressively from 45 to 180
days. In 2010, a small base exists
which is capable of supporting up to

Lunar Boulder Near Taurus Littrow, Apollo XVII

53



ARCHITECTURE IV

12 people at a time. After a Mars
dress rehearsal mission is performed
on the Moon in 2011, the Mars mis-
sion is conducted. Special resource
utilization experiments on Mars are
featured in keeping with the theme of
this architecture. In each phase,
buildup of capability is highly depen-
dent upon the success of the preced-
ing activity.

Lunar Phase

Lunar Precursors. Lunar activity
begins with a pair of reconnaissance
orbiters in 1999. Data from these
satellites allow selection of a site
which has excellent resource poten-
tial, but which also has superior char-
acteristics for exploration, science and
habitation. A telerobotically operated
rover verifies the suitability of the site
two years later. Then, in prcparatlon
for the first human mission, an experi-

mental resource processing plant is
deployed at the selected site in 2003.
Operating autonomously, this small
plant produces and stores oxygen as
its main product, lesser amounts of
hydrogen and solar wind-emplanted
gases, and demonstration amounts of
other materials.

Lunar Initial Operational Capability.
The goal of the Initial Operational

Capability in this architecture is to
return safely to a site on the Moon
with excellent resource potential for a
stay of a lunar daytime while demon-
Htl"ll’l!‘lb in situ fuel pmduchon for use
in a surface rover and in ascent/
descent vehicles. Human activity on
the Moon begins in 2004 with the
arrival of a crew of six, with five crew
members going to the lunar surface
for a 14 Earth-day stay. They live out
of the habitat and bring a small,
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of varying lengths over the long term.
Each mission provides a measurable
increase in capability and a logical
decision point for determining the
final configuration of the Next Opera-
tional Capability.

Throughout this period, the focus
of the increasing activity on the Moon
continues to be resource develop-
ment. The intent is to produce, store
and use a wide variety of lunar mate-
rials including gases, for fuel and air,
fused silica sheets and beams for con-
struction, solar cells (made from lunar
material) for power, and experimental
quantities of Helium-3 to be exported
for use in the Earth-based fusion pro-
gram. Other experiments take place
at the Moon site such as beaming
power back to Earth or to an orbital
cargo transfer vehicle to test the use-
fulness of that technology, trial export
of limited quantities of construction
materials and solar cells to evaluate
their usefulness, and testing of pro-
cessed 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 stag-
ing area may prove attractive. The
initial propulsion is conventional
chemical, employing liquid oxygen
and liquid hydrogen or methane, but
because liquid hydrogen is an excel-
lent working fluid for a nuclear ther-
mal 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 transporta-
tion.

The feasibility of beamed power is
tested using power generated on the

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 accom-
plished economically.

The basic features of this concept
call for continuously expanding pro-
duction and storage capabilities for
fuel gases on the Moon. Develop-
ment 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 lunar 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 transporta-
tion infrastructure.

The above applications are far
from being an exhaustive list of the
uses of lunar resources. The concept
is to encourage the development and
use of resource categories not specifi-
cally stated or envisioned at this time.
More opportunities may arise, inno-
vation is encouraged and eventual
transition to commercial activities is
stimulated. Three things are certain:
using resources near at hand poten-
tially lowers the long term investment
in space activities, broadens the range
of human activities in space, and pro-
vides a large payback in later years.

Lunar Next Operational Capability-2.
This Next Operational Capability will
perform the dress rehearsal for a mis-
sion to Mars. The fifth piloted mis-
sion to the Moon in 2011 returns to
the established site, but is planned as
the dress rehearsal of the Mars mis-
sion. 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



the Moon and before returning to
Earth. This simulation mission uses
the full suite of equipment to be used
for the actual Mars mission as much
as practical, including the equipment
supplied by a separate cargo flight in
2010 as in Architecture I. When the
crew of six lands on the lunar surface,
their activities parallel those planned
for Mars. An additional six crew
members launched earlier are avail-
able on the surface assist the next
crew upon landing. Because this sim-
ulation mission takes place close to
the existing lunar base, there are
extensive additional equipment, liv-
ing quarters, and resources available
in an emergency. Finally, the Mars
prototype equipment left behind at
the end of the mission augments the
infrastructure of the lunar base.

Human habitation on the Moon
after the simulated Mars mission con-
tinues on either a periodic basis or
evolves to permanent presence. If the
promise of resource development and
use is realized, extensive human pres-
ence is feasible.

Mars Phase

Mars Precursors. The precursors for
this architecture are the same as those
denoted for Mars in Architecture I:
two site reconnaissance orbiters and
two surface rovers to certify and char-
acterize the landing sites on Mars.

Mars Initial Operational Capability.
The Initial Operational Capability in
this phase is similar to the one
described in Architecture I with the
addition of some resource utilization
experiments on the Martian surface.
Preparation for the first human mis-
sion to Mars begins with the launch of
a cargo mission to Mars in 2014 for
this architecture. This flight emplaces
a pressurized rover, a habitat and an
atmosphere reduction plant at the
selected site. The atmosphere reduc-
tion plant takes in the carbon dioxide,
reacts it with an initial store of hydro-

gen brought from Earth and gener-
ates and stores modest quantities of
methane and oxygen, gases which
would be used as sources of energy.

A rover, powered by methane/
oxygen fuel cells, is used for local
exploration, and is refuelable from the
products of the resource plant. The
verification of using in situ fuel and
the refueling operation itself are
major activities next to the primary
activity of exploration. The first
human mission to Mars is in 2016,
two years later than the other three
architectures, to allow sufficient time
for development of a lunar resources
capability. Once on Mars, surface
exploration, as described above, will
be the theme of operations.

Mars Next Operational Capability.
The Next Operational Capability in
this architecture emphasizes tests and
demonstrations of in situ resource use
on the Martian surface to support
long term human presence. The sec-
ond expedition to Mars follows the
pattern established by the first; a
cargo flight leaves in 2016 and places
an expansion unit to the resource
plant and a small greenhouse, all at
the previous site. This provides a sig-
nificant food and fuel production
capability. The Martian greenhouse
is provided to augment the food sup-
ply and improve the quality of life for
humans on the surface. It is also
important as a test of whether human
activity on Mars could become self-
sufficient. This second expedition is
the last specifically detailed in this
architecture, and it provides a Next
Operational Capability.

Near-Earth Asteroid Option. As in
Architecture II, an exploratory visit to
a near-Earth asteroid is an option.
The emphasis in this case is not pri-
marily exploration but the characteri-
zation and examination of an asteroid
as a source of valuable, useful materi-
al.

Exploring the Moon
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s the Synthesis Group devel-

oped 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 usual-
ly with an increase in risk. Converse-
ly, there were technological and opera-
tional concepts proposed that were
lower in risk but also lower in perfor-
mance potential. These were not uti-
lized in an architecture but should not
be disregarded. Other alternatives rec-
ommended had questionable payoff
or were beyond the time scale of this
investigation. Representative exam-
ples are addressed under the follow-
ing categories:

1) Backup options

2) Relevant concepts that
should receive further con-
siderations as future system
architecture studies are con-
ducted and technology
matures

3) Futuristic concepts or tech-
nologies outside the time
scale of the Synthesis Group
architectures (2020) which do
not warrant substantial
investment

Backup Options

Chemical Propulsion
Chemical propulsion for Mars trans-
fer vehicles provides a backup system
to nuclear thermal rockets. Given the
lower performance of chemical
propulsion for the Mars mission, the
primary reason for considering it is to
provide an option if the high specific-
impulse nuclear thermal propulsion
option does not become available.
Chemical propulsion offers at best
half the specific impulse available
from a nuclear thermal rocket; as a
result, a Mars mission using it will
require much more fuel. The lower
specific impulse of chemical propul-

sion systems can be somewhat miti-
gated by using long stay-time (1,000
day total mission duration class) tra-
jectories from the start, rather than
just for the later missions (as pre-
ferred for the baseline approach).
This leads to lower Earth orbit masses
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, ellipti-
cal orbits around Mars, and reduc-
tions in dry mass become much more
critical in attempting to develop rea-
sonable total system masses for chem-
ical propulsion missions.

Nuclear Electric Propulsion

Nuclear electric propulsion was seri-
ously 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 mission. One consid-
eration 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 ther-
mal rocket.

Within the 2020 timeframe, 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 develop-
ment is well underway and architec-
tural decisions result in sufficient
demand for shuttling cargo.

Aerobrake Technology

Aerobrakes are devices which use
atmospheric drag instead of propul-
sion system thrust to modify the
velocity and trajectory of a space vehi-
cle. (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.) Aerocap-
ture is the term used when aero-
brakes 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 signif-
icant reduction in propellant required
as compared to a Mars orbit insertion
using all propulsive braking. How-
ever, there are some major disadvan-
tages 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, ther-
mal and structural loads increase and
precise navigation requirements
become more demanding,.

Present aeroshell designs utilize
low lift-to-drag ratios to increase sta-
bility and decrease aerodynamic heat-
ing. These designs impose severe
constraints on spacecraft design. The
spacecraft must fit into the wake cone
to minimize 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 aerothermodynamics 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 structured 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 satel-
lites 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 protec-
tion system is not well known.
Finally, if propulsive braking propel-
lant is eliminated by using aerocap-
ture, it will not be available for contin-
gency 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 assembly is
required using either extravehicular
activity or robotics. The thermal and
structural integrity of the assembled
structure, as well as center of mass,
cannot be easily verified.

NASA’s current Aeroassisted
Flight Experiment will provide useful
technology data that can have poten-
tial aerobrake applications for Earth
entry and may have application for
Mars precursor missions, in cases
where the entire vehicle would be
assembled and integrated on the
ground before launch. This utiliza-
tion of an aerobrake could save the
program from manifesting the mis-
sion 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
thermal rocket development program
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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Figure 1

a program would require significant-
ly increased up-front funding and an
optimistic schedule. The required
nuclear thermal rocket program to meet
this schedule is shown in Figure 1.

Lagrange Point Assembly
Instead of staging directly from low
Earth orbit to Mars, another recom-
mendation is to use the Earth-Moon
L1 Lagrange point, as shown in
Figure 2, as an assembly node. This
approach is especially attractive if in
situ lunar fuel becomes available,
which would lower the requirement
for Earth to orbit transportation of
fuel.

Mars-bound vehicles departing
from the L1 Lagrange point require

on the order of 2.6 km/s less delta-V
than the same vehicle departing from
low Earth orbit; however, 4.0 km/s
must be applied to get the vehicle
components to the Lagrange point.
Using the L1 point as a staging point
for Mars missions may have utility if
reusable vehicles are specified for
multiple Mars missions. In addition,
it may be beneficial for storage and
disposal concerns when using nuclear
thermal rockets.

Some disadvantages include a
more severe radiation environment,
thermal considerations due to a con-
tinuous sunlight, and increased total
mission mass. Use of in situ fuels
would necessitate a lunar infrastruc-
ture of unknown complexity. The use
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EARTH-MOON LAGRANGE POINTS

Trans—Earth
Lagrange Point
(L3)

L1 -57731 km from Moon
L2 — 64166 km from Moon
L3 — 381327 km from Earth

Leading
Equilateral Point
(L4)
Moon's Orbital
Motion
Cis—Lunar ) Trans—Lunar

Lagrange Point
(L1)

MOON'S ORBIT PLANE

Trailing
Equilateral Point
(LS)

L4 & L5 — 384400 km from Earth and Moon

Lagrange Point

(L2)

of the L1 Lagrange point also requires
the development of new rendezvous
techniques.

Elliptical vs. Circular Martian
Parking Orbit

Piloted Mars missions generally use
circular parking orbits as staging sites,
orbiting vehicles there while the crew
goes down to the surface. The choice
of this orbit has an important effect on

mission mass and on the accessibility
of various landing sites.

The incentive to use elliptical park-
ing orbits, depicted in Figure 3, stems
from a desire to reduce mass. For
operational reasons, such orbits are
usually long, having a low periapsis
and a one Earth-day period. The
Mars vehicle has an easier time enter-
ing and then departing from these
loosely bound orbits than it does for

Figure 2
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Figure 3

low circular orbits; a delta-V of 1.2
km/s can be saved from each propul-
sive maneuver burn. This advantage
is reduced somewhat by the extra
maneuvers discussed below, yet still
allows typical reductions in low Earth
orbit mass of 15% for nuclear propul-
sion and 30% for chemical.

The incentive to use circular orbits
stems from their operational simplici-
ty. The orientation of parking orbits
must be carefully matched to the
desired interplanetary trajectories;
hopefully, a single orbit satisfies both
the entry and exit conditions. This is
generally possible for circular orbits
since only their plane matters. But for
elliptical orbits, both the plane and
the apsidal (major axis) orientations
must be matched. This often cannot
be done, so the entry orbit must be
shifted to prepare for departure.
Access to and from the surface is also

more restricted when using elliptical
orbits. The ascent vehicle needs more
fuel, and the orbit’s apsidal latitude
must match that of the surface site.
These extra-orbital and ascent maneu-
vers complicate the mission and
somewhat reduce the potential mass
savings.

Tethers

Space tethers are long, lightweight
structures that could be used in space
in several ways. The physics of teth-
ers is simple and straightforward, and
tethers in space have been studied for
many years.

Tethers are based upon the princi-
ple that elongated objects in orbit
align themselves vertically. Objects at
the ends of the tether experience iner-
tial forces not felt by the freely orbit-
ing body. The differences of forces
along the length of the tether give rise

ELLIPTICAL vs. CIRCULAR MARS ORBIT COMPARISON

Approach
Trajectory

Approach
Trajectory

500 km Circular
Parking Orbit

*1 Sol = Period of one Martian day

250 km x 1 Sol*

Parking Orbit
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to a number of applications. A few
examples are: use of a tether to gener-
ate electricity, use of a tether to
exchange momentum from one object
to another, tethering an orbital body
to a higher or lower orbit, or to pick
up objects near a surface such as the
Moon. Tether designs are theoretical
at this point and lack flight verifica-
tion. Operations are, however, be-
lieved to be very complex. A tether
experiment on the Space Shuttle is
scheduled in the near future and may
help predict their utility for the Space
Exploration Initiative.

Futuristic Concepts

Cyclers
Earth-Mars cycling transfers are inter-
planetary trajectories which allow
vehicles to return repeatedly to the
vicinity of these planets by using
gravity assists. The cycling transfer
vehicle would be reusable over many
missions, allowing the crew to go sep-
arately from cargo via a hyperbolic
rendezvous between high-speed
“taxi” and the cycling transfer vehicle.
The cycler concept requires an
infrastructure investment beyond that
contained in the Mars phase of all
four architectures; the infrastructure
investment to enable the cycling con-
cept becomes a viable option only
with a higher mission rate.

Gemini X1I Tethered Agena

63



SUPPORTING TECHNOLOGIES

Table 1

Techno]ogy requirements have
been addressed in seven func-
tional areas. Subsequent sec-
tions will discuss each of the function-
al areas in terms of requirements, the
options available, baseline decisions
and recommendations for develop-
ment programs. The physiological
aspects of the Initiative which cross
several functional areas are covered in
the Life Sciences chapter. The seven
functional areas are:

1) Propulsion

2) Power

3) Extravehicular Activity

4) Life Support

5) Planetary Surface Systems
6) Spacecraft

7)  Communications, Control
and Navigation

Chemical System Characteristics

Cryogenic Storable
(Specific Impulse) (Specific Impulse)
LOX/LHjp (375s) NoO4/RP-1 (262s)
LOX/RP-1 (281s) N2O4/NoH,4 (279s)
Liquid LOX/UDMH (295s) NoO4/UDMH (273s)
g FolHo (393s) CIF3/NoH,4 (280s)
Fa/NoHy (344s) CIF3/UDMH (2665s)
Fo/UDMH (328s)
Solid N/A NH3ClO4/Polybutadiene (290s)
Hybrid LOX/HTPB (299s) NH3Cl04/Polybutadiene (290s)

Propulsion

Requirements

Propulsion requirements for the
Space Exploration Initiative are need-
ed for: Earth-to-orbit, interplanetary
transfer (crew or cargo), descent and
ascent.

The Earth-to-orbit systems have
high thrust and large payload capaci-
ty requirements with a minimum of
150 metric tons and with designed
growth to 250 metric tons to low
Earth orbit.!

Systems for ascent and descent
missions at both the lunar and
Martian surfaces require throttling,
high reliability, and long term cryo-
genic storability. Initial lunar require-
ments are met by current storable
propellant engine technology.

The three most important parame-
ters that affect propulsion require-
ments for human Mars missions are
transit time, initial mass to low Earth
orbit, and launch window opportuni-
ties.

Options

In the time period of interest, propul-
sion can be supplied using chemical,
nuclear thermal and nuclear electric.

Chemical Systems. Chemical propul-
sion systems are either liquid, solid or
some hybrid of the two. Liquid sys-
tems are further categorized as either
storable or cryogenic. Storable chemi-
cal systems consist of both a liquid
fuel and an oxidizer, such as hydra-
zine and nitrogen tetroxide, which
can be stored in ordinary tanks over
long periods and over a range of tem-
peratures without decomposition or a
change of state. The specific impulse
for these combinations is relatively
low, being in the 240 to 280 second
range. Conventional cryogenic chemi-
cal systems, such as liquid oxygen-
hydrogen, are in an advanced stage of
development. The specific impulse
for these systems is in the 350 to 460
second range. A liquid oxygen-
hydrogen Space Shuttle Main Engine



is rated at 365 seconds at sea level or
456 seconds in a vacuum. Table 1 lists
some typical propellant combinations
and specific impulse values based on
600 psi chamber pressure exhausting
to 14.7 psi ambient.

Current heavy lift launch vehicle
concepts are concentrating on liquid
oxygen-liquid hydrogen for main
booster engines, together with
advanced solid rocket motors for
liftoff augmentation. Experience has
shown that large liquid hydrogen and
oxygen engines have been expensive
to develop and operate. A liquid oxy-
gen-hydrogen propellant is not an
attractive option for the first stage of a
heavy lift launch vehicle because of
the large tank volume and the safety
concerns of using hydrogen below an
altitude of 100,000 feet.2 A new
launch vehicle apablhty will need to
be developed for both the Space
Exploration Initiative and other
Department of Defense and NASA
space launch requirements; alternate
propulsion system concepts should
be considered for these applications.

The Apollo Saturn V launch vehi-
cle program developed the F-1 liquid
oxygen-kerosene (RP-1) powered
booster engine, shown in Figure 1,
which delivered 1.5 million pounds
of thrust at sea level. Flight reliability
was demonstrated to be 100%.
Although it was never flown, an
upgraded version delivered 1.8 mil-
lion pounds of thrust at sea level. The
potential exists for a heavy lift launch
vehicle booster to support the Space
Exploration Initiative using proven
and reliable technology. The use of
F-1 engines as a first stage and strap-
on propulsion stage of a new heavy
lift launch vehicle is extremely attrac-
tive from cost, schedule and safety
viewpoints. Using F-1s for booster
engines, coupled with liquid oxygen-
hydrogen upper stage engines
(upuradcd J-2s or space transporta-
tion main engines), could result in
establishing hca\ y lift launch vehicle

capabilities by 1998. The Soviet
Union, which currently has heavy lift

capabilities of approximately 100
metric tons to low Earth orbit, has
relied on liquid oxygen-kerosene
technology (RD-170 engine) for the
booster stages with lu]md oxygen-
hydrogen for the upper stages.

In addition, the National Aero-
space Plane program has made signif-
icant progress in materials and sys-
tem technology in the last five years.
Propulsion and material technologies
from the National Aerospace Plane
program have led to the Strategic
Defense Initiative Office single-stage-
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to-orbit concept. The National
Aerospace Plane program should be
vigorously pursued. The single-stage-
to-orbit concept should be carried for-
ward to demonstrate concept feasibil-
ity. Both of these efforts could hold
promise for a cost effective personnel
launch system to low Earth orbit.

Nuclear Systems. The nuclear ther-
mal rocket is a device which uses a
nuclear reactor to heat propellant to
high temperatures. The propellant is
then expanded by a supersonic noz-
zle to produce thrust much in the
same manner as a conventional rocket
motor, as shown in Figure 2. How-
ever, since the nuclear thermal rocket
can use a low molecular weight pro-
pellant (usually H,), heated to high
temperatures, substantial increases in

Figure 2

NUCLEAR THERMAL ROCKET

Propellant tank
(Liquid Hydrogen)

Coolant line

Reactor

performance over chemical systems
are possible.

Nuclear thermal rockets under-
went substantial development in the
1960s and the early 1970s under the
Rover/Nuclear Engine for Rocket
Vehicle Applications program. A
series of full power reactor/engine
tests resulted in propellant tempera-
tures in excess of 2,700°K and a spe-
cific impulse of 845 seconds. One
1,125 MWt reactor power test was
run continuously for one hour. In
addition, a reactor power test demon-
strated 28 automatic start-up/shut-
down sequences and a thrust level of
250,000 pounds was demonstrated.
Although no integrated rocket system
was ever flight qualified or flown, the
program did generate substantial test
experience prior to program termina-
tion in 1972. Based on experience
gained in this program and the Space
Exploration Initiative requirements,
nuclear thermal rockets, with further
development, are the choice propul-
sion technology for the interplanetary
phase of the Mars mission.

Since 1972, advances in materials
and fuel technology hold the promise
for higher temperatures leading to
still higher performance engines.
Newer concepts, such as the compact
particle bed reactor, offer potential for
high power density reactor cores
which could lead to substantially
higher integrated thrust-to-weight
ratios. A high thrust-to-weight ratio
engine would be particularly attrac-
tive for a second generation upper
stage of an advanced heavy lift
launch vehicle.

To provide propulsion for Moon
and Mars cargo missions, where tran-
sit time is not an important constraint,
low thrust nuclear electric propulsion
systems are attractive because of their
very high performance levels; their
specific impulses range from 3,000 to
10,000 seconds. Although the tech-
nology is usually described as new,
some 30 electric thrusters have been
flown in space to date.



While the development of nuclear
electric thrusters is moderately well
advanced, the main issue in the tech-
nology status of these systems is the
lack of space-qualified nuclear power
systems in the 1 to 5 MW range. A
robust technology program to devel-
op multi-megawatt nuclear systems
for both surface and space application
could result in the use of nuclear elec-
tric propulsion for Mars cargo mis-
sions. The major advantage of these
systems is the very low propellant
requirements for interplanetary mis-
sions. This directly translates into a
cost savings due to a decrease in the
amount of propellant needed in low
Earth orbit.

Promising nuclear electric thrusters
include ion and magnetoplasmady-
namic engines. lon engines use a
noble gas such as Xenon or Argon as
a propellant. Ion systems have specif-
ic impulses approaching 10,000 sec-
onds, but this benefit is offset by a low
thrust level. Magnetoplasmadynamic
thrusters have demonstrated high
performance with specific impulses
ranging from 3,000 to 6,000 seconds.

Baseline

Chemical systems, such as liquid oxy-
gen-hydrogen or liquid oxygen-
kerosene (RP-1), are the primary high
thrust systems for Earth-to-orbit oper-
ations and lunar missions.

For low thrust missions such as
lunar ascent and descent, storable lig-
uid systems are utilized (nitrogen
tetroxide-unsymmetric dimethylhy-
drazine, etc.). Numerous storable pro-
pellant systems have demonstrated
the necessary throttling for ascent and
descent applications. High perfor-
mance systems such as liquid oxygen-
hydrogen need to demonstrate long
term storability.

Parametric studies for piloted
Mars transfer missions show that
chemical propulsion is an undesirable
option since the initial mass to low
Earth orbit requirements exceed 1,100
metric tons in addition to providing
limited launch opportunities and

requiring longer transit times. The
piloted Mars transfer vehicle uses a
nuclear thermal rocket propulsion
system with a high thrust to weight
ratio (approaching chemical propul-
sion systems). The initial Mars cargo
missions will also use the same high
thrust-to-weight nuclear thermal
rocket propulsion system and pro-
vide further inflight verification prior
to the piloted flight. Follow on cargo
missions may use nuclear electric
propulsion.

Near term Earth-to-orbit and lunar
cargo transfer will use a conventional
cryogenic chemical propulsion sys-
tem.

Development Programs

Propellant management in zero gravi-
ty 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 com-
pleted by 1999 and, therefore, be initi-
ated soon. It must be emphasized that
although no new physics is involved
and all propellant management issues
are engineering problems only, actual
demonstrations will be a significant
challenge.

Advanced development in chemi-
cal propulsion technologies, such as
the large pintle-controlled injector
and the liquid/liquid platelet injector
concept, holds promise for reductions
in cost without major performance
penalties.

In order to provide a flight quali-
fied nuclear thermal rocket for the
2014 Mars mission, an aggressive
development program must be initiat-
ed.

Testing of an integrated nuclear
thermal rocket presents a challenging
engineering and political problem.
The safety issues regarding operation
are principally concerned with acci-
dental release of radioactive material.
Location of potential Department of
Energy ground test sites are very iso-
lated and the amount of radioactive

Nuclear Thermal Rocket

Performance Goals

* Engine specific impulse >
925 s

* Thrust-to-weight ratios
approaching those of
chemical systems

* Start/stop cycles > 10

® Highly reliable, environ-
mentally sound, and inher-
ently safe
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Figure 3: NERV A Engine
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material in the engines assures that
even if an accident released 100% of
the fuel, radiation levels outside the
test site boundary would be below
accepted national nuclear safety stan-
dards. In addition, as demonstrated in
the Rover/Nuclear Engine for Rocket
Vehicle Applications (NERVA) pro-
gram (Figure 3), exhaust scrubbers
can further guard against the possibil-
ity of inadvertent release. Develop-
ment tests can be designed to meet all
applicable nuclear safety require-
ments and licensing criteria.

The issue of using a nuclear rocket
in a flight test is more complex. Social
and political perceptions, not just
technical realities, are involved.
Design of an engine is such that
under normal operating conditions,
there is virtually no radioactivity in
the exhaust stream, as all fission prod-
ucts are contained within the fuel par-
ticles. There is a minimum radiation
risk prior to the time the reactor is run
for the first time, which occurs at
trans-Mars injection, leaving Earth
orbit. Thus, while the reactor is on the
launch pad, it contains only the natu-
ral radioactivity levels associated with
the uranium fuel.

When the engine is operated in
space to provide thrust, the operat-
ing time is relatively short com-
pared to terrestrial power reactor
systems. This method of operation
produces fission byproducts which
are predominantly short-lived. The
radioactivity in the engine after
completion of thrust is far less than
contained in a comparable terrestri-
al power reactor. However, the
decay of these radioisotopes releas-
es secondary radiation such as
gamma rays. It is the radioactivity
associated with this process which
poses minimal and short-term con-
sequences in a terrestrial accident
situation. Use of nuclear engines for
upper stages and missions beyond
Earth orbit permits further mini-
mization of risk by allowing a
wider selection of trajectory profiles
and abort options.

The amount of radioactive material
in the rocket engine prior to the nucle-
ar engine’s start would be orders of
magnitude less than radioisotope
thermoelectric generators which have
already been safely launched (most
recently, Ulysses). The issue of meet-
ing all the necessary safety and envi-
ronmental standards will be a sub-
stantial challenge. The program must
be dedicated to this aspect if the tech-
nology is to gain public acceptance.

Power

Requirements
The functional electrical power
requirements are shown in Table 2.
Transportation to the Moon requires
power for about seven days for the
round trip in addition to time in lunar
orbit, whereas transportation to Mars
involves trip times on the order of a
year plus orbital and surface opera-
tions of up to two years. In cases
where solar flux is very high, great
care must be taken to control thermal
heating. This results in continuous
rotation of the spacecraft to spread
the thermal load and affect orienta-
tion of solar panels and radiators.
Surface activities needing power
include habitats, laboratories, base
power and vehicles. Habitats must
have their own highly reliable power
source for safety. Base power includes
power for mining, in situ operations,
fabrication, emergency power for
habitats and power for regeneration
of fuel cells. Habitat power must be
highly reliable, greater than 99.5%,
while base power can be about 95%
reliable. Power units should be made
operational with a minimum of sup-
port activities, have lifetimes compati-
ble with the base, be serviceable and,
if nuclear, be refuelable and dispos-
able. Evolutionary system designs are
preferable to specific point designs
without growth potential.

Options
Power can be supplied using electro-
chemical energy storage devices, pho-



Functions

Transportation
Spacecraft
Piloted

Cargo

Lander
Electric propulsion

Surface Activities
Day only
Habitat/lab
Initial Operational Capability
Next Operational Capability
Base Power
Initial Operational Capability
Next Operational Capability
Rovers
Unloader/Construction
Pressurized

Unpressurized

(1) Depends on final power level

Initial Operational Capability (per trip) 1900 hw-hr
Next Operational Capability (per trip) 4800 kw-hr

POWER REQUIREMENTS

Mars Power Moon Power

to 20 kw to 30 kw

5 kw 5 kw

20 kw 20 kw

to 5 Mw to 5 Mw
20 kw

to 30 kw to 50 kw

50 kw 100 kw

to 100 kw to 100 kw

to 800 kw to 1 Mw

240 kw-hr 240 kw-hr

1900 kw-hr

4800 kw-hr

100 kw-hr 100 kw-hr

(2) In situ methane and oxygen produced on Mars may substitute for fuel cells.

Suggested Technology

Fuel cells (Moon)
Nuclear/photovoltaics (Mars)(1)

Fuel cells (Moon)
Photovoltaics (Mars)

Fuel cells (w/wo photovoltaics)

Nuclear

Photovoltaics

Photovoltaics or nuclear (1)
Nuclear

Nuclear
Nuclear

Fuel cells (2)
Fuel cells (2)

Fuel cells (2)
Fuel cells (2)

tovoltaic energy, radioisotope decay
or nuclear fission reactors.

Batteries that could be considered
for energy storage include the current
generation nickel-cadmium and nick-
el-hydrogen and also the develop-
ment of sodium-sulfur. Their current
performance for space-qualified sys-
tems 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 non-
regenerative fuel cells. Regeneration
elements include electrolyzers and
refrigerators to reconvert the water
from the fuel cells back to liquid
hydrogen and oxygen.

Photovoltaic arrays currently
deliver approximately 21 W/kg in
sunlight at 1 astronomical unit (93
million miles); 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 opera-
tions. System performance using bat-
teries is on the order of 3 W/kg; by
the year 2000, projected improve-
ments 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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from Earth can be significantly
reduced. For Mars power systems,
the solar flux is less than half that at
Earth, but the nights are comparable
in length to those on Earth, lowering
the energy storage requirement with
respect to the Moon. For continuous
loads at Mars, power density using
today's fuel cells is 3 W/kg. Ad-
vanced technology by the year 2000
could increase this to 27 W /kg. Dust
storms will reduce photovoltaic per-
formance on Mars.

Radioisotope power sources have
been the primary electrical power
source for robotic planetary explo-
ration. These units have used thermo-
electric converters to supply hun-
dreds of watts of power in units
called radioisotope thermoelectric
generators. Current performance for
these units is 7 W/kg. By the year
2000, programs are underway to
improve this to about 8 W/kg. Cost
and Plutonium-238 availability are
the major restrictions on expanded
use of radioisotope thermoelectric
generators. Larger and more efficient
converters using rotating machinery
can triple the efficiency and reduce
costs. These units, called dynamic iso-
tope power systems, could be ready
by the year 2000. However because of
the limited availability of Plutonium-
238, only about 2 kW /year can be
produced. Dynamic isotope power
systems are not envisioned to play a
major role in the Space Exploration
Initiative.

U.S. space nuclear fission power
plants are currently under develop-
ment. The SP-100 Program is devel-
oping the technology for 10s to 100s
of kW using uranium nitride fuel in a
liquid metal-cooled reactor. It in-
cludes thermoelectric converters for
the regime below 100 kW and Ran-
kine or Brayton dynamic cycles for
the higher power regime. The goal is
to demonstrate 25 W /kg at 100 kW.
In addition, the United States has
been demonstrating thermionic fuel
element devices, while the Soviet
Union has flight tested thermionic

reactors in space for up to a year and
has projected three-year lifetimes in
ground testing. Thermionic reactors
can be demonstrated by the year 2000
as an alternate or complementary
technology to SP-100. Performance is
similar; however, thermionic power
system radiators will be four to six
times smaller as a result of the heat
rejection temperature being 200°K
higher and the efficiency two to three
times greater.

Nuclear fission power plants for
electric propulsion are not currently
under development; these had been
studied as part of the Nuclear
Multimegawatt Power Program.
Performance projections are better
than 100 W/kg at 2.5 MW (two units
would be used for 5 MW spacecraft).
Higher radiator temperatures are
needed than in the SP-100 regime;
many candidates exist, including
Rankine cycles, Brayton cycles, and
thermionic reactors.

Power beaming is a technology to
distribute power to remote sites from
the generation source. Either radio
frequency generators or lasers could
be used. By the year 2000, radio fre-
quency generators are projected to be
about 60% efficient and lasers near
20%. However, laser systems require
smaller receivers that are relatively
lightweight and easier to install in
space applications. The cost of
installed power is projected to be
about half that of locally generated
power if one considers that the source
will be available free from some other
application, such as nuclear propul-
sion.

Spacecraft power for lunar mis-
sions is determined by the duration of
the trip. For systems sized for seven
days of operation, energy storage
devices are the logical power options.
Fuel cells are preferred over batteries
because of the projected mass sav-
ings. In addition, fuel cells can be
modularized to provide redundancy
in case of malfunctions.

The options for spacecraft power
for Mars missions with several years’



lifetime are solar photovoltaic sys-
tems and nuclear power. Both options
depend on future developments.
Advanced photovoltaic systems are
being developed so this option will be
available. With the recommended
nuclear option, a demonstration tech-
nology competition should be pur-
sued between SP-100 and thermionic
reactors prior to selecting the flight
system. 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 photo-
voltaic arrays to increase their opera-
tional time.

For electric propulsion cargo mis-
sions, both lightweight solar arrays
(energy storage is not needed) and
nuclear were considered. A major dif-
ficulty with solar arrays is the large
size, 6,000 m2 for 5SMW 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 day-
time 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, pho-
tovoltaic power systems 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 pho-
tovoltaics with energy storage.

For mobile surface power, dynam-
ic 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 beaming 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 recom-
mended 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 demon-
strate 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 mega-
watt 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 space-
craft, landers, and surface vehicles,
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with performance greater than 1 kW-
hr/kg.

Nuclear power units (10 to 100
kW) can provide power for Mars
spacecraft and lunar and Mars surface
habitats. These systems should have a
specific power greater than 15 W /kg
at 25 kW, reliability greater than
99.5%, passive conversion and no sin-
gle failure points.

Advanced solar photovoltaic
arrays, with specific powers greater
than 200 W/kg, can provide power
for spacecraft and daytime surface
operations.

Development Programs

Each nuclear power system outlined
above would require a major devel-
opment effort. To begin, the current
SP-100 and thermionic programs
should be restructured to meet Space
Exploration Initiative requirements.
Furthermore, all technology options
should be considered. Technology
down-selections should be based on
demonstrated performance, safety
and reliability. The benefits provided
by nuclear power systems are
extremely high and are key enablers
for many Initiative activities; howev-
er, new efforts to develop space appli-
cations of nuclear power should be
structured to take advantage of
lessons learned from the SP-100 pro-
gram.

Advanced regenerative fuel cells
can be developed by the year 2000.
The cost is low with wide application
to critical surface systems such as lan-
ders and rovers.

Solar photovoltaic arrays could
play a wide range of roles in the
Initiative. Increasing the efficiency
and decreasing the weight of solar
arrays will continue to pay high divi-
dends for both space- and Earth-
based applications.

Power beaming for surface-to-sur-
face power distribution may greatly
reduce the mass of rovers and other
mobile surface systems, assuming line
of site constraints can be met. If nucle-
ar electric propulsion is developed for
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use in the lunar or Mars cargo vehicle,
the orbiting transfer vehicle may be a
convenient power source for surface
operations. If power beaming can be
demonstrated at a reasonable cost,
long term development could pro-
vide attractive benefits.

Extravehicular Activity

Requirements

Extravehicular activities will be a sig-
nificant part of human space explora-
tion and require a space suit that will
enable unconstrained operations.
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Due to the external environments,
the suit must protect the occupant
from vacuum, low-pressure atmo-
sphere, extremes of temperature,
clinging particles of dust, micromete-
orites, and potential chemically reac-
tive soils. The gravity levels vary from
zero to three-eighths that of Earth.
The suit must also be reliable, mobile,
dextrous, comfortable, easily main-
tainable and compatible with all
transportation systems.



Options

A number of technical issues arise
from these requirements. Suit mass is
constrained by the need for mobility
and the level of gravity. Components
for the rejection of waste heat use rad-
ically different mechanisms for opera-
tion in a vacuum versus low atmo-
spheric pressure. The need for dexter-
ity places constraints on suit pressure
and indirectly on the breathing mix-
ture. This in turn dictates the pressure
and breathing mixture in the space
habitats, if prebreathing is to be elimi-
nated or minimized. Open loop life
support yields simple engineering
designs with lower suit masses than
closed loop at the expense of increas-
ing 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 mainte-
nance issues as well as potential
threats from tracking such contami-
nants into the space habitats.

Baseline

The baseline concept is to have a sin-
gle suit for use in space, on the Moon
and on Mars. This drives many tech-
nologies. For example, a very low
weight approach is needed for Mars.
Also, present multilayer suit insula-
tion loses most of its effectiveness in
the Martian atmosphere; therefore a
new insulation or a suitable overgar-
ment for the present insulation, is
needed. Open loop cryogenic support
systems have clear advantages in
reducing suit complexity and mass
and are baselined over closed loop life
support concepts. The only consum-
able in the open loop design is liquid
oxygen, which provides both breath-
ing 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 atmospheric pressure,
markedly reducing the mass of the

carbon dioxide absorbing unit while
eliminating the mass associated with
a separate heat rejection system. 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 eliminat-
ed by specifying low pressure in the
space habitats.

Development Programs

Current space suit design is not ade-
quate 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 base-
lined space suit are mature but
require additional development.
Glove technology requires the great-
est emphasis.

Life Support

Requirements

The partially closed environmental
control and life support system
would be based upon the following
design considerations:

Air revitalization is required to pro-
vide a safe and habitable environ-
ment (atmosphere) for the crew.
Specific requirements include carbon
dioxide removal and reduction, oxy-
gen generation, and trace contami-
nant and particulate control.

Water recovery is critical in order to
keep life support logistical resupply
within reasonable limits. This func-
tion represents the greatest technical
challenge in the area of physiochemi-
cal life support. Waste water streams
onboard spacecraft will arise from a
variety of sources, including space-
craft 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 pro-
cessing of a number of varied waste
sources, the most notable being solid
human wastes and packaging materi-
als.

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 from low
Earth orbit would require a high
degree of life support system closure.
The incorporation of closed life sup-
port systems greatly reduce the initial
mass in low Earth orbit for extended
missions.

The economy of loop closure
varies as a result of the amount 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. Re-
covery 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 times, since the
recyclable waste per day is relatively
small.

Options

The molecular sieve approach is the
favored system from a number of
candidates. The area in critical need of
technology development involves
carbon dioxide reduction. This tech-
nology has not been brought to a sig-
nificant 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 regen-
eration. Competing systems 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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electrolysis of carbon dioxide by
means of a ceramic electrode.

Trace contaminant control will be a
crucial function. The presence of even
low-level contaminants may result in
significant health or performance
effects. The existing technology for
trace contaminant control utilizes ab-
sorbent beds in connection with a cat-
alytic oxidizer. An ancillary function
which is critical to the overall health
of any habitable environment is the
system for monitoring atmospheric
contamination.

Several competing technologies for
closing the water loop are available,
including a number of distillation sys-
tems such as thermoelectric integrat-
ed membrane evaporation and vapor
compression. These would be utilized
in conjunction with one of the filtra-
tion technologies. The presence of
bioregenerative systems (plant
growth) in the water loop could im-
prove the design of water recovery
systems.

The technology utilized for waste
management is largely driven by the
extent of closure of the food cycle. A
closed food loop implies recycling
both human and plant wastes. The
relative degree of closure of this loop
is an important factor in the design of
a waste management subsystem.
Where the effluent of a small plant
growth system (such as the salad
machine) might be readily accommo-
dated, a large bioregenerative compo-
nent in a closed environment life sup-
port system would probably require a
separate waste processing facility due
to the different chemical processes
needed for the specific waste streams.

The break-even point for a large
scale plant growth system is depen-
dent upon crew size, stay times, avail-
ability of plentiful power supplies
and maturity of related technologies.
The key research areas involved
include plant growth techniques, food
production, waste processing and
contaminant removal and system
integration/control. Full scale hybrid
life support systems (physiochemical

and bioregenerative) are the most
mature application of this activity.
However, limited application of these
techniques can yield significant bene-
fits as well. For example, salad
machines could provide fresh vegeta-
bles, partial air revitalization and
partial water purification, and would
provide significant psychological and
physiological benefits to the crew
members. A probable application for
this capability would be on the Mars
transfer vehicle.

Baseline

The requirements for life support sys-
tems on lunar transfer vehicles, lunar
and Mars landers, or planetary rovers
could be met by using existing tech-
nologies. This includes using open
loop life support systems with a
molecular sieve for carbon dioxide
removal, absorbent beds in connec-
tion with a catalytic oxidizer for trace
contaminant control and distillation
systems for closing the water loop.

A partially closed environmental
control and life support system has
been baselined for permanent Moon
and Mars habitats. The Mars transfer
vehicle will be partially closed with
recycled air and water.

Development Programs
The water recovery subsystem rep-
resents the greatest technical devel-
opment challenge. The development
of these subsystems as an integral
component of a closed ecology must
be undertaken for systems which
are based on physiochemical sub-
systems or those with a bioregener-
ative component. Ground-based
testing can be used to do integrated
testing of subsystem hardware, with
flight validation of the components.
Increasing the reliability and effi-
ciency of air revitalization subsystems
will play a critical role for exploration
missions requiring closure of the air
loop, both in the Mars transfer vehicle
and in surface habitats.
Development of waste manage-
ment technologies is closely linked to



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 machine) 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 mem-
bers for multi-year periods. The prac-
tical size of habitats and the require-
ment to transport them will dictate
habitat design.

Short term space missions can be
accomplished with small crew vol-
umes; however, long term operations
such as described in Architecture III
would require 30 to 100 m? per
inhabitant. Accordingly, overall habi-
tat size requirements range from 200
to 1,000 m?.

The habitat should maintain the
crew in a mission-dependent level of
comfort. The habitat system consists
of a primary structure, life support
system, internal structure and equip-
ment and an airlock. The task of the
primary structure is to maintain air
pressure. The life support system
manages and controls the air chem-
istry, temperature, food-water supply
and waste removal. The comfort
enhancing requirements are per-
formed by a host of additional equip-
ment. These include internal walls,
floors, kitchen and hygiene equip-
ment. The main requirement for the
airlock is to limit air loss and dust
entry.

The habitat mass (both direct and
logistic needs) is one of the primary
considerations on the mission launch
requirements. Therefore, habitats
must be designed to minimize both

their initial mass as well as the addi-
tional mass and power needed to
operate them. Habitats must be
designed to minimize the extravehic-
ular activity effort required for con-
struction, operation and maintenance.

Options

Habitats could be constructed using
either rigid pressure vessels or inflat-
able structures. Radiation protection
could be provided by either integral
storm shelters or regolith. Physically
separating the outside world from the
controlled habitat environment 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 ves-
sels, leading the designer to struc-
turally efficient shapes such as cylin-
ders, spheres, ellipsoids, or combina-
tions thereof. Flat surfaces, common
on most Earth buildings, impose 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
modules. The other option is when
the primary structure is preassem-
bled, but then packed for transport.
This approach includes inflatables.
The choice between these two
options impacts the mass and the
installation requirement of the habi-
tat.

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 common habitat modules.
One of the problems with this concept
is the need to do on-site linking of
the modules, either involving automa-
tion, telerobotics or crew extravehicular

75



SUPPORTING TECHNOLOGIES

surface activity. Another drawback
involves the inefficiencies of modular-
ity and small unit size.

The construction approach allows
more efficient use of transportation.
This significantly reduces the launch
requirements. This technique also
involves a very different emplace-
ment procedure. This offers the
advantage of little to no exterior activ-
ity, but requires on-site interior
assembly.

In small, short stay habitats, the
exit door might be (as it was in the
Apollo lunar module) a simple pres-
sure hatch. However, for most mis-
sions, the habitat should use an air-
lock in order to limit the amount of
air lost for each entry and exit. Its size
must be selected, trading off mass
and volume against the number of
people. There are other functions the
door must serve. For instance, an air-
lock could be required to serve as a
dust cleanup room for crew mem-
bers. It could also serve as the inter-
facing node between habitat modules.
In this case flexible inflatable airlocks
offer installation advantages to a
design that otherwise uses rigid ele-
ments.

The life support system is another
major factor that determines the habi-
tat mass and operating cost. The pri-
mary issue involves the degree of clo-
sure adopted; complete closure
occurs when the habitat’s air, water,
and food are recycled and used multi-
ple times. Based on previous space-
flight experience, complete closure is
an attractive option. Unfortunately,
the recycling of these materials is not
insignificant. The mass of the equip-
ment needed to perform the recycling
must be traded off against the sup-
plies needed for an open loop opera-
tion.

Baseline

Rigid, single element, pre-outfitted
habitats are baselined for early Moon
and Mars missions. However, since
inflatable habitats can provide signifi-
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cant mass savings, they are an option
for habitat expansion.

For habitats in which multiple
rigid modules are required, the mod-
ules are connected by flexible nodes.
These nodes may also serve as air-
locks and installation interfaces. In
order to simplify transportation and
installation issues, inflatable habitat
airlocks are baselined for technology
development.

Development Programs

Habitat technologies are mature;
therefore, a specific technology pro-
gram is not required. However, as
programs mature, some development
may be required.

Robots, Rovers, Mining and
Manufacturing

Requirements

Precursor missions are used as the
most cost effective and efficient
approach to perform reconnaissance
and demonstrate equipment and pro-
cesses. As such, the program empha-
sis should be on quick, cost effective
precursors. All surface systems, sub-
systems, and components (mining,
construction, life support, bearing,
seals, etc.) could be developed in ter-
restrial simulators and selectively test-
ed in precursors as either scale mod-
els or subsystems.

Resource characterization would
concentrate on no more than three
near-side equatorial regions to quanti-
fy mineralogy and chemistry. Lunar
surface site selection would also char-
acterize surface topography (stereo
visual imaging) and regolith structure
(electromagnetic sounder) and elec-
tromagnetic noise background. Key
variables are the number of precur-
sors and site selection approach.
Surface requirements for resource
development include a robotic rover
to locate resource deposits, perform
chemical and evolved gas analyses
and establish physical properties at
selected sites.

A precursor engineering experi-
ment station to perform proof of prin-
ciple tests of these operations would
be required to support lunar mining
and construction activities. These mis-
sion requirements focus on the means
to excavate, move and process lunar
regolith for shielding and in situ
materials utilization (propellants,
structures, solar cells).

Unpressurized rovers are required
to transport both materials and crews
25 km, and for pressurized crew
rovers with 2 to 3 day duration and
100 km radius of operation.

Robotic Orbiter and

Surface Precursors

* Advanced imaging detec-
tors, including improved
charge-coupled device
arrays and data handling
subsystems

* Compact multispectral
imaging radar and Lidar for
surface and subsurface
characteristics

* Compact chemical analysis
instrumentation, including
gamma and x-ray spectrom-
eters and imaging spec-
trometers

¢ Telerobotics and telepres-
ence, including control
architectures and super-
vised telerobotics, data han-
dling, storage and virtual
reality techniques

* Small spacecraft with gross
masses less than 500 kg,
including orbital “prospec-
tors” and surface penetra-
tors

® Autonomous systems to
enhance Mars operation




Mars precursors collect informa-
tion to evaluate site attributes and
safety, chemical and physical proper-
ties, and possible toxic properties of
the surface material. This requires vis-
ible imaging, with detailed local site
maps having 1 m resolution, and
global maps with 10 to 100 m resolu-
tion. The site reconnaissance orbiter
obtains the required data to cover
selected sites. Once sites are selected,
surface precursors are required to val-
idate engineering properties and per-
form in situ chemical measurements
of toxicity.

A robotic sample return mission
has been suggested as a precursor to
human missions to Mars. Although
there are some concerns regarding the
possible toxicity to humans of the
Martian soil, chemical tests of such
effects can most likely be performed
remotely by carefully designed exper-
iments carried aboard a robotic rover.
The biology experiments on the
Viking landers failed to reveal the
presence of organisms within the
Martian soil. A convincing case has
vet to be made for contamination of
the Earth by hypothetical Martian

organisms. Until further data
becomes available, it would be pru-
dent to be conservative in protecting
for contamination. Care should be
taken, when practical, to preclude
contamination of the Martian envi-
ronment by Earth organisms. More-
over, the long duration of a round trip
to Mars results in sufficient quaran-
tine for the crew; infectious properties
of Martian samples should be evident
within such time spans. If humans are
to explore Mars, the scientific case for
a robotic Martian sample return as a
required precursor becomes less ten-
able. For these reasons, there are no
compelling requirements for a precur-
sor robotic sample return mission.
Mars exploration will require a
pressurized crew rover with a 100 km
travel radius, and a teleoperated
robotic rover with 100 km radius.
Robotic rovers must be capable of
conducting in situ chemical and phys-
ical analyses (x-ray fluorescence, gas
chromatography/mass spectrometry,
electromagnetic sounding) and col-
lecting samples for return to the base
camp. Rovers may be designed to
take advantage of in situ resource uti-

Lunar Roving Veehicle Near Stone Mountain, Apollo XVI

lization to extend their range. Robotic
explorers are needed to extend cover-
age of the Moon and Mars surfaces.
Telepresence is a method of per-
mitting complete human control of
robotic explorers on planetary sur-
faces. The concept is to simulate reali-
ty for the human operators such that
they believe they are physically pre-
sent on the surface of the Moon or
Mars. The telepresence mode in-
volves very high-definition stereo
television, mobility and agile locomo-
tion. The techniques of telepresence
and teleoperations require user-
friendly interfaces (operator exoskele-
ton for robot control) and high data
rate communications (500 Mbps-
class). Visual sense should approach
human vision (resolution in the center
of 30 seconds of arc, equivalent to
10,000-line television); moreover,
enhancing spectral coverage (e.g.,
infrared bands) should also be cov-
ered by the vision system. The robots
on the planetary surface must be

Rover Systems

= Efficient regenerative fuel
cells (1 kW-hr/kg) with com-
pact insulated cryogenic
storage tanks

* Compact, specialized life
support systems for short
(2 to 3 day traverses) dura-
tion, and portable radiation
protection features

* Crew supported telerobotic
surface driving systems
and telerobotic extension
systems with dexterous
robotic manipulators

* Compact deployable photo-
voltaic arrays (200 W/kg or
better)
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dependable, rugged and possess
travel ranges exceeding 200 km.

The initial in situ resource demon-
strations at Mars would focus on the
production of water and methane
using hydrogen brought from Earth.
Other approaches include heating the
Mars regolith to extract water of
hydration, and by subsurface drilling
to extract water from either per-
mafrost or water ice deposits.

Movement of Mars regolith for
radiation shielding and construction
of habitats would commence on long
duration missions (e.g., 600 day sur-
face stays). Lunar experience would
be helpful in developing these capa-
bilities and lunar equipment may be
directly scalable.

Options

Teleoperation and crew-tended oper-
ation are usually more favored than
fully automated systems. This sug-
gests that the crew should always be
within short communication times of
robotic systems. Major effort would
be required in determining the degree
of automation necessary or preferable
for each system.

Development of telepresent tech-
nologies can follow the general
technology trends of the robotics
community. In particular, very high-
definition systems technologies
should be incorporated into designs as
soon as possible. Rover-based or walk-
er-based technologies for robot loco-
motion should be developed in paral-
lel and a design decision deferred
until the best system can be identified.

Distributed multiple small orbiting
systems (e.g., prospectors) would be
used versus large orbital platforms
(Observer or Viking class) for orbital
tasks. Smaller systems are generally
less capable than the larger systems,
but they may offer quick and cost
effective options to gather specific
data. Advances made in miniaturiza-
tion indicate that dedicated systems
could be very capable and they offer a
preferred solution.

Remote sensing systems are being
developed to support Mission to
Planet Earth; therefore, integration
into systems for the Space Exploration
Initiative offers great potential. The
robotic systems are potentially signifi-
cant extensions in both size (smaller,
lighter) and operations from existing
terrestrial systems; however, a signifi-
cant technical and experience base
exists from which to begin. These sys-
tems are judged to be of medium risk.
Software development and subsys-
tem integration appear to be the most
difficult element in the robotic system
applications, followed by machine
design for both the lunar and Martian
environments.

The highest development and
operational risk areas are the plane-
tary surface systems. Little experience
beyond conceptual designs exist for
systems which must excavate and
process materials on the Moon and
Mars. Extensive development and
testing in simulated and actual envi-
ronments would be required to gain
any confidence in reliable operation,
especially for automated or telecon-
trolled modes.

Baseline

Small distributed teleoperated sys-
tems should be selected over large
highly automated systems for both
surface and rover systems. The initial
telerobots would be under total
human control (except for automating
simple tasks, such as transport
between stations). They should carry
stereo high-definition imaging and
human-like manipulators. Contin-
uous, high data rate communications
are required. Transportation across
the planetary surface must be in a
vehicle able to successfully negotiate
terrain types specified from precursor
mission data.

Experimental and pilot systems for
in situ resource utilization would
have central processing sites with
mobile regolith collection, although
experiments in mobile processing will
also be conducted. Central processing



in the early stages also offers the
opportunity to utilize waste heat at
the base for some process heat
requirements.

Development Programs

Orbital and surface precursors will
benefit from the technology and sen-
sors developed for Mission to Planet
Earth. These programs should be
reviewed and their development pri-
oritized to architectural needs and
related schedules.

Spacecraft

Requirements

Lunar and Mars transfer vehicles
must be designed for low launch
mass/volume and minimal on-orbit
assembly, but maximize crew safety.
Automated rendezvous and docking
of spacecraft will reduce on-orbit
assembly requirements for Mars mis-
sions. Cargo transfer vehicles must,
by necessity, have the ability to join
three or more vehicle segments in low
Earth orbit. The transfer vehicles must
provide for crew comfort, communi-
cations, control and science needs;
however, the balance will vary with
mission duration.

Regardless of the mission duration,
radiation protection from solar flare
events and galactic cosmic rays are a
critical issue for crewed missions.
Methods for reducing the mass of
radiation shielding and refining the
prediction of solar flare events would
directly enhance crew safety and
decrease cost.

Options

Spacecraft designs are limited by
materials pmpcrllc and fabrication
methods; advances in these areas will
enable improved spacecraft concepts.
Current spacecraft designs are based
on using aluminum for temperatures
below 450°K and titanium for up to
811°K. Spacecraft will rely on light
alloys, metals, ceramic and polvmv
matrix composites. With these materi-
als, new fabrication processes such as

superplastic diffusion bonding will be
required. These techniques allow for
greater weight savings through
reduced part counts.

There are two active radiation
shielding concepts: magnetic and
electrostatic. Neither is capable of
eliminating space radiation but could
reduce the dose from solar flare
events. Reductions in the radiation
burden would reduce the health risk
associated with long duration mis-
sions.

Solar flare events can last several
days. Passive shielding can provide
protection for limited volumes; the
mass required to shield the entire
transfer vehicle is prohibitive. Water
has excellent stopping power. The
shield can also act as a reservoir for
the water supply.

Automated landing, rendezvous
and docking can be accomplished

Lunar Excursion Vehicle
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with laser rangefinder or compact
solid state radars with onboard pro-
cessing and control.

Baseline

Spacecraft structures will use stan-
dard materials (aluminum and titani-
um) and fabrication techniques; how-
ever, improved fabrication methods
and advanced materials will be sub-
stituted 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 con-
cepts. Candidate materials for
reduced part counts and weight
include: light alloys (aluminum-lithi-
um, intermetallics, metal matrix com-
posites and polymer matrix compos-
ites), advanced thermal protection
materials (ceramic matrix composites,
carbon-carbon and spray-on foams),
light alloys using superplastic form-
ing and diffusion bonding, metal
matrix composites using hot pressing
and joining, polymer composites
using tape placement, woven ply lay-
up, pulltrusion resin injection and
thermoforming.

The Space Exploration Initiative
will benefit greatly from the technolo-
gy being developed in such programs
as the National Aerospace Plane and
the Strategic Defense Initiative. The
appropriate utilization of these tech-
nologies is recommended.

Communications, Control
and Navigation

Requirements

Effective communications and infor-
mation management systems for mis-
sion control, science data return and
radiometric support for navigation
are essential.

For all architectures, lunar opera-
tions are planned for the near side of
the Moon. Aggregate downlink data
rate from all elements could grow to
350 Mbps, with a modest application
of data compression. The uplink data
requirements could grow to an aggre-
gate of approximately 25 Mbps.

Mars operations will require com-
munications ranges up to 1,000 times
more distant from Earth than the
Moon, which results in a spatial sig-
nal loss that is one million times
greater. Communication networks in
the Martian environment (either in
Mars orbit or on the surface), will be
required to operate autonomously
from any facility on Earth for realtime
command and control decisions. With
the application of new data compres-
sion techniques, 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 information
down a narrower corridor. For exam-
ple, 10 megabits of data can be down-
linked via a communications channel
that has a 1 Mbps data rate in 10 sec-
onds. 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 transmis-
sion costs, increase relay satellite
capacity and provide a practical
means of delivering high data rate
imagery.

Options
Communication requirements for the
Initiative could be satisfied with a
wide range of existing technologies.
Frequencies for deep space com-
munications include the X-band capa-
bility at 8.4 GHz, Ka-band at 32 GHz
and optical band.
Deep space missions are support-
ed today using X-band 8.4 GHz, so



there is little to no risk involved if X-
band 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 (pri-
marily power amplifiers and low
noise receivers) will require a devel-
opment program to achieve a com-
munications system with the reliabili-
ty to support human missions.

There are a number of key devel-
opmental challenges that must be met
in order to realize the potential of
optical communications. The chal-
lenges are in the area of detectors and
detector arrays; long-life, high-power
laser sources; accurate telescope
pointing; spacecraft stabilization sys-
tems; and acquisition and tracking
technologies. Optical communications
systems are also severely restricted by
environmental 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 accom-
plished electronically via adjustment
of phase shifters associated with each
element. Depending on the mission
application, a hybrid of both systems
could provide for autonomous acqui-
sition and tracking.

Multi-beam antennas are similar to
phased array antennas, but with anten-
na elements located at the feed of a tra-
ditional reflector antenna. The advan-
tage of using multi-beam antennas 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 beam and to a rover on
the lunar surface simultaneously.
Developing multi-beam antennas
would involve little risk and has consid-

erable potential application for commer-
cial use.

One technology that would sup-
port many antenna applications
(multi-beam and phased array, pri-
marily), is monolithic microwave
integrated circuits. These circuits offer
the potential for improved perfor-
mance, higher reliability, radiation
hardening and size and weight reduc-
tions. Significant benefits to the tele-
communications industry will be real-
ized by maturing this technology,
presently a high risk endeavor.

Expert systems and neural net-
works provide the ability to conduct
autonomous operations, a necessity
for Mars-based real time command
and control. Knowledge-based expert
systems that require human supervi-
sion are currently supporting space
system operations; however, the addi-
tion of neural networks will greatly
enhance Mars autonomous opera-
tions. Substantial risk is involved in
developing hybrid systems combin-
ing neural networks and expert sys-
tems 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 eval-
uated 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 mis-
sions.

Earth-based navigation is currently
used for planetary exploration.
Radiometric data from tracking sta-
tions, optical data and Doppler data
from spacecraft-to-spacecraft are pro-
cessed on Earth to obtain spacecraft
orientation and position. However,
this method cannot adequately sup-
port Space Exploration Initiative mis-
sions when critical real time naviga-
tion is required.
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SUPPORTING TECHNOLOGIES

Madrid Deep Space Communications Complex

Spacecraft onboard systems satisfy
the need for real time navigation dur-
ing critical operations (e.g., orbit
insertion, landing, surface explo-
ration, ascent, rendezvous and dock-
ing).

A Mars-based navigation network
would be used for precise, real time
position determination. This system
would work with a Mars-centered
inertial coordinate system or a sur-
face-fixed coordinate system. The ori-
gin could be located at the primary
landing site, thus eliminating sources
of error associated with an Earth-
based system.

Baseline

Because of the communications
time delay between the Earth and
Mars, hybrid artificial intelligence

or neural network systems may be
used for making real time com-
mand and control decisions, per-
forming acquisition and tracking,
optimizing resource utilization,
conducting teleoperations, control-
ling extravehicular activity, and
monitoring consumables and sys-
tem health and performance.

X-band will be used for the Earth-
to-space uplink, Ka-band for all inter-
space and downlinks and optical
communications for later space- to-
space links.

Lunar missions can be supported
using antennas smaller than 34 m, but
34 m antennas are needed for Earth-
Mars communications. These anten-
nas would need to have a multi-beam
capability and incorporate monolithic
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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
information in the lunar environment.

Radiometric navigation alone does
not provide the timeliness or accuracy
required for critical operations in the
Martian environment. Improved iner-
tial measurement units, transponders,
navigation computers and ranging
devices, spacecraft onboard process-
ing and radiometrics will provide the
accuracies required to support Mars
missions.

Development Programs

The baseline technologies for commu-
nications are either existing or are in
advanced stages of development (in-
dependent of the Space Exploration
Initiative); therefore, the technology
development description also pro-
vides an estimated maturity level.

Ka-band communications for deep
space missions will require the devel-
opment of high efficiency traveling
wave tube amplifier transmitters with
power levels of 10 to 150 W and high
efficiency solid state transmitters with
power levels of 1 to 15 W. Traveling
wave tube technology is currently at
the breadboard stage. Solid state tech-
nology is currently at the concept
phase.

The development of laser transmit-
ters and low noise detectors are
required to make possible optical
communications for deep space appli-
cations. This technology is at the
breadboard phase.

A range of antenna systems must
be engineered, including electronical-
ly steered multi-beam antennas,
retractable antennas (Ka-band), high
power microwave monolithic inte-
grated circuitry and direct-radiating
monolithic microwave integrated cir-
cuit phased arrays.

Data compression will be neces-
sary to reduce the data storage
requirements and the transmission
demands on the communications sys-
tem.

Compression schemes are being
aggressively pursued by a number of
telecommunications companies. An
effort is required to space-qualify
hardware decoders and other associ-
ated data compression equipment.

Navigation systems will rely on
the development of transponders
with 10 m accuracies and onboard
sensors including inertial measure-
ment units, altimeters and computers.
These technologies are in the proof-
of-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/applica-
tion 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:

1) Heavy lift launch with a min-
imum capability of 150 met-
ric 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 long-
term storage

6) Automated rendezvous and
docking of large masses

7)  Zero gravity countermea-
sures

8) Radiation effects and shield-
ing

9) Telerobotics

10)  Closed loop life support sys-
tems

11) Human factors for long dura-
tion space missions

12) Light weight structural mate-
rials and fabrication

13)  Nuclear electric propulsion
for follow-on cargo missions

14) In situ resource evaluation
and processing

At first glance, the implementation
of the architectural approaches out-
lined appears daunting. It is indeed
complex, but the Synthesis Group
finds that America’s ability to return
to the Moon and begin the explo-
ration of Mars depends on two funda-
mental technologies: the restoration of
a heavy lift launch capability and the
redevelopment of a nuclear propul-
sion capability.

This nation had both of these capa-
bilities in the early 1970s. In addition
to these two areas, the 12 other tech-
nologies listed, if successfully devel-
oped, 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 out-
lined by the Synthesis Group's report.

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

2 NASA, Johnson Space Center, Code XE mem-
orandum dated January 11, 1991, “Preliminary
Heavy Lift Launch Vehicle (HLLV) Require-
ments for the Space Exploration Initiative,”
Norman H. Chaffee.



ORGANIZATION AND

ACQUISITION
MANAGEMENT

The Space Exploration Initiative
represents a major management chal-
lenge as well as a significant techno-
logical 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 acquisi-
tion approaches can have as great an
impact on program success as techno-
logical achievements. The manage-
ment challenge is to organize the
Initiative to a new standard of excel-
lence, employing innovative tech-
niques for ensuring efficiency and
effectiveness. The Space Exploration
Initiative will involve a number of
government departments in addition
to NASA. In support of efficient man-
agement, the acquisition procedures
employed by the Initiative should be
streamlined.

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 govern-
ment, 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

Exploration Initiative. The concept of
multi-agency participation is sup-
ported by the Presidential Space
Policy Directive issued by the
National Space Council in a memo-
randum dated February 21, 1990:

“The program 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 imple-
mentation strategy for the
[Space] Exploration Initiative by
the three agencies. To facilitate
coordination, the Department of
Energy will be added as a for-
mal member of the National
Space Council.”

History provides some basis for
what constitutes effective strategies in
major aerospace and other high tech-
nology programs. The Synthesis
Group reviewed numerous reports of
successful and unsuccessful pro-
grams, and studied various acquisi-
tion improvements and key factors
that helped reduce the cost of the
most successful aerospace programs.
Costing models often reflect these fac-
tors by employing cost growth algo-
rithms based upon inefficient man-
agement practices and decreasing
productivity. It is therefore essential
that any proposed management
structures address the elimination of
such inefficient practices. The pro-
posed management structure is based
on these studies and the goals out-
lined 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 gov-
ernment departments and agencies
would be added as the Initiative
matures.

The National Program Office will
become the instrument for NASA’s
Associate Administrator for Explora-
tion 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 por-
tion 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 contin-
ue to be performed by lead agencies.
Because of the Space Exploration
Initiative’s broad scope and multi-
agency involvement, effective man-
agement is needed. The Advisory
Committee on the Future of the U.S.
Space Program recommended the for-
mation of an Executive Committee of
the National Space Council. The pro-
posed committee, with the addition of
the Secretary of Energy, could pro-
vide a needed commitment to tech-
nology development and ensure
intra-agency development priority
and budgeting. Technology needs

would be based upon a National
Program Office technology plan,
addressing Space Exploration Initia-
tive 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 advice 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 appro-
priate that the Associate Admini-
strator 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 govern-
ment laboratories and the academic
community. As the activities of the
Space Exploration Initiative increase
in scope, in keeping with the current
organizational concept, it would
probably become necessary to realign
centers under the Associate Admini-
strator for Exploration. However,
with widely varying activities at the
centers in support of more than one
Associate Administrator, a manage-
ment structure with the field centers
reporting directly to the Administra-
tor 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 architecture
planning and requirements control.
The responsibilities at the headquar-
ters level are to identify key program
requirements and review the imple-
mentation of programs, but not exe-
cute the activities. Such detailed
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design and development is best
accomplished at the field levels.

The National Program Office
should develop a technology plan to
identify research priorities. This plan
would identify key technologies to be
initiated. The technology plan would
form a basis upon which interagency
commitment for technology develop-
ment would be established. In addi-
tion, the plan would establish a five-
year technology vision.

Consolidating federal resources,
where appropriate, and guarding
against the effects of institutional
aging and development of bureau-
cratic culture, will be key in deriving
the plan.

A formal requirements validation
process, controlled by the National
Program Office, is key to exercising
discipline during program planning
and execution. The requirements con-
trol and validation process will enable
the National Program Office to exer-
cise the discipline of configuration
management during technology
development.

Staff Functions

Staff functions, such as program
control, procurement and legal, will
provide the capability to prepare
consolidated budgets and provide
advice on acquisition streamlining
and procurement management.
Both procurement and legal func-
tions are usually not dedicated to
an organization. The autonomous
nature of the procurement system,
coupled with the commercial and
international opportunities, are per-
suasive arguments for including
these disciplines as dedicated
resources.

Other staff functions can be pro-
vided to support the Space Explora-
tion Initiative through a normal,
matrix organizational relationship.
The organization itself should evolve
to change the needed matrix disci-
plines to dedicated staff functions.

Field Level Support

Both from a program management
and cost efficiency standpoint, it is
essential that streamlined manage-
ment mechanisms are in place for the
Space Exploration Initiative. Field
support is key to the success of the
Space Exploration Initiative.

While the National Program Office
headquarters staff would be involved
in requirements definition and pro-
gram review and coordination, the
field level organizations are the focal
points for specific project design and
development. As a part of the National
Program Office, system engineering
and integration would be done in the
field, as the field centers have the
depth and technical expertise not
readily available at headquarters.
Streamlined channels of communica-
tion, including project authorization,
requirements, schedules, reporting
and funding, are critical. The Space
Exploration Initiative field center pro-
ject officers would report directly to
the respective program manager at
the National Program Office. Work at
the field level would be based upon a
contract-like agreement whereby the
institutional line of command would
be responsible for meeting the needs
of the various projects housed in its
facilities in an efficient manner.

Procurement and Acquisition
Issues

Numerous studies of the federal pro-
curement process, such as the
President’s Blue Ribbon Commission
on Defense Management Report,
indicate a need for improvement
which will lead to cost and time effi-
ciencies and still maintain the
integrity of the procurement system.
As was noted by the Advisory
Committee on the Future of the U.S.
Space Program, since 1965 the pro-
curement process has been impacted
by at least 125 public laws, Executive
Orders, Office of Management and
Budget circulars and Office of
Federal Procurement Policy letters.



These provisions generally require
implementation in the Federal
Acquisition Regulation and agency
supplements.

Review of federal and NASA pro-
curement regulations reveals that
there are over 200 clauses and provi-
sions applicable to a large dollar
value cost-type contract. The impact
of these regulations and policies is felt
not only at the prime contract level,
but flows down to even the lowest
tier subcontract. Private industry is
often discouraged from doing busi-
ness with the federal government
because of the complex and time-con-
suming procurement system and
associated costs.

In undertaking the Space Explora-
tion Initiative, NASA should be
authorized to tailor the existing pro-
curement system and devise new pro-

cedures to fit the needs of this major

new Initiative. Working with private
industry and other nations is critical
to the success of the Space Explora-
tion Initiative, and it should not be
stymied by an overly cumbersome
procurement process.

There are opportunities presently
within the authority of NASA to
streamline some of its functions. For
example, the expanded use of broad
agency announcements for research
and technology requirements can be
implemented “ander current authority
and will improve the efficiency of the
acquisition process.

Streamlined procedures, centering
on an autonomous procurement sys-
tem for the Space Exploration Initia-
tive under the authority of the Space
Act, should be implemented. Such a
system would entail the delegation by
the NASA Administrator of Head
Contracting Activity authority to the
National Program Office. (urrontlv,
the major NASA field centers have
been provided head contracting activ-
ity delegations with a $25 million lim-
itation of signature and approval
authority. This limitation should not
be imposed for the Space Exploration
Initiative, but other checks and bal-

ances should be built into the system
through a modified contract review
procedure.

The Space Exploration Initiative,
with the advice and assistance of
appropriate NASA headquarters staff
offices, will draft a comprehensive
description of its procurement proce-
dures under appropriate “Federal
Acquisition Regulation” and “NASA
FAR Supplement” provisions (except
as otherwise permitted by the pro-
posed pilot test program). This sys-
tem would then be reviewed and cer-
tified by the NASA Headquarters
Office of Procurement in a manner
similar to the approval of a prime
contractor’s procurement system.
Once the system is in place, the
National Program Office should have
the authority to manage its acquisi-
tion program.

The Assistant Administrator for
Procurement for NASA Headquarters
would retain the approval authority
for deviations from the NASA
Federal Acquisition Regulations
Supplement. Deviations, if any, from
the Federal Acquisition Regulations

Back to the Future
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would be processed through that
individual in a normal manner.

As an additional means to stream-
line and maximize procurement effi-
ciency, Congressional authorization
of a pilot test acquisition program
should be granted for the Space
Exploration Initiative similar to the
approval granted to the Department
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 pro-
grams are conducted in accordance
with standard commercial industrial
practices and allow the Department
of Defense to waive specified pro-
curement provisions. A similar pilot
program for the Space Exploration
Initiative would place greater reliance
on existing and proven acquisition
and management systems.

These procurement procedures
would be applicable to the Space
Exploration Initiative project offices at
NASA field centers and other partici-
pating federal agencies’ project
offices, as well as the National
Program Office.

International Opportunities

The opportunity for a number of
international cooperative ventures
will exist, and the complexity and
sensitivity of this function will
require professional staff support.
Options for cooperative participa-
tion with other spacefaring nations
are under consideration. Coop-
eration could well include flying life
sciences experiments or medical
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
from agencies and nations interest-
ed in space, the program office can

establish plans for the development
of common, international databases
for planetary information to facili-
tate the future exchange of informa-
tion obtained from precursor mis-
S10NS.

Commercial Opportunities

Commercial potential abounds within
the framework of the Space Explora-
tion Initiative. Launch services, com-
munications satellites, robotics, pro-
duction of materials in space for use
in space and on the Earth, and elec-
tronics technology are a few. These
activities may provide sources of long
term Space Exploration Initiative rev-
enue beyond the federal budget.
Opportunities for private citizen and
commercial sector investment should
be examined along with opportuni-
ties for state and local investment.

Plans should be developed for the
federal government to transition areas
of potential commercialization into
real commercial ventures. The Syn-
thesis Group’s architectures form the
foundation to identify facilities, ser-
vice activities and processes which
can be commercialized.

Because of its broad scope of tech-
nology and operation, the Space
Exploration Initiative presents myriad
new opportunities for commercializa-
tion. These should be explored with
industry during the early phases of
the Initiative and be developed to
their fullest potential. Joint govern-
ment and industry conferences
should be conducted at the earliest
opportunity following the approval
of Space Exploration Initiative fund-
ing. These conferences would provide
an essential forum for identifying
areas of commercial interest. Further
program planning would then be able
to integrate the commercial involve-
ment. This might take the form of



government funding of technology
and development in high risk areas
prior to commercial exploitation, cost-
sharing in some areas, or full com-
mercial funding in others where the
return on investment is readily appar-
ent.

Implementation

With the multi-agency nature of the
National Program Office, an Execu-
tive Order should be prepared and
issued to cite the basic charter of the
organization, the leadership role of
NASA, and the cooperative rela-
tionship among various govern-
mental departments and agencies.
The Executive Order should clearly
enumerate the staffing, budgeting,
and reporting relationships and
responsibilities of the affected agen-
cies.

A Journey into Tomorrow
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OPERATIONS AND

FACILITIES

Operational Assumptions

Operations capabilities and concepts
evolve over the life of the program

Mars operations are structured to ben-
efit from the lessons leamed from the
Moon operations

Advanced technology, as it becomes
available, enhances the ability to per-
form various missions and tasks

Multi-mission and multi-program oper-
ations require new management struc-
tures, emphasizing the coordination
and mutual dependencies of program
elements

A radiation hazard program establish-
es 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 plane-
tary surface environments are estab-
lished

Mission support elements are in place
and verified in operational tests prior to
required use

A formal site selection process is insti-
tuted for surface landing site selection

In situ resource utilization on the planet
surface is successfully demonstrated
prior to being required for routine oper-
ations

Abort capability is assured throughout
all phases of the Space Exploration
Initiative

Closed loop life support requirements
enroute and on planet surfaces are
successfully demonstrated prior to
being required for operations

Necessary communication, navigation
and data handling systems evolve

lements common to all architec-

tures are operations, communi-

cations, navigation and facilities.
Specific operations might differ be-
cause of the varying requirements of an
architecture or operational capability.

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 phas-
es, as defined by the four architec-
tures.

Philosophy

The operational philosophy is based
upon ensuring simple management
and technical interfaces. Operational
control is placed at the location (clos-
est to the required actions) having
adequate information and situation
awareness to make decisions. During
a Mars mission, for example, with
communication round trip delays of
up to 40 minutes, many critical opera-
tional decisions will be made by the
crew.

Reliability, redundancy, simplicity
and modularity must be incorporated
in the structure and design of sys-
tems. A thorough test and evaluation
program, along with a proof of con-
cept and validation phase, is also
essential and should be implemented
throughout the Space Exploration
Initiative. Operations support must
begin early in the development stage
and operational considerations should
be incorporated in the planning and
design phases to reduce operational
risks and costs over the program life-
time.

Operations Concepts

An operations concept has been
developed for each architecture. The
operation requirements common to
all architectures are:

e Command and control assign-
ed to the crew as appropriate

e On-orbit test and verification

e  Nosingle person surface
operations

e Manual override of critical
automated systems

¢ Graceful system degradation

The phases of implementation 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 commander, based on mis-
sion planning and available support.

Precursor missions provide many
of the support elements. Precursors
include missions for logistics, com-
munications, meteorological experi-
ments 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
accomplished only after human
exploration of the designated sites.
Robotics and telerobotics perform
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 autono-
my greatly enhance operations as
well as improve their flexibility and
efficiency. Mission control operation
elements include:

¢ (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 must have
the capability to monitor and control
all safety-critical functions during
normal and contingency operations
without ground support. Inflight
operations are:

*  Maneuvering spacecraft
— Flight control and guidance
- Rendezvous and docking

e Proficiency training
* Maintenance

¢ Navigation

e System monitoring
e Life sciences

*  Astronomy

Transfer Operations

Descent operations to the planet sur-
face require precise landing naviga-
tion and descent control to a
predetermined site. Ascent from the
planet surface requires precise navi-
gation, control, rendezvous and dock-
ing. Descent and ascent vehicle
operations will be automated to the
maximum degree possible with the
crew having the ability to intervene
manually.

Surface Operations

A structured crew organization is
required to coordinate and accom-
plish planning, mission objectives and
other duties. While mission planning

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 oper-
ations. 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 mission objectives provided
from Earth are modified 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 mission objectives as
modified by the mission commander.
A cyclic pattern of established opera-
tions is also utilized for most activities,
including periods for maintenance,
housekeeping, rest and recreation.

An essential component of explo-
ration 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 peri-
ods. Flexible scheduling and mission
control are key to successful surface
operations. The astronauts must have
as much autonomy as possible to
determine 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 essen-
tial if significant 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

System design is kept as simple as
possible to permit mission objectives
to be completed in a safe and timely
manner. Reliable designs and multi-
ple levels of parallel redundant
systems 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 sup-
port

* Command and control

* Mission planning, manage-
ment and execution

¢ Integration and coordina-
tion of all mission objec-
tives and segments

* Integrated logistics sup-
port

e Systems monitoring and
support
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Preflight
» Leadership training

* Training analogs (e.g., field
geology training)

* Simulation concepts for
field and part task training

¢ Contingency training for
failure models and emer-
gencies

Inflight
» Systems training

¢ Part task training

* Periodic emergency train-
ing

* Simulation for Mars opera-
tions

* Mission activity training
(e.g., surface equipment
training, geology training,
etc.)

Mission Control and Support

* Integrated throughout all
phases

Ground Support and Facilities

¢ Integrated throughout all
phases

quirements must be standard. Spares
are only required for certain designat-
ed critical items. No system should
be designed to preclude repair or
maintenance assessments. Also,
improved maintenance concepts
must be developed for support of
facilities and vehicles during long
term surface operations.

Training
The astronauts needed to support the
lunar and Mars missions will require
a variety of skills. Piloting skills will
be a prerequisite for performing the
various space maneuvers and tasks
associated with the landings on the
Moon and Mars, the ascents, ren-
dezvous and dockings. The lunar
and Mars surface activities will
require crews well trained in extrave-
hicular activity; mission specialist
astronauts with science skills, such as
geology and life sciences; as well as
mission specialists with engineering
and construction skills.

It will be important to constitute a
cadre of astronauts with the prerequi-

site skills well in advance of the initial
lunar landing. It will be equally
important to constitute a training pro-
gram to insure pilots and mission spe-
cialists are trained on the various
surface tasks to insure the effective
utilization of personnel.

A training plan provides a struc-
tured and systematic process for all
mission increments. The Mars mis-
sions require new approaches to
inflight proficiency training. The
capability for the crew to conduct
ascent, descent and transfer simula-
tions using the cockpit of the transfer
vehicle for the simulation enhances
the ability to train for Mars operations.

Communications and
Information Systems Support

The four architectures described
require effective, efficient communi-
cations and information systems. A
viable system monitors and controls
mission elements, provides science
data return and provides radiometric
support for navigation. This support

Zevo Gravity Training in the
Neutral Buoyancy Tank
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requires reliability, consistent with
human spaceflight, capable of insuring
support to all key mission elements.

An important objective of the
Space Exploration Initiative is to dis-
seminate information to the public.
This includes involvement of educa-
tional 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 accommo-
date these requirements.

NASA already has a significant
capability for tracking and data acqui-
sition, data distribution and infor-
mation 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 system
standards be selected which are con-
sistent with all the systems support-
ing other civil space missions.

The NASA Tracking and Data
Relay Satellite System and the in-
frastructure 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 radiometric data for navigation.
Based on accessibility, risk and an
expected lower implementation cost,
Earth-based antennas are baselined to
meet the lunar communications re-
quirements. This approach assumes
the installation of two 34 m anten-
nas 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 sup-
port to the main base, then the outly-
ing 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 addition-
al ground terminals.

Lunar surface communication
between elements within a 10 km
radius around the main base are pro-
vided by a surface terminal also pro-
viding the communications connection
to the Earth stations. Communica-
tions between the main base and ele-
ments 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 re-
quired, to accommodate lunar mis-
sion requirements.

Mars Communications
Providing communications for the
Martian missions is considerably
more challenging than for lunar mis-
sions. Mars can be as much as 1,000
times more distant from Earth than
the Moon, which results in a spatial
signal loss one million 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 reconnaissance orbiters
*  Mars global network

* Cargo flights supporting
human missions

e  Human missions

93



OPERATIONS AND FACILITIES

Figure 1

Mars synchronous relay satellites
could be used to provide continuous
coverage of Mars surface elements as
well as orbital elements. The Martian
main base and piloted Mars vehicle
should also have the capability of
communicating directly with Earth
when in view.

The Deep Space Network stations
could provide support to in-transit
spacecraft, the relay satellites and sur-
face elements. In considering the data
volume requirements, space element
power levels and antenna sizing, it
was concluded that K-band could be
used for the Mars communications
system. Due to the distance to Mars,
the communications system is con-
strained in the volume of data that
can be transmitted. A 5 m diameter
antenna at Mars, transmitting 70
watts to a 70 m antenna on Earth,

would provide a data rate of 10
Mbps. For cost and redundancy rea-
sons, four 34 m antennas were chosen
to provide the equivalent aperture of
a 70 m dish. This configuration will
require the addition of four 34 m
antennas at each Deep Space Network
location.

X-band would be used for the for-
ward link, since that technology exists
in the Deep Space Network and
meets the data requirements with
growth to approximately 10 Mbps. It
is expected that all local Mars posi-
tions would use K-band for inter-ele-
ment communications.

The Deep Space Network radio-
metric navigation capabilities will be
used to provide updates to onboard
systems for all missions. As with the
lunar case, the NASA institutional
data processing and distribution sys-
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tem will require a capacity increase to
accommodate the Mars missions.

Given the communication delay
times and the requirement for mis-
sion control to be largely a function
performed by the crew, the local com-
munications system at Mars will also
be rather complex and should operate
automatically, having only minimal
interaction with Earth terminals. This
represents perhaps the greatest chal-
lenge in implementing the communi-
cations infrastructure for the Mars
missions. The relay satellites at Mars
must automatically perform onboard
signal acquisition, tracking, handover,
etc. Figure 1 illustrates both the lunar
and Martian communications net-
works.

Navigation

The missions to the Moon and Mars
will require navigation support be-
yond low Earth orbit in the following
general areas:

e Enroute

* Orbital operation

* Landing

* Surface operation

e Ascent

* Rendezvous and docking
* Earth entry and landing

Planetary missions are currently sup-
ported by the Earth-based navigation
capability of NASA’s Deep Space
Network. This system provides state
vector information by processing
Deep Space Network tracking data
and onboard optical data at a central
navigation center. For the Space
Exploration Initiative program, it is
expected that a navigation center will
be established as part of a central con-
trol facility which will be supported
by an upgraded Deep Space Network
system. Based upon the lunar mis-

sions contained in the proposed
architectures that confine surface
operations to the near side, it is
expected that an Earth-based system
can meet the navigation require-
ments. The navigation center will
provide state vector updates to the
spacecraft onboard inertial systems
and position information for surface
elements.

The Mars missions will have real
time in situ navigation needs that can-
not be met by an Earth-based system
due to the communication delay
times. This requires the primary mis-
sion elements to have an onboard
navigation computation capability. It
is envisioned that the Earth-based
system would provide the primary
navigation updates during most of
the transit time to Mars. When the
spacecraft nears the planet, the
onboard system becomes primary
and uses measurements taken from
radio sources such as relay satellites,
surface beacons and optical observa-
tions of the Martian moons and stars.

While on the surface, the onboard
system provides real time navigation
support services based upon Mars-
centered parameters. Surface naviga-
tion for rovers, calibration of surface
beacons, and backup of the in situ
system will be provided by the Earth
system. The Earth system would also
provide the primary support for the
return and Earth entry and landing,

Facilities

The architectures outlined require the
support of a substantial number of
Earth-based facilities. Since the Space
Exploration Initiative touches virtual-
ly every scientific field and engineer-
ing discipline, there is a need of a like
range of facilities, from a simple track
for testing rovers to a highly sophisti-
cated facility for developing long
term blood storage capabilities, and
related technologies. Many of these
facilities presently exist throughout
industry, government and academia,

Surveyor Il and Astronaut with Lunar
Excursion Module, Apollo XII
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Kennedy Space Center Launch Facilities

though some will require modifica-
tion. New facilities are also required.

Heavy Lift Launch Vehicle Facilities
The development, manufacture,
assembly and test of the heavy lift
launch vehicle is as essential as Saturn
V was for the Apollo program.

However, with the experience that
has been gained on Saturn and subse-
quent programs, it will not be as
formidable as the Saturn program
was in the 1960s.

Launch Facilities

To support the Space Exploration
Initiative operations at the Kennedy
Space Center, a minimum of two
launch pads will be required to sup-
port an additional launch rate of eight
to 12 launches per year for the Mars
mission. This assumes continued use
of existing pads to support launches
for the Space Shuttle and expendable
launch vehicles. Four transporters
and two new vertical assembly build-
ing cells, or a new building, would be
needed for the parallel processing of
two heavy lift launch vehicles.

Nuclear Test Facilities

Facility requirements associated with
nuclear technology development
include reactors for testing fuel ele-
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ment concepts, assembly facilities for
developing reactors, and integrated
ground testing facilities. Much of the
reactor development activity can take
place within existing governmental or
commercial nuclear research facilities.
Multiple facilities may be necessary to
support the parallel development of
both nuclear power and nuclear
propulsion systems.

Development testing of nuclear
thermal rockets will require new test
facilities with the capability to remove
any radioactive nuclei from the
exhaust.

Space Radiation Test Facility

The Initiative requires a definitive
assessment of the radiation risks
incurred in space environments. To
support this assessment, accelerator
facilities capable of simulating galac-
tic cosmic radiation and solar particle
events of appropriate energies are
required. These facilities will be used
to obtain measurements of radiation
effects on biological samples to pro-
vide a well-correlated database with
space experiments effects. They will
also be used to investigate the energy,
particle type and reaction mechanism
dependencies to support the develop-
ment of an integrated biological
model for use in space radiation risk
assessment.

The one facility in the U.S. capable
of providing simulated heavy ele-
ment radiations of appropriate ener-
gies, the Berkeley Bevalac, will be
decommissioned for nuclear physics
in 1992. A new facility, the Brook-
haven Booster, presently under con-
struction, will be commissioned in
1994.

Closed Loop Life Support System
Test Facility

The development of a closed life sup-
port system for Moon and Mars
habitats represents a significant tech-
nological challenge to the Space
Exploration Initiative. A facility is
required to test and verify subsystem
and integrated system technologies



and to verify long term efficiency and
reliability of the closed life support
system design.

In situ Resource Utilization Facilities
The development of in situ resource
utilization techniques for process
engineering requires a facility to sup-
port development and validation of
techniques (including the collection of
volatiles from lunar regolith) and
demonstration units.

Command and Control Center
Facilities

The control of the Moon and Mars
missions differs significantly from
previous missions flown because of
the duration of the missions and the
communications delay to Mars, as
well as the desire to use the Moon to
simulate and verify Mars operational
protocols. As a result, operations will
have a higher degree of autonomy for
command and control of critical func-
tions and the planning of near term
activities. However, certain functions
and activities must still be conducted
and supported on the Earth, so there
is the need for a central control facility
to support these functions. Advances
in technology and autonomy will
greatly improve the flexibility and
efficiency of operations.

The central control center must
have a supporting communications
infrastructure, allowing communica-
tion with the launch control center,
vehicles on the pad, vehicles in low
Earth orbit, other supporting ground
control centers and installations, vehi-
cles enroute to the Moon or Mars and
surface facilities on the Moon or Mars.
In addition, the control center must be
capable of tying in with simulators to
simulate mission scenarios. The expe-
riences gained from Apollo and the
Space Shuttle clearly emphasize the
importance and advantages of having
the simulation facilities at the same
site as the control center for logistics
and communication support as well
as for ensuring integrated crew and

flight operations planning and train-
ing.

Training Facilities

High fidelity simulators are necessary
to train crews to operate together as
teams. Although static mockups,
computer simulations and motion
based vehicle simulators can be used
to augment training prior to flight, all
piloted vehicles must have an embed-
ded training simulation mode so that
proficiency training of critical maneu-
vers for the crew can be an ongoing
process. These allow the crew
approaching Mars to continue ren-
dezvous and docking training and to
conduct ascent, descent and transfer
simulations. The crew can also prac-
tice ascent simulations in the Mars
lander prior to departure from the
planetary surface. Rovers, likewise,
could have a simulation mode so that
crew members can maintain profi-
ciency on operational techniques in
the simulation mode before venturing
out onto the planetary surface.
Computer simulations will also be
available on board for payload and
other proficiency training.

High fidelity Earth-based simula-
tors are required for all piloted trans-
fer vehicles, landers, rovers and
robotic or telerobotic support equip-
ment. These would include static and
motion-based simulators.

Geology training would be accom-
plished at appropriate locations on
Earth as was done for Apollo, to pre-
pare for exploration activities on the
Moon and on Mars.

Apollo Astronant Geology Training
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Space Shuttle Medical Evaluations

he Space Exploration Initiative

represents a major evolution in

scope when compared to any
previous human spaceflight program.
The Mercury program was designed
primarily to demonstrate the feasibili-
ty of human spaceflight, and succes-
sive efforts have progressively
expanded our understanding of
human response to spaceflight.

Health maintenance and medical
care will be crucial to the Space
Exploration Initiative. Missions to the
Moon and Mars will expose crew
members to reduced gravity and to
radiation, both potentially harmful.
Human factors considerations are
important for crew selection, interper-
sonal relationships, and human-
machine interfaces. These and other
factors must be reflected in the design
of space vehicles and missions for
human exploration.

Spaceflight Deconditioning

The experience from both the U.S.
and Soviet programs has shown that
zero gravity has profound and varied
effects on human physiology, result-

ing in a broad range of responses that
vary in nature according to the dura-
tion of exposure and use of counter-
measures. This process of adaptive
responses, termed “spaceflight decon-
ditioning,” can compromise mission
objectives if not appropriately man-
aged. The key physiological systems
affected by extended exposure
include:

The Cardiovascular System: This
system undergoes a complex adapta-
tion which includes both functional
and structural changes. Primary
operational concerns involve low
blood pressure and abnormal heart
rhythm.

The Musculoskeletal System: Bones
and muscles lose mass in space. Bone
loss also results in an increased risk of
kidney stones and an increased risk of
fracture in flight as well as post-flight.

The Neurological System: The neu-
rological system undergoes an adap-
tation which results in a number of
concerns. Space motion sickness can
occur early in flight and can be a
problem until the body adapts to zero
gravity.

The Hematological, Immunological
and Endocrine Systems: Anemia and
immune system dysfunction need to
be studied further to understand the
long term medical implications. The
human endocrine system, affected in
a multitude of ways which could
impact crew health, requires further
study.

Extended exposure to zero gravity
results in profound changes in human
physiology. This must be understood
in order to modify the course of
spaceflight degonchtlomng, and enable
the delivery of medical care in space,
since acute medical care decisions are
often based on changes in underlying
physiological indices.

Another concern is the effect of
reduced gravity on a crew member



already deconditioned by exposure to
zero gravity. The crew must have
adequate physiological reserve to per-
form assigned duties.

The effects of deconditioning from
extended stays on planetary surfaces
also needs to be better understood to
determine if there are any adverse
effects on crew performance during
long missions.

Space Radiation

The Space Exploration Initiative pro-
gram requires understanding and
management of space radiation haz-
ards. A multidisciplinary radiation
issues research program involving
solar physics, nuclear physics, radio-
biology, and pmbahlhlv risk assess-
ment will have a major influence on
spacecraft design, habitats and mis-
sion planning. Such a program
should be able to qualitatively and
quantitatively determine the energy,
particle type, and reaction mechanism
dependencies necessary for biological
and mechanical space radiation risk
assessment. Generation of additional
physics data characterizing galactic
cosmic radiation, solar particle events,
and solar dynamics will enable the
development of reliable predictive
models of the radiation environment.

Uncertainties in these radiation
effects on cells, tissue and small organ-
isms could be reduced by simula-
tions using the Bevalac at the
Berkeley Radiation Laboratory or
the Brookhaven Booster Facility.
Radiation shielding requirements
should be established with an inter-
agency effort between NASA, the
Department of Energy, and the
Department of Defense. Ground and
space-based facilities and programs
must be started now to be in place and
fully operational by 1995. An
expanded ground based simulation
program will be used as a basis for
radiation environment and shielding
models; however, space experiments
will be needed for validation.

Medical Care

Within the U.S. space program,
inflight medical illness has resulted
on]\' in minor mission impacts. In
contrast, the Soviet Space program,
where missions are often lengthy, has
been impacted by inflight medical
contingencies. Their contingencies
resulted in either a mission abort or
replanning on several occasions.
While prcdutmw the likelihood of
medical illness or injury inflight is dif-
ficult, it is reasonable to assume that
medical contingencies will probably
occur in the course of an ambitious
and sustained exploration program.

The objective of inflight medical
care is one of risk management. Crew
health can be affected by a number of
factors.

Given that crew illness or injury
has the potential to impact mission
objectives and crew productivity, an
adequate medical care Lapﬂblllt\’
should be provided for all phases of
the exploration program. Computer-

Solar Eruption Photographed from Skylab
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based medical and compact diagnos-
tic systems, extended life pharmaceu-
ticals, blood substitutes (or freeze-
dried blood) are needed for the Mars
missions.

Life Support Systems

Conducting operations in space
requires that provisions be made for
protecting people from its hostile
environment. Human physiology
possesses a remarkable degree of
adaptability, but humans can only
survive in an environment character-
ized by rather narrow thermal and
atmospheric limits. The materials
needed to sustain life can either be
brought from Earth or, with the right
technology, created in place from
wastes or in situ resources. This
tradeoff between logistical resupply,
regeneration and manufacturing is
embodied by the concept of loop clo-
sure.

U.S. space programs to date have
employed open loop system design,
with no reuse of waste products.
Wastes are stored for return to Earth
or are vented overboard from the
spacecraft. Initial efforts at partial
water loop closure have been under-
taken on the Soviet Mir station.
However, further work on the type of
closed loop systems critical to the suc-
cess of the Initiative needs to be
accomplished. Creation of closed
loop life support systems based on
regeneration of waste products repre-
sents a radical departure from the
existing experience.

The cost of resupplying open loop
life support systems for the conduct
of extended duration missions or
operations away from the support
systems of Earth may lead to closed
loop life support systems becoming a
requirement. In order to limit the
requirement for life support consum-
ables, certain components of the
waste stream must be recycled.

The basic subsystem functions tra-
ditionally included in life support
include the following:

*  Temperature and humidity
control

¢ Atmosphere control and
supply

* Atmosphere revitalization

¢ Water reclamation and
management

¢ Waste processing

¢ Fire detection and suppres-
sion

These activities form the basis of
the Environmental Control and Life
Support System. Other life support
functions which must be addressed
include food supplies, system control,
and local resource utilization.

The design of the Environmental
Control and Life Support System is
interrelated with a number of key
operational considerations. Most
important of these is the selection of
the atmospheric parameters for explo-
ration spacecraft and habitats. The
selection of a hypobaric, normoxic
atmosphere, such as utilized for
Skylab (5 psi total pressure with an
approximate 70/30% mixture of oxy-
gen and nitrogen, respectively),
allows the principal advantage of con-
ducting extravehicular activities with
minimal prebreathing. Another bene-
fit of a lower operating pressure is
reduced leakage rates.

The main drawback outside of
unknown, long term physiological
effects, is reduced cooling and heat
dissipation. While a reduced pres-
sure, oxygen-enriched atmosphere
results in concentrations of oxygen
which are equivalent to sea level
atmosphere, the body is subject to a



total pressure which is approximately
one-third of that on Earth. Although
the Skylab missions have demonstrat-
ed the feasibility of working in
reduced pressure for up to 84 days, a
number of physiological changes
have been documented.

The physiological effects of living
in hypobaric environments for
extended periods of time are not
known at present. While they do not
appear to result in any gross disrup-
tion of physiological processes, the
long term effects and the interaction
with the effects of zero gravity expo-
sure need to be characterized. The
effects of extended hypobaric expo-
sure should be studied as a compo-
nent of a ground-based research pro-
gram. Specialized facilities such as
altitude chambers will be utilized for
this research.

The development of life support
systems with high efficiency and
reliability represents the area of
greatest technical emphasis in the
life sciences area. A developmental
program should focus on both sub-
system and integrated system tech-
n()l();_,wq, as well as a core research
program to evaluate applicable physi-
cal-chemical processes.

Human Factors

Human factors address the issues rel-
evant to human interface with a vari-
ety of systems. In the past two
decades, there has been an increasing
awareness of the value of human fac-
tors in the design of work environ-
ments. The missions proposed in the
exploration program would expose
crew members to a unique combina-
tion of stresses and hazards for long
periods of time. Effective integration
of human factors considerations into
mission design results in two primary
accomplishments: a) the human
would be physically and mentally
able to do the tasks outlined, and b)

all the systems, equipment, space-
craft, rovers, vehicles, tools, etc., will
be designed so the tasks can be effi-
ciently accomplished.

Specific human factors issues
include:

e Habitat design, including
usable volume and space
allocation

¢ Human-machine interfaces

* Psychological and psychoso-
cial considerations, such as
crew selection, small group
dynamics, provision for
recreation and optimal crew
size and mix

¢ Environmental and physical
considerations such as light-
ing and ventilation

Astronaut Loading Equipment on Lunar Rover,

Apollo XVI
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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 numer-
ous challenges relative to previous
programs.

Space Station Freedom can repre-
sent the transition within the U.S.
space effort to a sustained presence in
low Earth orbit. Planning for explo-
ration 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 capa-
bilities, particularly spaceflight decon-
ditioning countermeasures, the devel-
opment 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 Program
recommended that “the justifying
objectives of Space Station Freedom
should be reduced to two: primarily
life sciences, and secondarily micro-
gravity experimentation.” If this rec-
ommendation 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 programmat-
ic changes call into question the avail-
ability of life science data in a timely
manner.

Missions to the Moon can be initi-
ated 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 mis-
sion. 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 require-
ments. There is a compelling argu-
ment for the deployment of a first-
generation Mars transfer vehicle

(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 pro-
visions developed for Mars excur-
sions and conduct of radiobiological
experiments to refine dose-effect
models.

The use of the Mars transfer vehi-
cle, in conjunction with a surface
emplacement on the Moon, would
allow mission-critical studies into the
physiological effects of fractional
Earth-normal gravitational exposures
following extended zero gravity
stays. This objective can be accom-
plished with a high degree of opera-
tional fidelity on the Moon, and the
ready access to zero gravity or frac-
tional gravity would permit 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 number of other key missions
in addition to life science activities,
including simulations of Mars mis-
sions 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 plat-
form for developing and testing zero
gravity countermeasures and validat-
ing life support system hardware. An



aggressive ground-based research
effort will be a critical element, lever-
aging the effectiveness of inflight
investigations.

The recent increase in joint U.S.
and Soviet cooperation in the life sci-
ences is an encouraging development.
For the present, Mir represents the
only extended duration spacecraft in

operation, and access to Soviet crews
for joint medical studies represents a
tremendous windfall that adds to the
existing knowledge base. This
resource represents a timely start on
key medical and physiological con-
cerns and should be aggressively pur-
sued.

Skylab Bicycle Ergometer
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EDUCATION

“The Space Exploration Initia-
tive is the cornerstone of my
administration’s far-reaching
plan for investing in America’s
future. .. Our space program
will help rekindle public inter-
est in science and mathematics,
and revitalize an area of our
educational system. ..”

President George Bush

President Bush at Space Camp
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n the United States today, mount-

ing evidence shows a significant

decline in the quality of education
in science and related fields, including
mathematics, engineering and technol-
ogy. In a recent Columbia University
Teachers’ College study, American
students ranked in last place among
16 countries in overall performance in
science.

Since 1986, fewer American college
students are earning degrees in sci-
ence and engineering, a trend which
is projected to continue through the
end of the century. The National
Science Board estimates that the
demand for scientists and engineers
will increase by about 34% during the
next decade, while the total number
being trained will increase by only
8.5%. Therefore, the country will
need scientists and engineers in
greater proportion to the number of
graduates. Moreover, these estimates
do not include the anticipated needs of
the Space Exploration Initiative.

Poor student performance, project-
ed work force shortages and public
scientific illiteracy are drawing atten-
tion to the need for rejuvenation and
reform in the American educational
system. Speaking before the nation’s
governors in 1989, President Bush
articulated six goals for American
education. A major goal was that U.S.
students should be number one in
math and science in the world by the
year 2000.

The Role of the Space
Exploration Initiative in
American Education

The Initiative has much to offer
American educational efforts, and at
the same time, the Initiative depends
on effective education for success.
The excitement of space explo-
ration continues to capture the imagi-
nation of young people, as it did
during the Apollo era. The Space




Exploration Initiative provides a way
to excite the minds of the nation’s stu-
dents, attracting them to the study of
mathematics and science; it also pro-
vides a vision for the future, giving
focus and application for mathemat-
ics and science studies. Additionally,
the new discoveries from the Space
Exploration Initiative will lead to new
developments in science. In much the
same way, the technical requirements
of the Space Exploration Initiative will
spur new engineering and technology
developments. Finally, the Space
Exploration Initiative will foster new
information management and com-
munications 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,
mathematics, engineering and tech-
nology 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 technically competent work
force to build, maintain and operate
them. A well-prepared work force
should be considered as necessary to
the fulfillment of the Space Explora-
tion Initiative as any technical chal-
lenge.

The Benefits

Historically, well-educated, technical-
ly sophisticated nations have led the
world, providing the best standards
of living and opportunities for their
people. Improving mathematics, sci-
ence, engineering and technology
education in the United States will
impact all areas of American life. In
the broadest sense, more Americans
would have an improved under-
standing 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 technically
competent work force. In turn, tomor-

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 com-
petitiveness and our position as lead-
ers in the world.

The Education Process

To provide for the scientists, engi-
neers and technicians of the future,
the challenge is twofold: first, to
attract young students to mathemat-
ics and science, and second, to keep
them from leaving the field. The chal-
lenges 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 inter-
est 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 which the Space Explora-
tion Initiative can draw its future
workers.

Beyond the second year of college,
the relationship between the Space
Exploration Initiative and education
becomes 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 tech-
nological developments on which the
Space Exploration Initiative is built.

Future students will need to appre-
ciate and select career opportunities
in science and technology. Many dif-
ferent 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 per-
sonal interest, which can be fostered

105



EDUCATION

106

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 addi-
tion, career guidance and counseling
can have a deciding influence. Most
importantly, however, career choices
are determined by the availability of
jobs. The Space Exploration Initiative
promises a great opportunity for the
employment of future scientists and
engineers.

In reality, many of the young sci-
entists and engineers will have
careers outside the Space Exploration
Initiative. They will have benefited
from the improvements to the overall
mathematics, 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 sec-
tors of society. By coordinating the
efforts of federal, state and local gov-
ernments with the private sector and
academia, duplication of effort can be
avoided and the efficient use of avail-
able resources will put support
where it is most needed. The Space
Exploration Initiative is a multi-agen-
cy program and should draw upon
the resources of all government par-
ticipants. Nearly every organization
or group can expect to benefit from
the Space Exploration Initiative and
its programs.

Leverage resources. The decline of
American science education is a prob-
lem of national scope. Neither NASA
nor any other single government
agency can be expected to solely sup-
port its rejuvenation. However, the
Space Exploration Initiative organiza-
tion could provide both the inspira-
tional leadership and provide seeds of

support to foster educational activi-
ties 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 col-
leges, and local organizations for sup-
port, materials and manpower.

Provide support for under-repre-
sented minorities. A recent study
shows that 68% of the work force in
the year 2000 will be made up of
women and minorities. The changing
demographics of the labor force
demand 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 minorities.

Make connections to non-technical
fields. The Space Exploration Initia-
tive is an endeavor for the entire
nation, not just for scientists and engi-
neers. 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 deep-
er 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 adminis-
tered in close partnership with other
federal initiatives.

The Education and Human Re-
sources Committee 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 pri-
orities for the future, their report
includes a comprehensive inventory



of mathematics and science education
programs and activities across the
entire federal government.

The Space Exploration Initiative
education program should actively
participate in the activities of the
Federal Coordinating Council for
Science, Engineering and Technology
Committee on Education and Human
Resources. The Space Exploration
Initiative serves as a catalyst for this
education reform. These efforts
include teacher preparation, curricu-
lum reform, research and develop-
ment on teaching and learning,
materials generation, evaluation, dis-
semination and technical assistance.
The Space Exploration Initiative pro-
gram should not attempt to duplicate
these efforts.

Over the longer term, the Space
Exploration Initiative kindergarten
through the second year of college
education program should work
closely with professional educators to
develop curricular materials for use in
the classroom.

Specifically, the kindergarten
through second year of college educa-
tion program should:

Contract for the development of
classroom materials. Separate materi-
als should be developed to draw the
connection between space cxplnmtion
and traditional mathematics and sci-
ences, and emphasize the unique
aspects of exploration which do not
strictly fall under mathematics and
science, including robotics, technolo-
gies, living in space, problem solving
and the role of exploration in history.

Conduct supplemental teacher
workshops to provide innovative
ways to demonstrate the impact of
the Space Exploration Initiative on
motivating students into science and
mathematics.

Expand the means to maximize the
usefulness of space communications
technologies, such as television
broadcast providing coverage of
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NASA activities (NASA Select), to
directly communicate space activities
to the classroom. This includes both
background materials and live class-
room-in-space activities.

Foster relationships with non-gov-
ernmental organizations such as the
National Parent-Teacher Association,
professional societies, business organi-
zations, etc., and participate in their
educational activities by providing
materials, speakers and guidance.

Provide incentives for school mathe-
matics and science competitions. For
example, NASA could provide for
trips to a launch of the Space Shuttle
at Kennedy Space Center for local sci-
ence/mathematics contest winners
from around the country. Such
rewards could spark significant inter-
est for little investment.

University Research

From the formation of NASA until
the mid-60s, there was a concerted
program aimed at supporting basic
research at the nation’s colleges and
universities. This program succeeded
in producing young scientists and
engineers who made significant con-
tributions to space programs of the
next 25 years. It also formed a strong
alliance between NASA and the aca-
demic community and provided a
broad base of support for space explo-
ration. As NASA funding for univer-
sity research decreased in the late 60s
and 70s, the number of people choos-
ing to study science and engineering
also decreased.

Support during this period consist-
ed of contracts, grants and fellow-
ships designed to provide sustained
support to basic research teams.
Included in the grants were capital
funds for buildings and equipment to
rebuild an aging university infrastruc-
ture.

The Space Exploration
Initiative University Program

Excellence in research is the goal of
the Space Exploration Initiative uni-
versity program. This program should
be revitalized as it was for Apollo and
should again include contracts, grants,
fellowships and cooperatives to sup-
port basic research. As the Space
Exploration Initiative matures, the
research objectives will change to
match the needs of the Initiative. From
basic independent research through
specific project support, the Space
Exploration Initiative university pro-
gram must participate with other
national programs to intellectually
stimulate and inspire our young
researchers — producing scientists
and engineers to meet national needs.

Classroom knowledge must be
combined with practical application,
through laboratory projects and /or
work in various government agencies
and industry to provide the educa-
tional foundation for this excellence.

Regenerating and augmenting pre-
viously successful university pro-
grams, to include adequate funding
and support, are key to implementa-
tion.

Specifically, the university pro-
gram must recognize the need for a
long term commitment to provide the
technically educated work force need-
ed to support the Space Exploration
Initiative and national technology
progress. The long term plan should:

Sponsor basic research in targeted
areas through Announcements of
Opportunity. A continual peer
review process will maximize the
return, encouraging the continuation
of promising research, while termi-
nating that which is less promising,.
This process insures participation
from the widest possible group of the
universities and researchers.



Support should include the pur-
chase of equipment. To provide for
the most profitable research, universi-
ties must have access to modern
equipment. Further, linkage between
universities, government agencies
and national laboratories can maxi-
mize facility use while providing
access to equipment and technical
personnel to the universities.

Coordinate university activities
with government laboratories and
industry. Through exchange pro-
grams, such as cooperative programs,
internships, research grants, project
contracts, and the centers of excel-
lence, students gain practical experi-
ence 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 universi-
ty program must recognize the
importance of commitment to gradu-
ate 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 govern-
ment 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 pro-
grams and activities.

Industry can play an important
role in reaching and developing stu-
dents 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 con-
tribution 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 inexpen-
sive 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 competi-
tiveness of the company.

Informal Education and
Public Outreach

Beyond the classroom, a wide range
of informal space-related materi-
als, activities and organizations
exist. With the growth of the Space
Exploration Initiative and increased
public participation, additional inter-
est will be generated in these activi-
ties.

Informal educational opportunities
include:

Space Organizations. Over the past
decades, numerous space-focused
organizations have formed, including
grassroots organizations, camps,
museums 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 organi-
zations provide opportunities for par-
ticipatory learning.

Educational Media. Educational
television networks, available
through cable and satellite transmis-
sion, represent an important infor-
mal educational resource, readily
available for public viewing. NASA
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Select television falls into this cate-
gory and represents a vastly under-
utilized resource.

Entertainment Media. Beyond the
educational media, entertainment
media such as movies and television
provide a powerful means to spark
the public’s imagination and generate
interest in space endeavors.

Informational Databases. A num-
ber of informational databases are
available to individuals by computer
and modem connection. Public sys-
tems, such as NASA-LINK, operated
by the Marshall Space Flight Center,
and Space-Net, operated by the U.S.
Space Foundation, are examples of
this resource. In addition, commercial
and private electronic bulletin boards
provide technical information, file-
sharing and message exchange capa-
bilities throughout the nation.

Public awareness and appreciation
of space activities is important to the
Space Exploration Initiative. The
National Program Office can support
these informal education activities by:

1) Increasing public awareness
of the many educational
opportunities available and
providing information on
how they can be readily
accessed

2) Supporting the programs
and activities of space-orient-
ed interest groups by provid-
ing materials, guidance and
speakers

3) Providing short term seed
money in the form of small
grants to new informal edu-
cation initiatives, to encour-
age the development of
activities in local communi-
ties

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 emphasize
the many ways in which an active
space exploration program con-
tributes to the general advancement
of our society.



“...1 think you have to go to the Moon and to Mars, because we need to get smarter faster and
apply what we learned to help us solve problems of tomorrow. This is the most capable nation on
the planet and we are ho-humming our way into the future. I feel very serious after talking to a lot
of people that we are not making enough progress in advancing science and technology for our
grandbabies. We have a war on poverty, a war on drugs, and a war on crime, but the war we need
to win if we are going to be successful in the next century is the war that nobody realizes we are in
— and that’s the war on ignorance. If you can win the war on ignorance you can win all the other
wars in the process. H. G. Wells once said: ‘The future is a race between education and catastrophe.’
Every day millions of examples are telling us just how right he was. Now we better get on with
that race because we may not have a lot of time.”

John Young, August 17, 1990
Gemini IlI, Gemini X

Apollo X, Apollo XVI
STS-1, STS-9
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RECOMMENDATIONS

“Far better it is to dare mighty
things, to win glorious triumphs,
even though checkered with fail-
ures, 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
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pecific recommendations are

provided for the effective imple-

mentation of the Space Explora-
tion Initiative.

RECOMMENDATION 1

Establish within NASA a htmg
range strategic plan for the nation’s
civil space program, with the Space
Exploration Initiative as its center-
piece.

“. .. the jewel represented by the
vision of a seemingly unattainable
goal, the technologies engendered,
and the motivation provided to
our nation’s scientists and engi-
neers, its laboratories and indus-
tries, 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.”!

A strategic plan will provide decision
points to allow flexibility during the
life of the program, concentrate man-
agement activities of diverse depart-
ments, provide budget guidelines and
identify technology pathways. The
plan must be based on a detailed gov-
ernmental (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 complements the goals of
Mission to Planet Earth.2

RECOMMENDATION 2

Establish a National Program
Office by Executive Order.

This organization would include
Department of Defense and Depart-
ment of Energy personnel working
directly for the National Program
Office. With the multi-agency nature
of the National Program Office, an
Executive Order should be issued to
cite the basic charter of the organiza-
tion, the leadership role of NASA,
and the cooperative relationship
among various governmental depart-
ments 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 Admini-
strator 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 simul-
tancously providing a focus for
NASA’s supporting program ele-
ments.?

RECOMMENDATION 4

Establish a new, aggressive acqiiisi-
tion strategy for the Space Ex-
ploration Initiative.

The Space Exploration Initiative
should standardize acquisition rules
for the agencies executing the
Initiative’s various projects. The most
streamlined processes available
should be adopted for that standard.
The Space Exploration Initiative is so



great in scope that it cannot be execut-
ed in a “business as usual” manner
and have any chance for success. The
Space Exploration Initiative National
Program Director should be designat-
ed as the Head of the Contracting
Activity. This will allow the director
to establish the optimum acquisition
procedures within the Federal
Acquisition Regulations. Multi-year
funding should be provided.?

RECOMMENDATION 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 lig-
uid 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

RECOMMENDATION 6

Initiate a nuclear thermal rocket
technology development program.

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.

RECOMMENDATION 7

Initiate a space nuclear power tech-
nology 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 mis-
sion.

RECOMMENDATION 8

Conduct focused life sciences experi-
ments.

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.?

RECOMMENDATION 9

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

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

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

RECOMMENDATION 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 recom-
mendation that they review them
periodically. The Outreach Program
generated not only ideas but also
greater interest in the Space Explora-
tion 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 scien-
tific 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.

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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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 Admin-
istration and the Air Force Systems
Command. He was a defense advisor
to Ronald Reagan during the presi-
dential 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
Committee on NASA Scientific and
Technological Program Reviews.

Upon graduation from the U.S.
Naval Academy in 1952, General
Stafford entered the Air Force, serv-
ing initially as a fighter pilot. He
attended the USAF Experimental
Flight Test School in 1958 and was
selected as an astronaut in 1962.

He piloted Gemini VI in 1965 and
commanded Gemini IX in 1966. 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
commanded the Apollo-Soyuz Test
Project in 1975, which culminated in
the first meeting in space between
American astronauts and Soviet cos-
monauts.

Subsequently, he served as com-
mander 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 International
Aviation Trophy twice. His awards
include the Presidential Medal
of Freedom, two NASA Distinguished
Service Medals, two NASA Exceptional
Service Medals, the American
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Institute of Aeronautics and
Astronautics Chanute Flight Award,
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 Aero-
nautics and Astronautics. He is a
graduate of Harvard (B.S., 1940) and
the Massachusetts Institute of Tech-
nology (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 Tech-
nology. 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 (1969-
1973), and the Energy Research and
Development Administrator (1974-
1977). During 1973-1974, 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 electri-
cal 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 Adminis-
tration. He served in assignments of
increasing responsibility on major
space efforts: the Air Force Dyna-Soar
program, the Apollo Spacecraft pro-
gram, 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 member 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 Award.

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 instrumentation
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 Administration
Administrator, Deputy Director of
Defense Research and Engineering,
and Assistant Secretary General of the
North Atlantic Treaty Organization
for Science. He has served as
Chairman of the NASA Advisory
Council and the Air Force Studies
Board and as a member 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 COM-
SAT, and President of COMSAT
General and COMSAT World Sys-
tems. He is a member of many corpo-
rate boards. He has received many
professional honors, including the
American Institute of Aeronautics
and Astronautics Reed and Goddard
awards. He is a member 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 per-
formed 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 pro-
fessional excellence. He played a
major role in instructing and training
the Apollo astronauts in lunar geolo-
gy and exploration.

Senior Members

James A. Abrahamson

Lieutenant General Abrahamson,
USAF (Ret.), is the Executive Vice
President for Corporate Development
of the Hughes Aircraft Company.
After a 33-year Air Force career, he
retired in 1989 while serving as the
first Strategic Defense Initiative direc-
tor, where he provided policy direc-
tion and supervised key research and
development programs and the
acquisition process. Prior to that, he
served as Associate Administrator for
NASA'’s Space Transportation System
and was responsible for the Space
Shuttle program. He also directed the
F-16 consortium for the North
Atlantic Treaty Organization co-pro-
duction of this aircraft. He is a
Massachusetts Institute of Technol-
ogy graduate with a B.S. in aeronauti-
cal engineering and an M.S. in the
same field from the University of
Oklahoma. He was the 1986 recipi-
ent of the Goddard Trophy.

Edward C. “Pete” Aldridge, Jr.

Mr. Aldridge is currently President,
McDonnell Douglas Electronic
Systems Company, 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 coordi-
nating 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
advisor on the Strategic Arms

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 recog-
nized authority in the search for and
study of other planetary systems. His
career includes service as Chief of the
Theoretical Studies Branch, Chairman
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 experi-
mental research in theoretical astro-
physics 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 Tech-
nology Department of Aeronautics
and Astronautics as a professor and
head of the department. He has
served as the Chief Scientist of the Air
Force, Director of the European Office
of Research and Development, mem-
ber and Chairman of the Air Force
Scientific Advisory Board and a mem-
ber 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 Engi-
neering, 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 organiza-
tions 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 decora-
tions 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 devel-
opment of industrial space facilities.
During a 35-year career with NACA
and NASA, Dr. Faget served in engi-
neering and managerial positions in
manned spacecraft programs. He
conceived the Project Mercury one-
man 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 recipi-
ent 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.

Joseph G. Gavin, Jr.

Mr. Gavin is a Senior Management
Consultant for Grumman Corpora-
tion. Previously he served as
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President and Chairman of the
Executive Committee of Grumman.
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 Engi-
neering, 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 engi-
neering, aerospace engineering and
business administration from Johns
Hopkins University, Catholic Univer-
sity, 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
Award and the American Institute of
Aeronautics and Astronautics Space
Systems Award for his work on the
Strategic Defense Initiative Organi-
zation Delta 180 space intercept mis-
sion. Dr. Griffin has been an adjunct
professor at the University of
Maryland, Johns Hopkins University
and George Washington University,
offering courses in astrodynamics,
spacecraft design and applied mathe-
matics. He is a registered profession-
al engineer in Maryland and
California and the co-author, with J.
R. French, of the textbook Space
Vehicle Design.

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 Commission
and with Westinghouse Electric
Corporation, Mr. Grimes has, since
1981, 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 par-
ticular emphasis on structuring non-
conventional finance (commodities
countertrade) transactions for export
of high technology goods to the
developing world. Mr. Grimes
attended the University of Idaho (B.A.
1965, ].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 Army War
College. Through a variety of signifi-
cant 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 mili-
tary decorations are the Distinguished
Service Medal and the Legion of Merit.

Bastian “Buz” Hello

A 1948 mechanical aeronautical engi-
neering 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; Saturn-
Apollo launch operations; the Space
Shuttle; B-1 research, development



and test; and corporate relations with
all branches of the federal govern-
ment. He is a member of several U.S.
political and international profession-
al associations and is a past presi-
dent of the American Institute of
Aeronautics and Astronautics. He is
the recipient of numerous honors,
two NASA Public Service Awards
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;
NAVSTAR Global Positioning Sys-
tem; research, development and
production of high performance air-
craft and all aspects of the Space
Shuttle system (integration and oper-
ations, orbiter and main engine devel-
opment); and several advanced
surveillance, communications and
technology programs. He is a mem-
ber of several professional associa-
tions 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 signifi-
cant 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
prime contributor to the development
of many basic mission and flight con-
trol techniques for manned space
flight. He was Flight Director of all
Mercury missions 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
Commander of the Air Force Space
Command. A graduate of Dartmouth
College, he was commissioned
through the Reserve Officer Training
Corps program as a distinguished
graduate in 1962. He served in
assignments of increased responsibili-
ty 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 program and served as spe-
cial assistant for the Strategic Defense
Initiative to the Vice Commander for
Air Force Systems Command. The
Distinguished Service Medal and the
Legion of Merit with Oak Leaf Cluster
are among his military decorations.

Charles A. Ordahl

Mr. Ordahl is Vice President of
McDonnell Douglas Space Systems
Company. An electrical engineer
from the University of North Dakota,
he has held numerous executive
positions related to space. He has
extensive experience in commercial
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 mem-
ber of many professional associations.

Bernard A. Schriever

General Schriever retired from the Air
Force in 1966 after 33 years of service.
After a distinguished wartime career,
he was assigned many scientific
duties. He received a B.S. degree

from 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
commanded 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 consul-
tant 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 academ-
ic and industry experience include
many engineering and space accom-
plishments. Among his contributions
in the field of spaceflight were service
as NASA Deputy Director of Manned
Space Flight and Apollo Program
Manager. He also served as the
General Motors manager of the Titan
Inertial Guidance program. He has
served on the NASA Advisory
Council, the Defense Science Board
and the National Research Council.
He is a member of the National
Academy of Engineering and is
President of the American Institute of
Aeronautics and Astronautics.

H. David Short, I1I

Dr. Short received his B.S. in chem-
istry from Emory University and his
medical degree from Baylor College
of Medicine. He is responsible for the
re-initiation of the heart and lung
transplant program at the Texas
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Medical Center. He was extensively
involved in the laboratory research
and clinical application of total artifi-
cial heart and heart assist programs at
Texas Medical Center. He also served
as a key surgeon on Dr. DeBakey’s
heart transplant team. He has exten-
sive surgical experience in heart,
heart-lung and heart-lung and kidney
transplants. Society memberships
include Phi Beta Kappa, Omicron
Delta Kappa, The American Medical
Association, the International Society
for Heart Transplantation, and the
Michael DeBakey International
Surgical Society. He is a professor of
surgery at Baylor College of Medicine
and has been recognized for his many
contributions as an author, with over
two dozen books and articles pub-
lished. He is also a noted panelist in
his chosen fields.

H. Guyford Stever

Dr. Stever, a physicist, has a record of
significant service in both the public
and private sectors. In academia, Dr.
Stever has been the President of
Carnegie-Mellon University, the head
of the Massachusetts Institute of
Technology Department of Mechan-
ical Engineering, Naval Architecture
and Marine Engineering. In govern-
ment service, he has been Director of
the National Science Foundation,
Science Advisor to President Nixon
and President Ford and the Air Force
Chief Scientist. During World War II,
Dr. Stever taught and conducted
radar research at the Massachusetts
Institute of Technology Radiation
Laboratory, a contribution that was
recognized by the President’s
Certificate of Merit. In the private
sector, Dr. Stever has served as the
director of several national corpora-
tions. He is a member of the National
Academy of Sciences, the National
Academy of Engineering and national
and foreign professional societies.

James R. Thompson, Jr.

J. R. Thompson has been the Deputy
Administrator of NASA since July
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1989. A native of Greenville, S.C., he
graduated from Georgia Institute of
Technology (bachelor’s degree in
aeronautical engineering, 1958) and
the University of Florida (master’s
degree in mechanical engineering,
1963). He has completed all course
work toward a Ph.D. in fluid mechan-
ics at the University of Alabama.
Among his previous assignments are:
Manager of the Space Shuttle Main
Engine Project; Vice Chairman of
NASA Task Force on the Challenger
Accident; Deputy Director for techni-
cal operations at Princeton’s Plasma
Physics Laboratory; and head of
Marshall Space Flight Center (1986-
1989). He received the NASA
Medal for Exceptional Service in
1973 and the NASA Medal for
Distinguished Service in 1981 and
1988. He was one of the recipients
of the Goddard Memorial Trophy in
1989.

John F. Yardley

Mr. Yardley has spent his entire
career in aerospace, starting with his
graduation from Iowa State Univer-
sity in 1944 as an aeronautical engi-
neer. He went to McDonnell Aircraft
in 1946 and worked on fighter air-
planes until 1958, when he became
the McDonnell Aircraft Chief
Engineer for the Mercury Spacecraft
Design, their Mercury Launch
Manager and then the Gemini
Technical Director. He became
NASA'’s Associate Administrator for
Manned Space Flight during Space
Shuttle development. He returned to
McDonnell Douglas in 1981 as
President of the McDonnell Douglas
Astronautics Company. Mr. Yardley
retired in 1989. He is a member of
the National Academy of Engi-
neering, a Fellow of the American
Institute of Aeronautics and Astro-
nautics and the American Astro-
nautical Society, and has received
numerous awards, including the
Goddard Space Trophy, the Spirit of
St. Louis Medal and the Von Karman
lectureship.
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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 pro-
gram’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

2)

3)

4)

Establish crew safety as the
number one priority.

Have clean lines of manage-
ment authority and responsi-
bility for all elements of the
program — ensure that one
organization or prime contrac-
tor is clearly in charge.

Establish realistic program
milestones that provide clear
entry and exit criteria for the
decision process, and create
useful capabilities at each step.

Ensure that the Administration
and the Congress clearly
understand the technical and
programmatic risks and realis-
tic costs of the Space Exploration
Initiative.

Mandate simple interfaces

between subsystems and mod-
ules.
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6)

7)

8)

9)

10)

11)

12)

13)

14)

Make maximum use of modu-
larity over the life of the pro-
gram to maintain flexibility.
Successive missions should
build on the capabilities
established by prior ones.
Provide the capability to incor-
porate new technology as
required.

Press the state-of-the-art in
technology when required
and/or when technological
opportunities are promising
with acceptable risk.

Ensure optimum use of man-
in-the-loop. Don’t burden man
if a machine can do it as well
or better, and vice versa.

Limit development times to no
more than ten years. If it takes
longer, the cost goes up and
commitment goes down.

Focus technology develop-
ment toward programmatic

needs.

Minimize or eliminate on-orbit
assembly requiring extravehic-
ular activity.

Minimize mass to low Earth
orbit to reduce cost.

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

Hire good people, then trust
them.

Pitfalls

1)

2)

4)

5)

6)

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

Trying to achieve a constituen-
cy by promising too much to
too many and “low balling”
the technical and financial
risks.

Committing to interminable
studies and technology
demonstrations without a firm
commitment to execute a real
program.

Not establishing configuration
controls/baselines as soon as
possible; e.g., weight and elec-
trical power requirements.

Allowing software to run
unchecked and become a pro-
gram constraint rather than a
supporting element.

Setting up agreements for
development of program ele-
ments that are not under
direct program management
control.

Not saying “we were wrong”
when we were wrong.



here are desired activities that
I can be accomplished on plane-
tary surfaces and a number of
ways to implement those activities.
To follow a logical pattern for the pre-
sentation of a diverse set of architec-
tures, the Synthesis Group concentrat-
ed on the major topical activities to be
performed on the planetary surfaces
prior to defining the transportation
system to reach those surfaces. Areas
of planetary activity are referred to as
waypoints, and are further defined by
incremental degrees of capability.
Each degree of capability is a signifi-
cant achievement.

The waypoints are structured to
provide a series of building blocks for
the development of architectures.
An architecture is a set of activities
encompassing parts of several way-
points.

As the Synthesis Group developed
the waypoints, terminology to define
the activities was established, based
on achieving levels of operational
capability. The achievement of the
first operational capability is defined
as the Initial Operational Capability.

Subsequent activity levels that sig-
nificantly provide increased capabili-
ties are defined as the Next Opera-
tional Capability. Achieving a Full
Operational Capability is the ultimate
level of activity envisioned. It is im-
portant to note that achieving the Full
Operational Capability does not mean
the activities for any particular way-
point are complete, but are rather
achieving a steady level.

The Moon is a fairly well-known
environment because of its proximity
to Earth and the experience gained
from accomplishing six very success-
ful lunar landings. The waypoints,
therefore, emphasize lunar activities.
The activities on the Moon provide a
firm basis of experience to provide
and plan confidently for a broader
range of activities. Mars, however, is a
more remote and lesser known envi-
ronment. Consequently, the initial
activities on Mars will be exploration,
to gain the necessary knowledge and
understanding for further activities.

Waypoints

Moon Waypoints

® Lunar Exploration

* Preparation for Mars

* Habitation

¢ Lunar Based
Observation

* Fuels

* Energy to Earth

Asteroids Waypoint
Mars Waypoint

WAYPOINTS

INTRODUCTION




WAYPOINT: LUNAR EXPLORATION

he Exploration Waypoint starts
Twith the exploration of the

Moon as a planetary body by
performing planetary geoscience,
characterizing resources, making
maps, characterizing the environ-
ment and evaluating human perfor-
mance.

Waypoint Objective

The Moon is a small planetary body
of surprising complexity. Unlike the
Earth, it possesses a detailed, some-
what undisturbed record of its early
history and evolution. Since the
Moon is less geologically active than
the Earth, it offers us a valuable
record of the rate of meteoric impact
bombardment in the Earth-Moon sys-
tem and of the level of output of the
Sun for the past four billion years.

Precursors

® Lunar Polar Orbiter
* Global Network

* Surface Rover

- N

Initial Operational
Capability
* 6 Crew Members (One in Orbit)

The Moon is a potential future work-
place for humans beyond low Earth
orbit. As such, we need to under-
stand the origin and evolution of the
Moon as completely as possible.
Moreover, inventory and characteri-
zation of the resources on the Moon
are required to utilize lunar materials
fully for human benefit and long term
exploration.

The objective of this waypoint is to
provide an increasing capability to
explore the Moon, at ever greater lev-
els of detail, at a number of sites, over
a substantial period of time. To do
this, there is a desire for additional
strategic knowledge of the Moon
before humans return to it. After
temporary human visits, a permanent
or semi-permanent human presence
would be established. This phased
build-up permits intelligent decisions

LUNAR EXPLORATION

14 Days on Surface
Characterize Environment
Geological Reconnaissance
Detailed Mapping and Analysis
Rover Excursions

Deploy Lunar Telepresence
Robot

Benefits

Understand Lunar Origin and Evolution
Inventory of Lunar Resources

* Opportunities for New Discoveries

* Sustained Human Presence
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to be made regarding exploration
plans as the program goes forward.
Another important aspect of the
waypoint construction is the capacity
for real time modification of explo-
ration in response to new discoveries
or changing conditions and require-
ments. From a purely scientific per-
spective, lunar exploration provides
an important window into the history
and processes of our Solar System.
Widespread dissemination of the
knowledge produced through explo-
ration will be an integral part of the
waypoint construction. Techniques
and interfaces have been included to
significantly enhance the educational
return from this waypoint’s activities.
Such return is manifested not only
through traditional interfaces (e.g.,
schools and universities), but also
through telecommunications technolo-

Next Operational
Capability

® 6to 12 Crew Members

45 Days on Surface

Live in Habitat

Increase Telerobotic Capability
50 to 100 km Rover Radius
Expanded Exploration

Public Participation

Full Operational
Capability

18 to 30 Crew Members
1 to 2 Years on Surface
Establish Base Camps
Expanded Telerobotics
Global Access




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

Discussion

Mission definition is crucial in imple-
menting the Lunar Exploration Way-
point. The issue is whether to
establish a fixed outpost, gradually
building up to a permanent base, or
to conduct separate, multiple mis-
sions to different sites. Each option
has specific advantages: a fixed out-
post 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 expioration, then multiple
sites might 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 sur-
face exploration. This is best accom-
plished 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
some geologic field work. While such
a technique might greatly enhance the
scientific return, the details of how
such robots might work with people
remain to be developed. Operators
for these telepresence robots need
near-instaant 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 teleoperations. An opera-
tor 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 signifi-
cant field exploration by projecting

human powers of thought and obser-
vation into the robotic alter ego on the
surface. This operations concept is
particularly valuable at Mars, where
telerobotic control from Earth is not
feasible because of the great time lag
in radio communications. Although
the robots advocated here are ex-
tremely 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 pro-
vided by an optimum mix of robotic
and human presence, each support-
ing the other. The waypoint can be
implemented 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 mis-
sions explore the immediate vicinity
of the selected site, returning samples,
observations and data on the site
geology, resources and physical envi-
ronment. 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 extravehicu-
lar activity. Based on experience, a
low pressure (~5 psi), reliable, redun-
dant, rugged and flexible extravehicu-
lar 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 from the lander space-
craft in a small (~5 metric ton class)

pressurized rover; this distance
increases to 100 km on subsequent
flights. The pressurized rover sup-
ports 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 reconnais-
sance samples and emplace small
instrument packages enroute. And it
has the ability to be teleoperated (i.e.,
driven) from the Earth or lander con-
trol center. This small, pressurized
rover is constructed so that its capaci-
ty 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 deter-
mine their own pace and style of
investigation. Although crews work
within a general exploration plan (i.e.,
pre-identified targets and their back-
ups), the actual traverses and surface
activities are not planned on rigid
timelines, as was done during Apollo.
Flexible surface operations are essen-
tial 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 members are in-
volved 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 Opera-
tional Capability is pre-deployment of
the lunar telepresence robot. This
robot acts as a human surrogate dur-
ing surface exploration, possessing
much of the sensory capacity and
manipulative 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 oper-
ates independently or in tandem 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 telep-
resence 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 sam-
ple 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 sur-
face becomes part of the base infras-
tructure. This approach rapidly
expands the resource base on the
Moon and the ability to support mul-
tiple crew members. A drawback is
that the total exploration coverage is
geographically limited, being con-
fined by the range of the surface
rover. We believe that many scientifi-
cally 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 mis-
sions, with each mission carrying the
same equipment complement 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
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the next site, where humans refurbish
and use it to conduct another mission.
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 remains fairly
small, limiting the number of people
the outpost can support.

Next Operational Capability

The evolution of the Lunar Explora-
tion 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 images of moder-
ate and high resolution. These
images constitute the global database
needed to support future lunar car-
tography and surface exploration.
For studying surface physical proper-
ties, specific instruments, including
multispectral imaging radar, provide
global maps of surface physical prop-
erties 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 pub-
lic. This increase in range can be
accomplished by increasing the
capacity of the pressurized rover,
either as a differently designed single
unit (to be delivered to the lunar sur-

face; mass ~9500 kg), or by modular-
ly expanding the capacity of the
Initial Operational Capability pressur-
ized rover. In this second concept,
power, habitation and accessory
modules are connected to the Initial
Operational Capability rover to com-
prise a multipurpose, long range sur-
face “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 fea-
ture permitting greater exploration at
the first Next Operational Capability
is the extension of stay time (40 Earth
days) to include the lunar night. Sur-
face illumination on the lunar near side
at night from earthshine 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 explo-
ration time available for human field
work on the Moon. The main draw-
back to this mode of operation is the
lack of solar power available during
the lunar night.

Another way to increase explo-
ration productivity is to increase the
number and capabilities of remotely
operated robots on the lunar surface.
Robotic rovers could perform long-
range 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 scien-
tists. In the second case, separate tra-
verses are conducted to interesting
science sites that the human crew
either cannot reach or does not have
time to study. This mode of opera-
tion permits selected field study of
sites not covered by the traverses of



the pressurized rover. It thus acts as
an intermediate step between auto-
mated, robotic, geologic reconnais-
sance and full fledged human field
study. If the robots are capable of
telepresence operations (defined
mostly by high-definition stereo
vision and human-like manipulative
abilities), then scientists on Earth and
in lunar or L1 orbits actively partici-
pate 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
communication and data storage facil-
ities. Also, increased dissemination of
the collected data is highly desirable.
For example, it is possible to allow the
general public to participate directly in
the exploration of the lunar surface by
transmitting the high-definition televi-
sion and teleoperated robot data chan-
nels into homes (via commercial cable
systems), theaters and virtual reality
workstations at museums around the
country. Supplying information
directly to the public has great poten-
tial 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 geo-
science field study. Global access is
accomplished in several ways. Separ-
ate missions from Earth orbit are
staged, making the entire lunar globe
continuously accessible. This mode
of operation is particularly useful for
multiple, temporary exploration mis-
sions of the Initial Operational Capa-
bility 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 tele-
presence. 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 imple-
ment, 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 activ-
ities by Full Operational Capability.
Such a large crew requires a consider-
able 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 main
lunar base, although several small out-
posts are desirable for the conduct of
other lunar surface activities.

Early Milestones

The Lunar Exploration Waypoint
requires precursor activities that,
combined with the initial human
return to the Moon, provide several
early milestones. The first required
lunar precursor mission is a polar-
orbiting satellite carrying instruments
to sense the composition and struc-
ture of the Moon. This mission
should provide global maps of lunar
surface chemistry, mineralogy, topog-
raphy, gravity and morphology. The
proposed Lunar Observer mission, if
appropriately equipped, satisfies
these requirements. The data from
Lunar Observer is important in a
strategic sense to: 1) conduct efficient-
ly the overall global reconnaissance of
the Moon required by the charter of
exploration; 2) identify sites and pro-
cesses deserving of more detailed
investigation by either machines or
people; and 3) characterize the

resources of the lunar surface for pos-
sible future exploration. A polar-
orbiting mission to the Moon
provides flexibility for future lunar
exploration as well.

In addition to global reconnais-
sance from orbit, several types of sur-
face 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
emplaced equidistant from each other
create a global network that permits
clear examination of moonquake foci,
determines 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 characteris-
tics 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, making in
situ chemical and mineralogic mea-
surements, 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 sub-
sequent human exploration. This
rover is a relatively rudimentary type
of teleoperated robot (under 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 missions
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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Enabling Technologies

® Small Pressurized Rover

* Advanced Power Supply

® Extravehicular Activity Suit
* Radiation Shielding

* Teleoperated Robotics
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and constitute highly visible, scientifi-
cally productive early milestones.

Enabling Technologies and
Processes

The small pressurized rover delivered
at Initial Operational Capability is a
key enabling technology for the
Exploration Waypoint. It is envi-
sioned that a preliminary design will
incorporate an extended unpressur-
ized rover chassis, onto which an
inflatable crew module is attached.
Rover pressurization is < 5 psi for
numerous considerations. This de-
sign permits considerable mass sav-
ings, yet still permits extended human
traverses. The extended traverse
range of this rover (50 km 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 activi-
ties are heavily dependent on exten-
sive extravehicular activity and
surface exploration. Reliable, redun-
dant, rugged and flexible extravehicu-
lar activity suits are an absolute
necessity for mission success. Radi-

ation shielding for lunar inhabitants is
also required. This problem is partic-
ularly acute for the crew members
who conduct the extended traverses
(who live out of the pressurized
rover) and for all crew members at
Initial Operational Capability (when
the lander doubles as the lunar sur-
face habitat). The technologies
required to use life support consum-
ables as shielding (e.g., water “jacket-
ing” 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 intelli-
gence routines) and telepresence must
be developed. Most of the unknowns
in telerobotics are in the human fac-
tors 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.



he Preparation Waypoint repre-

sents the activities on the lunar

surface which use the Moon as
preparation for future missions to
Mars.

Waypoint Objective

The objective of the Preparation
Waypoint is to use the Moon as a test
bed to reduce the risks of a Mars mis-
sion. Activities in this waypoint verify
operations, systems and procedures
on the Moon and identify potential
unknowns of Mars systems and oper-
ations. The Moon is the optimal test
bed for several important reasons:

¢ Unique reduced gravity
environment

e N\
Precursors
¢ Cargo Flight
— Habitat
— Power Supply
— Cryotank Experiment
— Solar Flare Warning
* Piloted Flight
— 6 Crew Members
(One in Orbit)
— 14 Days on Surface
— Live in Lander
— Set Up Habitat

e 4

o
% N
Initial Operational
Capability

e Harsh extraterrestrial
environment

¢ Psychological realism of
operations

* Close proximity to Earth

e Evaluation of zero and
reduced gravity adaptation
with combined orbital and
lunar activities

Discussion

The intent of the Preparation Way-
point is to simulate as closely as possi-
ble the Mars mission on the surface of
the Moon. Specific issues addressed
are Mars mission analogs, site selec-

PREPARATION FOR MARS

Benefits

WAYPOINT: PREPARATION FOR MARS

tion and cryotank equipment. In this
process of validating the Martian
equipment, systems and procedures
for Mars exploration, valuable lunar
exploration is accomplished as a
byproduct.

Mars Mission Analogs

The Preparation Waypoint compares
the Earth and Moon as analogs to
simulate a Mars mission. Each have
unique characteristics, but consider-
ing the overall environment, the
Moon is the most complete test bed
for a Mars mission. Table 1 summa-
rizes some of the aspects of the Moon
that make it the most favorable ana-
log and compares Mars to the Moon
and Antarctica, a viable Earth-based

Next Operational
Capability
® Cargo Flight
— Nuclear Power
— Pressurized Rover
* Piloted Flight
— 6 Crew Members
— 45 to 60 Days on Surface
— Exploration
— Validate Systems
— Science Activities J

Full Operational
Capability
Cargo Flight
— Mars Cargo Simulation
* First Piloted Flight
— 6 Crew Members
— 120 Days in Lunar Orbit
— 30 Days on Surface
— Rover Excursions
— Support Second Crew
During Simulation

* Systems, Equipment and Procedures Verification
* Generate Life Science Data
* Reduce Risk for Mars Mission

* Second Piloted Flight
— 6 Crew Members
— 90 Days on Surface
— Life Science Experiments

- /

— Test Cryo Equipment
— ldentify Second Site

* Piloted Flight
— 6 Crew Members
(One in Orbit)
— 14 Days on Surface
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test site. The Moon provides a unique
database for life science and opera-
tional verification in a reduced gravi-
ty 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, equipment and human fac-
tor issues are also verified. After a
designated time in orbit, the crew
travels directly to the lunar surface to
conduct the Mars simulation activi-
ties. This allows determination of the
human adaptation capability in a
reduced gravity environment after an
extended time in zero gravity.

Site Selection

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.

Cryotank Experiment

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

hydrogen.

ANALOG COMPARISONS

Initial Operational Capability

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, emplace-
ment of a long-term cryotank verifica-
tion test and exploration to select the
next landing site.

The first mission consists of sepa-
rate cargo and piloted flights. It is
envisioned to begin in 2005, with the
cargo mission delivering a habitat,
power supply, unloader and the cry-
otank experiment. The piloted mis-
sion follows two to three months
later, taking an unpressurized rover
and supplies for an expected stay of

Table 1

Realism

Parameter Mars Moon Analog Antarctic Analog
Temperature Extremes -143°C to 17°C -173°C to 127°C -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 CO2 None O2N2

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 _ Possible Not possible
Simulation

Mars Geology - Relevant May not be relevant
Mars Psychological — Relevant Lacks realism

Mars Systems Test

Total integration: crew,
systems and operations

Limited
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14 Earth days. Five of the six crew
members live out of the lander, install
the solar flare warning system and set
up the habitat (including regolith
shielding) to establish operational
capability for the next crew. The sixth
crew member stays in lunar orbit.

In 2006, another six-member crew
returns to lunar orbit with five of the
crew descending to the first landing
site for a 14 Earth day stay in the habi-
tat. They check out the condition of
the equipment, check the cryotank
verification test, set out portable
experiments and look for a second
landing site similar to an expected
Mars landing site.

Next Operational Capability

After achieving the Initial Operational
Capability, a cargo flight returns to
the Moon the next year, 2007. This
flight carries a pressurized rover (50
km traverse rover) and a nuclear sur-
face power plant to return to the orig-

inal landing site. This is followed in
the same year by a mission with six
crew members, all of whom descend
to the lunar surface. This mission is 45
to 60 days in duration. The crew eval-
uates the pressurized rover, including
the telerobotics. Of necessity, they do
meaningful science activities in the
process of accomplishing their evalu-
ations. The mission also constitutes a
verification of all the procedures
required by such operation. The
nuclear power system is activated
and verified for its acceptability.
Equipment is configured to permit
continued remote operations subse-
quent to the mission.

The successful completion of flight
constitutes achieving the Next Opera-
tional Capability. This flight is the
prelude to the dress rehearsal for the
Mars mission. The crew also accom-
plishes the reconnaissance leading to
the selection of a nearby Mars
rehearsal landing site on the Moon.

Full Operational Capability

Full Operational Capability is a full-
scale simulation of a Martian mission
at a site on the lunar surface. This pro-
vides real time testing and firsthand
experience for exploration of the
Moon using Martian equipment and
procedures. Besides verifying equip-
ment, operations and procedures over
an extended period of time, this mis-
sion establishes a zero gravity and
reduced gravity life sciences database.
It also validates the ability of a crew to
perform a surface mission after long
periods in zero gravity.

Full Operational Capability is
achieved with a three-part mission
consisting of one cargo and two pilot-
ed missions. The cargo flight takes a
second habitat, a nuclear power sup-
ply, a pressurized rover, an unload-
er/mover, scientific exploration
equipment and communications
equipment needed for Mars surface

PREPARATION FOR MARS

Mars Western Hemisphere

3. Polar Dune Field 4. Polar Cap 3. Rima Bode
(Sand/Dust /(Ice) N
Wind Deposits) /
/ 2. Viking Landrer-1 Site

(Rough, Blocky)

.+ 5.Channels
-7 (Riverbed Deposits)

1. Cratered Terrain
(Regolith)

N
6. Vallis Marineris
(Canyons)

Moon Near Side

5. Rima Hadley 3. Sulpicius Gallus

2, Tycho‘ Crater

1. "Higﬁlands" site
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operations in 2008 at a site within 100
km of the Initial Operational Capa-
bility landing site. All the systems and
equipment are deployed and remotely
operated just as they will be on Mars.

The equipment 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 time compara-
ble to a shortened Earth-to-Mars tran-
sit, 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 opera-
tions critical to successful completion
of the first Mars mission. The vehicles
and systems flown, as much as practi-
cal, 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 real-
istic mission-critical evaluations of the
performance of the systems and the
crew with a high degree of opera-
tional fidelity. It also provides an
opportunity to develop the proce-
dures 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 accom-
plished without the time delays inher-
ent in Earth operations of such sys-
tems 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 origi-
nal Initial Operational Capability site
with no delay in lunar orbit. Their
mission is planned to have them 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 adapta-
tion to the three-eighths gravity envi-
ronment of Mars. The crew in place at
the site assists in performing neces-
sary life science experiments and pro-
tocols. They stay on the Moon after
the rehearsal crew departs, verifying
equipment 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 arriv-
ing at the lunar surface from lunar
orbit. The effect of a long period in
zero gravity and the resulting deterio-
ration of body systems is an
unknown factor for predicting crew
performance on a planetary surface.
The successful completion of this
phase of lunar operation constitutes
the achievement of Lunar Next
Operational Capability-2, The Mars
Dress Rehearsal.

Early Milestones

Early milestones 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 Earth-
day initial stay, determining human
performance and qualifying of hard-
ware for future Mars missions.

The Preparation Waypoint uses
the Moon to provide operational veri-
fication of Martian equipment, sys-
tems 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) 2. Melt “pond” north of King Crater

Viking Lander-1 landing site, Chryse Planita (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 Schréteri; 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 activi-
ties will provide a database on human
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 imple-
mentation 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
time (year-long scales). This storage
technology is developed around the

use of liquid hydrogen, the most diffi-
cult 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 nor-
mal galactic cosmic rays, but a system
to provide early warning of solar flare
events and the provision of storm
shelters for human 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 sup-
port system closure to reduce launch
weight as much as possible, with
emphasis on closing the oxygen and
water loops. Finally, significant oper-
ations on both the Moon and on Mars
require reliable and robust surface
power systems. We believe this dic-
tates 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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WAYPOINT: HABITATION

he Habitation Waypoint inves-
tigates the technologies and the
progression of activities that

support humans in sustained opera-
tions on the lunar surface.

Waypoint Objective

The objective of the Habitation
Waypoint is to investigate the tech-
nologies that support the evolution of
sustained operations on the lunar sur-
face leading to a permanent lunar
presence.

There are two classes of lunar habi-
tats: 1) the simplest class, a pressure
vessel which provides basic living
space protection; and 2) a more
sophisticated class, which expands
this containment vessel and provides
command, control and communica-

Precursors

* Solar Flare Detection Satellite

* Communications/Navigation
Systems

* Photovoltaic Power

® Habitat and Unloader

Initial Operational
Capability

tions, laboratories, workshops, pres-
surized storage and life support sys-
tems. This waypoint discusses the
broader class because of emphasis on
continued human presence.

Basic requirements affect both the
design of the vessel and the infra-
structure evolution. The require-
ments include: 1) whether the vessel
is prefabricated or constructed on-site;
2) that it is designed to the ambient
site conditions; 3) that it ensures ade-
quate radiation and micrometeorite
protection; 4) the length of use; and
5) human factors.

Discussion

A review of the habitat concepts in
the Outreach Program and in existing
literature reveals very little detailed

HABITATION

i

* 6 Crew Members
® 30 Days on Surface

* Telerobotics and Surface
Excavations

® Structural

Benefits
® Understand Requirements to Live Beyond Earth
* Validate Structures and Operations

J
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engineering design. On the other
hand, several habitat-related tech-
nologies have multiple development
lines that could be followed, each
with its own merits and drawbacks.

One major issue involves the evolu-
tion of habitat structures. Habitats can
be built by mating modules to build
up capability, or by using construct-
ible technology or a combination of
the two. A construction approach can
be further differentiated into inflatable
or expandable techniques.

Movement of large volumes and
masses for habitats is critical, but it
must be determined if vertical lifting
capability is to be included along with
the need to move elements horizon-
tally.

Habitat design issues include: air-
lock, visual options, crew space, life

Next Operational
Capability

* 6to 12 Crew Members

6 to 12 Months on Surface

Construction with Lunar
Materials
® Small Scale Farming

7
\
Full Operational
Capability
* 18to 24 Crew Members

® 2 Years on Surface

* Expanded Operations

* Oxygen Recovery

* Volatiles Recovery

* Partial Closure Life Support

L )




support and life sciences. An airlock
provides the capability for astronauts
to continue to work within the habitat
during ingress/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 pro-
tect 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 systems versus
open life support systems greatly
affects the design and mass of the
habitat and storage sheds. Human
operations continue to expand in an
incremental capability to increase
their independence from Earth. In
the process of accomplishing this
activity, the lifeline from Earth
becomes more 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 per-
form productive tasks in the lunar
environment. As such, the tasks and
equipment are developed in succes-
sive steps, leading from the basic sur-
vival needs of food and shelter and
progressing toward fuller capabilities.
The Initial Operational Capability
allows a small crew to stay for short
periods in a confined space, but reaf-
firms the basic lessons learned in the
Apollo program. New materials will
allow significant advancement in
equipment from 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 peri-
ods.

Work performed is centered first
on the tasks needed to construct the
initial habitat and airlock with sup-
porting power and shielding. These
tasks also serve a secondary purpose
of allowing the crew to learn 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 televi-
sion 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 construc-
tion operations. This construction
will be done by a combination of
telerobotic and crew surface opera-
tions.

The initial capability is character-
ized 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 partial-
ly closed systems, demonstration pro-
grams for recovery of air and water
from in situ resource utilization
should be initiated early in the pro-
gram.

The extent of telerobotic assembly
and excavation operations affect the
work space requirements. Radiation
and micrometeorite protection will be

provided by a sulfficiently thick (1 to
3 m) regolith cover added by the crew
on site.

Expansion during this phase in-
volves placement and mating of addi-
tional 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 construc-
tible/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 expand-
able or inflatable structures. The con-
cept for the next capability level is
that equal or greater habitation vol-
ume will be made available for less
mass. This need involves more
sophisticated and complex construc-
tion practices than have been devel-
oped earlier. Crew surface operations
for the assembly of habitat compo-
nents will be extensive. The introduc-
tion of more capable airlock opera-
tions is necessary to support the
increased crew egress frequency and
a larger resupply requirement.

Crew size will grow to 12 for unin-
terrupted 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 man-
agement cycle should approach par-
tial closure. To achieve this, consider-
ation must be given to the processing
of waste stored during previous mis-
sions. Food cycles will remain open
with continued demonstration of clo-
sure 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, environ-
mental monitoring, human factors
and other biomedical issues. For
longer missions, radiation and micro-
meteorite protection would likely
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 re-
sources 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 appro-
priate resupply. Waste closure is tar-
geted at 95-100%, but the food cycle
remains open, although with ad-
vances toward partial closure in
demonstration programs.

Early Milestones

Earth-based testing validates subsys-
tem designs. This is done in environ-
ments 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 implement-
ing 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 unload-
ing, and concepts of substrate excava-
tion (including pyrotechnics) for habi-
tat emplacement. Lunar operations in
this phase are at the bench scale and
concept level. Testing involves rego-
lith and substrate characterization,
movement of loose regolith, and test-
ing of the prototype construction
equipment.

Full scale lunar operations consist
of both a cargo and piloted flight.
The cargo vehicle contains the pres-
sure vessel habitat, airlock, power
system, rover, and some initial food
production test equipment. The pilot-
ed flight delivers the crew to the sur-
face; 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 opera-
tions. Task evaluation in construction
will entail site preparation, installa-
tion of the power system and some
initial, experimental food production.

Enabling Technologies and
Processes

A number of technologies and pro-
cesses underlie the Habitation
Waypoint. Some of these relate
specifically to habitat design, while
others relate to activities or processes
for handling, protecting or maintain-
ing 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-dura-
tion stays on the Moon require radia-
tion protection; specific technology
requirements include development of

an early warning system for solar
flares, radiation protection technolo-
gies and efficient methods of han-
dling of loose regolith (for shielding).
Medical care facilites must be provid-
ed 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

* Airlock

* Closed loop life support
system

* Excavation and construc-
tion techniques

* Radiation protection and
shielding

* Medical facilities
* Telepresence robotics




Waypoint Objective

The science of astronomy is an impor-
tant part of the nation’s scientific
efforts. The Sun and the stars are lab-
oratories for the understanding of
atomic, nuclear and subatomic pro-
cesses. Interstellar gas, galactic struc-
tures and objects like quasars and
black holes may hold the key to
understanding gravity and the ele-
ments of any unified theory which
may exist. Fusion power, ecological
data, effects of the interaction of mat-
ter and energy and the understanding
of the origin of life will all have pro-
found effects on our technology and
vision in the future.

The Lunar Based Observation
Waypoint provides a human-tended,
multi-site, sophisticated set of obser-

vatories. These observatories will
provide for long term, multispectral
coverage of space and expansion to
future far-side and other remote
observing sites.

Benefits of the Moon

The effectiveness of the Moon as a site
for astronomical observations was
examined to determine whether or
not the Moon was the only location to
emplace an instrument, a highly
desirable location to emplace an
instrument, or simply an optional
location to emplace an instrument.
Reasons to use the Moon include:

¢ The existence of a vacuum on
the Moon with a dark sky

¢ The size and stability of the
lunar surface for large baseline
instrumentation

* Dartial cosmic ray protection

* A near-cryogenic temperature
environment

* Low gravity to reduce instru-
ment support mass

¢ Slow rotation to reveal the
entire sky

¢ Distance from Earth and its elec-
tromagnetic environment

LUNAR BASED OBSERVATION

Pe
Precursors
® 6 Crew Members (One in Orbit)
* 12 Days on Surface
® Environmental Survey
* Magnetosphere Observatory
* Telescopes
. -,
s R

Initial Operational
Capability

* 6 Crew Members

® 40 to 60 Days on Surface
* 4m Telescope

Benefits

Long-Term Multi-Spectral Observation
Capability to Expand to Far-Side and Remote Sites

Significant new Knowledge of Astronomy, Space
Physics, and Planetary Science

Next Operational
Capability

®* 6 Crew Members

40 to 60 Days on Surface
Low Frequency Array
Cosmic Ray Detector
Interferometers
Telescopes

Expand 4 m Telescope
to16m

Full Operational
Capability
*® 6 Crew Members
Long Duration Missions
Cosmic Ray Detectors

.
.
* X-Ray Telescopes
* Gamma Ray Telescopes
\ o
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Limitations of the Moon

Factors that make the Moon a less
optimum place for observation in-
clude the logistics of getting instru-
ments to the lunar surface, limits to
extravehicular activity operations,
effects of lunar dust on equipment,
and the unique engineering environ-
ment.

Limitations of Earth Orbit

Once above the Earth’s atmosphere,
virtually the same sky exists for
observational purposes. However,
some of the reasons that make this
option less desirable are: debris in
low-Earth orbit; gas ionization and
atmospheric drag, obscuring multi-
spectral 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 obijective of the Initial Operation-
al 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 meet
Initial Operational Capability provide
a better understanding of the em-
placement, operations and mainte-
nance of lunar based instruments.
This provides the basis for deciding
on options for emplacing larger, more
complex instruments requiring exten-
sive human support.

The Initial Operational Capability
requires at least one 10 to 12 day mis-
sion by five astronauts (one astronaut
remains in lunar orbit) to an equatori-
al site within a few degrees of a
limb. Using both piloted and robot-
ic rovers, the astronauts will survey
the surface and the top few meters of
the regolith over an area of approxi-
mately 10 m?2.
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The instrument set for the Initial
Operational Capability consists of:

1) Environmental Survey Instrument:
This is the initial portable instru-
ment delivered to the lunar sur-
face to provide data for future
construction purposes. The sta-
tion is envisioned as a suite of
small instruments to measure
basic engineering data (radia-
tion, temperature, seismic infor-
mation, galactic cosmic rays,
micrometeor flux, etc.). Mass is
estimated as 100 kg with a
power requirement of 10 We
and 1 kbps data rate.

2) Magnetospheric Observatory: This
is a space physics portable pack-
age deployed by a crew mem-
ber. It can be easily accommo-
dated in early missions because
of its small mass. The purpose
of the instrument is to study the
solar wind and its interaction
with the Earth’s magnetosphere.
The observatory is envisioned to
include a magnetometer, solar
wind detector, and photon and
neutral atom imaging instru-
ments. The anticipated mass 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 missions. It is a simple
telescope with a scanning capa-
bility. The unit is envisioned to
acquire targets selected by an
Earth control station, track them,
and transmit images back to the
Earth station. The image sensor
will be a cooled, large-format
charge coupled diode array; the
entire system is estimated 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 ultravio-
let, 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 mosaic-
charged coupled diode array
sensor is used as a shift register
at the proper rate to compensate
for the rotation, allowing long
integration times. A reflective
sunscreen shields the telescope
from Sun and Earth light and
allows the detectors to be pas-
sively 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 emplacement of more sophisti-
cated instruments requires the pres-
ence of astronauts to assemble and
check them out. Support for the
astronauts will be provided by a per-
manent habitat. Surface mobility will
require an unpressurized rover and
some form of teleoperated deploy-
ment capability. Subsequent em-
placement of instruments, which
significantly increase operational
capability, is defined as Next Opera-
tional Capabilities 1, 2, 3. These next
operational capabilities require more
astronaut activity and the capability
of transferring heavy components
from cargo landers to their deploy-
ment/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 Capability-1. The
first Next Operational Capability
establishes the infrastructure on the
lunar surface for building up a com-



plement of observational instruments.
Returning optical images to Earth is
the highest priority of this Next
Operational Capability, so its major
instrument is the 4 m telescope. This
is the initial increment of an optical
instrument capable of detecting
Earth-like planets around nearby
stars. Ultimately, the 4 m telescope
will be complemented with addition-
al 4 m segments to give a total aper-
ture of 16 m. The 4 m telescope will
also be used as one of the collecting
elements of the optical/infrared inter-
ferometer 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°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 kWe and a 10 Mbps
data rate.

Next Operational Capability-2. The
second Next Operational Capability
takes advantage of the Moon’s unique
stable-surface, interferometric mea-
surements. Also, due to the Moon’s
low plasma frequency and near
absence of a magnetic field, a low fre-
quency array and cosmic 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 auro-
ral radiation around the Earth. Since
this frequency range is not well
explored, the most important scientif-
ic results may be from the discovery
of new classes of objects and phenom-
ena. The system is envisioned as 19
stations located in a “T” formation
with three arms, each 36 km long.
Each station has two 10 m dipoles
with a receiver and a digitizer.
System mass is estimated as 1 metric
ton, with a power requirement of 100
We and a data rate of 32 kbps.

The low energy cosmic ray detec-
tor, which allows the study of the
physical processes responsible for
forming chemical elements, relies on
detailed measurements of the relative
abundance of all the elements and
their isotopes. Galactic cosmic radia-
tion, consisting of atomic nuclei that
have been accelerated to relativistic
speeds, is uniquely important because
it carries fresh matter from super-
novae and other galactic bodies. The
Moon has both a very small magnetic
field and no atmosphere, thus provid-
ing the ideal location to conduct these
measurements. The detector is envi-
sioned as a cylindrical ion chamber,
2.5 m in diameter and 4 m tall. Its
mass is estimated as 3 metric tons
with a power requirement of 500 We
and a 10 kbps data rate.

The submillimeter interferometer
examines astronomical objects at sub-
millimeter wavelengths and at spatial
resolutions many orders of magni-
tude better than is capable from
Earth. It also observes compact galac-
tic sources over a wide frequency
range, part of which is blocked by the
Earth’s atmosphere. The interferome-
ter is envisioned as a 5 m diameter
antenna on the lunar surface. The ini-
tial baseline is on the order of 50 m,
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
micron range. Active cooling to less
than 100°K is required. Mass is esti-
mated as 14 metric tons for seven ele-
ments having a 20 kWe power
requirement and a 100 kbps data rate.

The optical interferometer observa-
tory conducts ultra-high resolution
optical astronomy via direct (non-het-
erodyne) interferometry. In its ulti-
mate configuration, the interferome-
ter 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:

e Directly detect and character-
ize Earth-like planets around
nearby stars

* Image mass transfer binary
systems where one compo-
nent is a massive compact
obiject, 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
several mega-parsecs

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

¢ Determine the mass of Earth-
like planets which may be
discovered by imaging

In its final configuration, the optical
interferometer observatory is envi-
sioned to consist of 12 optical tele-
scopes with 1.5 m apertures, employ-
ing a beam combiner and correlator,
and 12 moveable optical delay line
carts. The separate telescopes function
together as a single very large aperture
observatory with the 4 m 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 within
the beam combiner facility. The tele-
scope optics are passively cooled
while the detectors will require active
cooling. An initial configuration of
three telescopes with 100 m baselines
(telescope to telescope) can conduct
significant observations and later
evolve into a complete facility with 10
km baselines. Total operational sys-
tem mass is estimated 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 estab-
lished earlier by completing construc-
tion 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 Capability-
2 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, visi-
ble and infrared wavelength astro-
nomical 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°K, while the detectors
may require active cooling. The 16 m
telescope is an important additional
element in the optical interferometer,
thus significantly increasing the inter-
ferometer’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 interferom-
etry to a baseline extending from the
Earth to the Moon, essentially creat-
ing a radio telescope with a 384,000
km long baseline. High sensitivity
observations of radio emissions are
then possible. The lunar radio tele-
scope is envisioned as a 25 m para-
bolic dish used in conjunction with
Earth-based and Earth-orbiting tele-
scopes 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
emplacing additional instruments to
cover the high energy part of both the
electromagnetic and cosmic ray spec-
trum. 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 alter-
nating layers of plastic scintillator or
drift chambers, with layers of passive
lunar regolith providing the interven-
ing target mass. A charge measure-
ment 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
1kWe 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 untend-
ed, unpointed, transit telescope for x-
ray astronomy studies in the energy
range 10 to 50 keV. This band is key
for the study of non-thermal emis-
sions as cyclotron lines from compact
sources fall into this band. The instru-
ment is envisioned as a nested, high
throughput mirror constructed from
lightweight, flat grazing-incidence
reflector plates. An imaging hard x-
ray detector with Imm spatial resolu-
tion 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 measure-
ments of cosmic and solar gamma ray
lines. The gamma ray telescope will
study a broad range of transient phe-
nomena 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 mask-
detector 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 instru-
ments in the Observation Waypoint is
a function of the difficulty of emplac-
ing them and of their ability to pro-
duce major scientific discoveries. If
scientific importance were the only
criterion, the priorities would be:

* High
- 4/16 m telescope

- Optical interferometer

— Submillimeter interferometer
e Medium

— Transit telescope
— 25 m radio telescope

- High energy cosmic ray
observatory

~ X-ray telescope
-~ Gamma ray telescope

e Low

- Magnetospheric observatory

~ Low energy cosmic ray
detector

- Very low frequency array
Early Milestones

Small, portable astronomical instru-
ments can be deployed on the first



lunar mission. These instruments,
although relatively unsophisticated,
have the ability to immediately trans-
mit data back to Earth. Each subse-
quent instrument 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
(Iess than 2 MHz) observations can-
not be made 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 devel-
opment of Earth- and space-based
instruments. However, there are
some system issues that require atten-
tion. The problem of dust can be
resolved by locating sensitive instru-
ments 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 pro-
cedures for protecting sensitive sur-
faces and, if necessary, cleaning them.
The designs must also be highly mod-
ular for easy assembly, maintenance
and upgrading. The assembly proce-
dures that require operations by suit-
ed astronauts and robotic equipment
will differ significantly from proce-
dures used on the Earth. The varia-
tions of temperature can result in sig-
nificant changes in the properties of
elements such as the primary reflector
of the 4/16 m telescope. Careful
design can minimize thermal effects,
but there will also be the requirement
to have a dynamic surface measure-
ment and adjustment capability in
order to maintain instrument perfor-
mance.

A-27



The Fuels Waypoint includes
activities on the lunar surface to
provide fuel and other materi-
als to support space exploration.

Waypoint Objective

The objective of the Fuels Waypoint is
to provide propellants and materials
from lunar resources to support space
exploration. An additional objective
of the Fuels Waypoint is to reduce the
transportation costs of all other lunar
waypoints, if they are pursued past
Initial Operational Capability, by sub-
stantially reducing Earth-to-orbit
mass launch requirements. If large
scale recovery of resources is to be
undertaken and manufacturing facili-
ties are to be established, these activi-
ties are synergistic with those of the

4 )
Precursors
* Robotic Exploration
* Earth-Based Demonstration
* Piloted Flight
— 6 Crew Members
— 14 Days on Surface
— Crew-Tended Fuel Station
— Produce Gases,
Fuel Cell Reagents

¢ N
Initial Operational

Capability
* 6 Crew Members (One in Orbit)

Energy Waypoint, where volatile
recovery and semiconductor and
structural materials production are
developed.

Discussion

Studies indicate that for missions to
Mars, approximately 80% of the vehi-
cle mass is propellant. For chemical
propulsion, the mass requirement at
low-Earth orbit is greater than 1000
metric tons. These figures are possibly
large enough to justify the develop-
ment of lunar resources.

Studies also indicate that to take
full advantage of lunar resources, pro-
pellants must be utilized in lunar
orbit or at a Earth-Moon Lagrange
Point and be well-utilized high in the
Earth’s gravity (i.e., in lunar orbit or at
a Lagrange point). Thus, it could be

FUELS

* Extended Duration

* Produce 250 Metric Tons
of Oxygen

* Demonstrate Propellant
Collection

Benefits
* Reduce Earth Launches
® Reduce Transportation Costs
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possible to use lunar propellants com-
bined with a transport system capable
of using these propellants to land and
launch payloads from the lunar sur-
face for transporting mass from low
Earth orbit to low lunar orbit.

Potential Savings by Use of
Lunar Produced Fuels

The degree of savings to an explo-
ration program depends on the extent
and performance of the infrastruc-
ture. Lunar—derived propellants will
reduce the Earth-to-orbit mass
required for a Mars trip by approxi-
mately 50%; however, technology for
on-orbit fuel transfer must be devel-
oped. These savings are comparable
with the Earth-to—orbit mass required
to put the lunar propellant produc-
tion facility in place. If lunar fuel and

Next Operational
Capability

* 6to 18 Crew Members
* 90 Days to Permanence
* Propellant Production

* Propellant Transfer

4
\
Full Operational
Capability
* 6 Crew Members
* Permanent Base
* Mission to Mars with
Lunar Propellant
, .




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 materi-
als available on the Moon's surface,
including ilmenite (a source of oxy-
gen, 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 car-
bon) 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 opera-
tions.

Processes and Feedstocks

The choice of a process for the devel-
opment of lunar materials is critical,
both in terms of requirements for sur-
face 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
missions. In contrast, feedstock-inde-
pendent processes use whatever
materials exist at the site, minimizing
precursor needs. Feedstock-depen-
dent processes have the advantage of
requiring less energy than do feed-
stock-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 concen-
tration of solar wind gases adjacent to
a magnetic anomaly) or they may be
manufactured (e.g., electromagneto-
static 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 explo-
ration 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
common to several suggested pro-
cesses. A robotic surface rover could
survey the site and characterize the
resources. The rover would be teleop-
erated from the Earth and would
measure chemical, mineralogical, 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 sam-
ples will also be required. These
experiments would serve to define
the most attractive processes and pro-
vide the basis for actual prototype
plant development. Experiments
might 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 pro-
cessing. 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 use-
ful products on the Moon. This sta-
tion would have a mass of 2 to 3 met-
ric tons, require several kilowatts of
electrical power, and tens to hun-
dreds 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 breath-
ing gases, fuel cell reagents and possi-
bly some structural materials. 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 impractical,
but some level of automation will be
critical to economical materials pro-
cessing activities. On the Moon,
where communication time to Earth
is short, the plant would operate teler-
obotically without being completely
autonomous. Estimates suggest a suc-
cessful experimental plant could pro-
duce several metric tons of useful
materials over the span of a year.
Specific robotic activities could
include:

¢ Regolith preparation and min-
eral component separation

* Regolith bagged for shielding

* IImenite reduction for oxygen
production

e 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 in-
clude energy and power recovery,
machine lifetime and wear patterns,
and process efficiency; that is, mass of
useful product per mass of processed
regolith.

Initial Operational Capability

Following these precursor activities, a
pilot plant would be delivered at the
selected site with a crew of six to
remain for an extended time. The
Initial Operational Capability will be
achieved when lunar surface opera-
tions are producing 250 metric tons of
liquid oxygen per year.

The creation of more lunar activity
will be the cornerstone of this way-
point. For example, solar thermal con-
centrators or photovoltaic arrays used
to supply energy for processing will
be produced from lunar materials
mined during the previous stages.
The most desirable initial processes
are those that use lunar-derived pro-
pellants to enable delivery of addi-
tional 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 reduc-
tion).

Process and Products

A baseline process is to heat high-tita-
nium content regolith to extract
hydrogen, reduce the ilmenite to pro-
duce oxygen, and collect resulting
byproducts. This largely feedstock—
independent method of oxygen pro-
duction is a low-yield process. At an
Apollo 11-type site, for example, 327
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metric tons of regolith would have to
be processed to produce one metric
ton of oxygen. One metric ton of oxy-
gen 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 approxi-
mately 82,000 metric tons of
high-titanium regolith per year.

Vehicle Refueling

The handling and transfer of cryo-
genic propellants produced on the
Moon for vehicles on the lunar sur-
face 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 pro-
pellants and transfer them to the
Mars transfer vehicle. Lunar ascent/
descent vehicles of 40 to 100 metric
ton capacity appear feasible, suggest-
ing 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 mis-
sions. An electric propulsion space-
craft would cover the Earth-Moon dis-
tance in about 100 days. Automated or
supervised payload docking and fuel-
ing would be required, and space
assembly minimized.

Next Operational Capability uses
this transport and fuel production
infrastructure to launch a piloted mis-
sion to Mars with just one or two
Earth-launched flights required for
the dry Mars transfer vehicle. By com-
parison, at least 10 launches are
required for most all-chemical mis-
sions to Mars when terrestrially pro-
duced 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 Earth-
launched 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 oper-
ations on the Moon, near-Earth space,
and potential asteroid missions. The
development of the technologies nec-
essary 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 ter-
restrial locations. The deployment of
prospecting missions at the Apollo 11
site and subsequent deployment of
the lunar surface experimental station
provide the next set of early mile-
stones. The return to the lunar surface
with a robotic processing experiment
and the transformation of the lunar
regolith into hydrogen, oxygen and
other materials for use by returning
crews are significant early accom-
plishments of the Fuels Waypoint.



Enabling Technologies and
Processes

The development of meaningful
space-based fuel production capabili-
ty will require significant technology
advancement. 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 deci-
sion is made. Mining, regolith trans-
port and processing equipment must
be developed. The space transporta-
tion infrastructure (refuelable lunar
ascent and descent vehicles), cryo-
genic 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 ele-
ments, several technologies would
significantly enhance waypoint activi-
ties. Precursor missions should be
sent to lunar production sites to char-
acterize the surface chemical and min-
eralogical 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 sys-
tem 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 sys-
tems) should be developed to make
lunar fuel production more profitable.
Telerobotic operations can also great-
ly ease the work burden on the lunar
surface crew and increase efficiency
and production.

Enabling Technologies

¢ Surface power systems
* Cryogenic storage

* Telepresence robotics
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his Energy to Earth Waypoint

defines a series of activities on

the lunar surface to provide
energy to the Earth.

Waypoint Objective

The Energy to Earth Waypoint uses
lunar resources to provide energy for
Earth during the 21st century.
Projections for energy demand in the
21st century indicate major shortages
of electricity will occur unless new
sources are developed, possibly exac-
erbated by environmental develop-
ments. These estimates of future ener-
gy requirements (e.g., electricity) vary
depending on the assumptions of
population growth and energy usage.
For example, conservative estimates
are that in the 2020 timeframe the

Precursors
* Earth-Based Process
* Piloted Flight
— 6 Crew Members
— 14 to 45 Days on Surface
— Site Survey
— Pilot Plant
— Power Beaming
Experiments

world will require 1,700 GWe of new
installed generating capacity. Some
estimates of future power needs are
an order of magnitude greater. In
2020, six billion people using 3
kWe/person would require 18,000
GWe of new installed capacity. This
level of energy use is consistent with a
modest industrial standard of living
for half the world’s projected popula-
tion. Conservation will help relieve
some of the burden, but the require-
ments for new sources of environ-
mentally acceptable electricity are
well established.

Energy Sources

The anticipated sources for gigawatt
quantities of electricity are fossil fuels,
nuclear fission, nuclear fusion, and

ENERGY TO EARTH
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. e * New Energy Sources for Earth * Manufacture Solar Cells
* Energy Sources to Support Lunar Base from Soil
* Beam 1GWe to Earth
<8 .7, Y J

A-32

solar energy. Both fossil fuels and
nuclear fission suffer from adverse
environmental effects. Fossil fuels
cause air pollution and increase the
carbon dioxide content of the Earth’s
atmosphere. In addition, fossil fuels
are limited in availability and not dis-
tributed uniformly, leading to poten-
tial supply disruptions and shortages.
Fulfilling the projected electricity
demand with nuclear fission results
in a major commitment to fission
power plant construction and possi-
bly breeder fuel cycles which would
produce radioactive waste. Technolo-
gies to handle high level waste safely
are being developed.

Nuclear fusion may become a
viable long term source of electricity.
Substantial progress has been made
in fusion research, suggesting that a

Next Operational
Capability

* 10 to 40 Crew Members
* 180 Days on Surface

* Expand Helium-3 and
Solar Cell Production

* Provide 30 kg/yr of Helium-3
* Power Beaming to Earth




prototype magnetic confinement
fusion reactor could be built in the
Space Exploration Initiative time-
frame. The Deuterium-Tritium nucle-
ar fusion cycle requires radioactive
waste disposal similar to fission due
to the high neutron fluxes which cre-
ate radioactive nuclei. The Deuter-
ium-Helium-3 fusion reaction is pre-
ferred since it produces significantly
lower neutron fluxes. Engineering
studies of fusion reactors suggest that
a Helium-3 based reactor would be
somewhat more difficult to construct
than a Deuterium-Tritium reactor but
would be safer, more reliable, and
more efficient.

Another energy option is the
development of extraterrestrial solar
energy. On Earth, solar flux suffers
from the problem of uneven distribu-
tion and availability, and the require-
ments of power storage to prm'idv
continuous electricity. Earth-based
solar energy on the scale required has
slgmm.mt environmental conse-
quences due to the required mass and
area of collectors. The continental
United States has land area with suffi-
cient solar flux to make ground-based
solar energy feasible. Many states and
many countries do not share this
resource evenly. Space offers large
areas of continuous solar flux.

Discussion

The Energy to Earth Waypoint con-
sidered two scenarios, each using
lunar-derived sources. One scenario is
to produce Helium-3 for use in Earth-
based fusion reactors. The second
considers solar energy beamed to
Earth from systems constructed from
lunar materials.

While Helium-3 is extremely rare
on Earth, it is present in extractable
concentrations in the lunar regolith (1
part/billion) where it has been de-
posited by the solar wind. The total
recoverable Helium-3 on the lunar
surface is estimated to be 1 million
metric tons. The magnetic confine-
ment fusion program is moving

toward a demonstration reactor in the
2015 timeframe. If Helium-3 is avail-
able at that time, a decision could be
made to utilize that fuel cycle, as
fusion reactors replace fission and fos-
sil fuel power plants in the post-2020
perlod Twenty-five metric tons of
Helium-3 could supply the U.S. elec-
tricity for one year. Terrestrial sources
of Helium-3 are sufficient to support
research. The feasibility of providing
a Iarg_,o supply of | lelium-3 is required
prior to commitment to a Deuterium-
Helium-3 fusion cycle.

would have minimal impact on the
terrestrial environment, utilizing a
benign power-beaming system.

This waypoint requires extensive
lunar regolith mining and heating,
along with propellant, structure, and
semiconductor manufacturing on the
lunar surface. Cryogenic condensa-
tion, scpamtmn liquification, and
storage is also required. Lunar trans-
port vehicles would be refueled using
volatile byproducts from lunar mate-
rials. Methods need to be developed
to transport and control large struc-
tures in space.

Fusion Reaction

Deuteron

Helium-3

Solar flux in free space or on the
lunar surface can be collected and the
energy transmitted to ground-based
receivers. This concept has the poten-
tial of providing globally distributed
electricity. Extensive studies of these
concepts by NASA and the Depart-
ment of Ener: ¢y validate the technical
feasibility. Economic benefits have
been shown to accrue only if the
space segment (collectors, transmit-
ters, structure) are constructed and
transported using materials already
available in space. Such production

Helium
Nucleus

The optlmum form of energy
transmission (e.g., laser, mllllmotor
wave, microw a\ c) and location of
solar collectors have not been deter-
mined and may be changed for differ-
ent applications. Geosynchronous
orbit, Lagrange points or the lunar
surface are the most likely space-based
collecting locations. Some scenarios
also require relay systems at these
locations.
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Precursors

Earth experiments and lunar-based
experiments are required, given the
scale, scope, and degree of uncertain-
ty of an Energy to Earth Waypoint.
The Earth-based experimental phase
will design and test processing equip-
ment to produce small quantities of
Helium-3 and other volatiles. Solar
cells of several square meters and
other solid state materials (e.g., trans-
mitter arrays, laser diodes) could be
made on Earth from simulated lunar
materials.

heat and would be capable of provid-
ing useful quantities of volatiles (i.e.,
oxygen, hydrogen, carbon monoxide,
carbon dioxide, methane, and nitro-
gen) for the lunar habitats. A crew of
six (five crew members on the surface,
one crew member in orbit) with a
supporting habitation infrastructure
for crew-tended operations is
required at this stage.

Initial Operational Capability

Based on experimental data, an Initial
Operational Capability is developed

The Apollo 11 and 17 sites can
serve as baseline mining sites; howev-
er, lunar exploration will identify
sites better suited for mining opera-
tions. The lunar experimental phase
emplaces prototype extraction sys-
tems on the Moon to demonstrate
feasibility and gain operational expe-
rience. Shallow mining depths of 0.1
to 1 m over surface areas as large as
1000 m? would be required. This
operation would require several hun-
dred kilowatts of thermal process
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APPLICATIONS OF LUNAR VOLATILES

Fusion energy (propulsion, electric power)
. Pressurization, cryogenics

Water, fuel, hydrocarbons, reagents

Life support
Food, atmosphere,
pressurization, reagents

Food, atmosphere,
pressurization,

Carbon hydrocarbons

Dioxide

which would reduce the require-
ments for Earth-launched materials
for use at the lunar base (e.g., breath-
ing gasses, fuel cell reagents, photo-
voltaic arrays, propellants) and return
small quantities (100gm) of Helium-3
for Earth-based fusion research.
Lunar surface areas of square kilome-
ters are processed to a depth of about
one meter. Power requirements
would be several megawatts with 10
to 20 metric tons emplaced pilot plant

mass, depending on power supply
choices.

Extraction Scenarios

Processing of the lunar surface mate-
rials occurs at the central base or in
situ with a machine called a regolith
heater, traversing the surface. Power
is provided via cable or on the
regolith heater itself utilizing solar
thermal energy. This second option
requires the assembly of mirrors and
concentrators. The use of waste heat
from a nuclear reactor may also prove
feasible to power the regolith heater.
Many of the collected volatiles which
result from the heating process are
separated and liquified for storage by
passive radiators oriented towards
deep space during the lunar night to
reject excess heat. While ambient tem-
peratures are sufficient to liquify most
of the volatiles, hydrogen and helium
require refrigeration and isotope sep-
aration to produce Helium-3.

In addition to supplying useful
byproducts to the lunar base, the
Initial Operational Capability would
validate the feasibility of producing
Helium-3 from lunar materials and
provide the terrestrial fusion research
community useful quantities of
Helium-3. These byproducts are used
in production of propellants, manu-
facture of solar cells, possible fabrica-
tion of solar concentrators and build-
ing construction materials. They sup-
plant Earth-derived power systems
and allow expansion to the Next
Operational Capability.

Next Operational Capability

The Next Operational Capability pro-
duces sufficient Helium-3 to supply a
research fusion reactor with fuel (30
kgs/yr) and demonstrates large scale
solar energy transmission in the 2015
to 2020 timeframe. This requires pro-
cessing 10 to 100 million metric tons
of lunar regolith to produce 1,000 to
10,000 metric tons of useful volatiles.
Approximately 100 to 200 metric tons



of equipment are required to extract
the required amount of Helium-3. An
area of lunar surface of roughly
20 km? has to be processed to 1 m
depth per year.

The extracted volatiles also sup-
port the manufacturing process capa-
ble of producing 1 to 10 km?2 of thin
film solar cell substrate annually.
These solar energy producing materi-
als 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 poly-
mer rolls are routinely produced on
Earth in 3 m by 9 km rolls. The lunar
environment also offers many fea-
tures which may be ideal for semicon-
ductor manufacture, including high
vacuum. Solar collectors and trans-
mitters then have to be folded and
packaged for launch and automated
space deployment.

Launch rates required for solar
power satellites from the lunar sur-
face depend on the size of the launch-
er and satellite. For example, a 40
metric ton payload capability would
require one launch per week to estab-
lish 1 GWe per year generating capac-
ity. 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 concep-
tual 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 dur-
ing 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 effi-
ciency and the manufacture of laser
components from lunar materials for
this concept to become feasible.

Clouds and weather are more con-
straining on the higher frequency sys-
tems than the microwave systems,
but means to mitigate the effects (fre-
quency adjustment, diversity) are fea-
sible. The scale of space-to-Earth
power beaming and the technology
employed depends on the results of
the experimental power beaming
developments, terrestrial environ-
mental considerations, and the desir-
ability of lunar surface versus orbital
placement. Several different systems
may also be employed simultaneous-
ly. The success of the Next Opera-
tional Capability also allows a deci-
sion to be made on whether to pursue
a Deuterium-Helium-3 fuel cycle and
a full power beaming energy delivery
concept.

Full Operational Capability

The Full Operational Capability pro-
duces 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. elec-
tricity consumption. This necessitates
emplacing requisite mining and pro-
cessing equipment and processing an

additional 200 to 300 km?2 of lunar
surface.

This operation requires a more effi-
cient cargo delivery system to lunar
orbit using, for example, power
beamed or solar electric orbital trans-
fer 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 man-
ufacturing 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 ther-
mal 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 remain numerous techni-
cal 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 neverthe-
less significant. Success at the early
stages makes growth feasible and
affordable by utilizing lunar materi-
als. The first milestone is the fabrica-
tion of key components in terrestrial
laboratory-based experiments utiliz-
ing simulated or actual lunar materi-
als. The next milestone is the emplace-
ment 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 robotical-
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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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ly, or with the aid of a crew. Such a
system is highly automated and con-
tinues to operate while untended,
building up a considerable stock of
materials for the next crew. Current
estimates suggest a small experimen-
tal 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

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 way-
points. As in other waypoints, a
heavy lift launch vehicle (150 metric
tons, with designed growth to 250
metric tons) is required. Surface sys-
tems are a major part of this waypoint
and technology studies should be
cognizant of the harsh environment
(e.g., vacuum, 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 bull-
dozers. The collected gases from the
mined regolith must be gathered, sep-
arated, purified, and condensed into
cryogens for convenient storage; facil-
ities for liquified products must 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
methods 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 elec-
tric propulsion technologies make
transport and delivery of lunar prod-
ucts to space more profitable.
Techniques for the control and
deployment of large structures in
space and on the Moon must also be
developed.



The Asteroids Waypoint de-
scribes activities that could
occur at near-Earth asteroids,
including science, exploration, re-

source survey and preparation for
Mars.

Waypoint Objective

A near-Earth asteroid rendezvous
could serve as the focus for the first
long duration, deep space mission.
The mission would provide an opera-
tional test of the Mars transfer vehicle
and a human crew’s ability to con-
duct deep space exploration.

Discussion

There are currently 140 known near-
Earth asteroids, and it is estimated
that there may be as many as 5,000.

( B

Precursors
* Asteroid Search
* Robotic Exploration

\ i
o E
Initial Operational
Capability

With this number, there are nine to 10
launch opportunities a year that
would require less energy than a
lunar mission. The mission opportu-
nities with the current known num-
ber occur less frequently, but they are
still available in the time frame rele-
vant to a total exploration program.
For example, a 390 day round trip
mission to the asteroid Orpheus could
be accomplished in the 2005 to 2006
window. The energy change required
to go to one of these asteroids (a
velocity change of approximately 12
km/s) is only 3 km/s more than the
energy change required for a lunar
mission. A similar duration Mars mis-
sion would require significantly more
energy.

Asteroid exploration can be
effectively performed by trained
crew scientists. The detailed geolog-

ASTEROIDS

S

Capability
: * Expanded Exploration
R * Robotic Resource Recovery
e
SEA
\( 1

® Seismic Experiments

¢ 1 Piloted Flight

* 6 Crew Members

* 13 Month Round Trip
* Sample Collection

Benefits

* Operational Test of Mars Transfer Vehicle
® Samples of Primordial Material

* Inventory of Potential Resources

Full Operational
Capability
® Asteroid Resource Utilization

ic history and present structure of
the asteroid may be determined by
careful field work and detailed
sample collection and documenta-
tion by experienced astronaut/geol-
ogists. Samples may be collected
and studied in their real geologic
context. Operating in a zero gravity
environment and obtaining the
required samples and data is a chal-
lenging task which will be greatly
aided by the presence of humans.
Asteroids provide a rare opportu-
nity to study condensation of the
early solar nebula. The scientific
return from obtaining samples of the
Solar System’s primordial material is
very high. For example, some aster-
oids may have geologically processed
materials that represent crust, mantle
and core of minor planets. Others
may be remnants of extinct comets

Next Operational
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WAYPOINT: 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
estimate of one of the most promising
resource bases available for expand-
ing 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 aster-
oids could mine and process volatiles
and metals. The extraction and pro-
cessing 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 pre-
cursor is an expanded Earth-based
survey to find the most favorable mis-
sion targets. Newly catalogued near-
Earth 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.

Characterization

Once the near-Earth asteroids are cata-
loged, they will be characterized using
Earth- and lunar-based instruments.
The primary tool for surveying the sur-
face structure and composition of near-
Earth asteroids would be a lunar, long-
baseline interferometer as described in
the Lunar Observation Waypoint. The
results would support a scientific
investigation of primordial materials to
determine the processes that produced
the Solar System and would enable the

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 diameter. Using
minimum 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 mis-
sion is significantly lower than for
Mars missions.

The objective of an asteroid ren-
dezvous 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 struc-
tural information. Experience gained
from these activities could be used to
assess the potential for robotic
resource recovery missions. In addi-
tion, a human mission to an asteroid
would also allow for the low gravity
checkout of resource recovery tech-
niques.

Next Operational Capability

Following the first human explo-
ration, 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.

Enabling Technologies

The Asteroid Waypoint requires
development of several critical tech-
nologies. Robotic survey missions
should be equipped with the most
advanced remote-sensing instru-
ments available, including charged-
coupled 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 com-
plete Mars transportation system
(except lander) should be available to
fly the mission. If significant resource
utilization of asteroidal materials is
contemplated, then excavation, pro-
cessing and extraction technologies
should be studied and developed.
These operations could include blast-
ing, 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, sta-
tion-keeping, and surface operations
must also be developed.

Enabling Technologies

* Rendezvous techniques of
large masses

* Remote sensors
— Charged-coupled
devices
— Spectrometers

* Planetary surface equipment
— Excavation
— Extraction




ars Waypoint is the series of
Mactivities directed at the most

expeditious way to accom-
plish human exploration of Mars.

Waypoint Objectives

This waypoint develops the infra-
structure and resources necessary to
explore Mars. This includes establish-
ing a transportation system between
Mars and Earth, habitats for living on
Mars, utilization of Martian resources,
and the ability to perform exploration
over the entire Martian surface.

Discussion

Mars missions are challenging, but
have potentially high benefits.
Discovering answers to the questions
of life on Mars may provide an essen-

Precursors
* Mars Orbiters
e Mars Rover

Initial Operational
Capability
® Cargo Flight

— Habitat

— Pressurized Rover

tial understanding of the conditions
necessary for the continuation of life
on Earth. Should evidence of life or
fossilized remains be found on Mars,
it would have a profound effect on all
traditional scientific concepts of the
origin and development of life.
Understanding Martian climate and
history would provide an additional
model for studying Earth’s climate,
biological history and environment.
Understanding the formation and
evolution of Mars will provide insight
into conditions of the early Solar
System; it may also help explain why
Solar System planets are so different
from each other. Studying the struc-
ture and dynamics of Mars’ interior
will reveal how a planet with no plate
tectonics dissipates its internal heat,
resulting in refined planetary models
of formation and differentiation that

MARS EXPLORATION

— Closed Loop Life Support
— Rover Exploration
— Sample Return J

— Power Systems
— Experiments
* Piloted Flight
— 6 Crew Members
— 30 to100 Days on Surface

Benefits

* Enhanced Understanding of Martian Environment
* Refined Planetary Models

® Test Bed for Human Expansion Into Solar System

WAYPOINT: MARS

might apply to the Earth. Gravity,
topography and morphology will
provide clues to Mars’ internal struc-
ture and the origin of surface materi-
als. Chemistry, mineralogy, quantity
and age of surface materials will be
used to identify resource quality and
distribution. The successful explo-
ration and utilization of natural
resources on Mars would serve as a
test bed for the eventual expansion of
permanent human presence at Mars
and beyond.

The strategy selected for this way-
point is based on performing Mars
exploration in the most expeditious
manner possible, and this involves
numerous robotic and human mis-
sions. Nuclear propulsion is the base-
lined propulsive means, with chemi-
cal propulsion used as a backup.

4 I

Next Operational
Capability
* Cargo Flight
— Habitat
— Pressurized Rover
— Power Systems
— Experiments
* Piloted Flight
— 6 Crew Members
— Long Duration
— Permanent Base
— In Situ Resource Utilization

X S

Full Operational
Capability

* 6Crew

* Permanent Base
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Chemical Propulsion

DEPART EARTH

DEPART MARS /

JEARTH RETURN

\,—— ARRIVE MARS

24
Totat Missan: 919 Days

MISSION TIMES

OUTBOUND == 224 days
STAY 458 days
RETUAN 237 days

Nuclear Propulsion

s
DEPART MAAS

ARAIVE MARS

2014-Shortened Transt
Total Miasion: 870 Days

MISSION TIMES
OUTBOUND == 180 days
STAY

550 days
RETURN = 160 days
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Going to Mars entails significant
human and engineering challenges.
Important technological selections
were made to reduce risk and cost
and maximize benefits.

The missions to Mars are envi-
sioned as separate vehicles for crew
and cargo. This would allow the crew
to reach Mars with minimum time
spent in space while sending the
cargo at minimum energy cost. The
piloted vehicles would include con-
tingency fuel for return to Earth, but
the Mars lander and additional fuel
would be sent as part of the cargo
vehicle.

The radiation hazard to the astro-
nauts enroute is not well understood.
Minimizing travel times to Mars
reduces the exposure to radiation,
zero gravity physiological effects and
psychological health risk to the crew.
The initial piloted mission to Mars
could be a short duration (500 day
class) mission with stays on the planet
surface of 30 to 100 days; or it could
be a long duration (1,000 day class)
mission with stays on the surface of
approximately 600 days.

Prior to the mission, a thorough
testing program is considered essen-
tial to ensure success. The testing
would be conducted in a validation
and proof-of-concept phase, using the
Moon with the Mars transfer vehicle
in lunar orbit. From lunar orbit addi-
tional testing of ascent/descent vehi-
cles and the measurement of crew
performance in partial gravity will be
evaluated with excursions to the lunar
surface. Surface systems for habitation
and transportation are provided for
additional evaluation while explor-
ing. This would expand our under-
standing of long duration space
effects to validate equipment and
operational concepts.

The choice of a transportation sys-
tem is the key trade in performance of
Mars exploration. For Earth-to-orbit
transportation, a heavy lift launch
vehicle, with a capability to lift to low
Earth orbit 250 metric tons, is needed
to minimize the complexity of the

assembly of the Mars mission ele-
ments. On-orbit assembly would be
further minimized by using modular,
automatic docking components with
standard interfaces and docking of
major elements.

Chemical propulsion has been the
mainstay of space transportation sys-
tems to date. However, it is limited to
a specific impulse performance of
approximately 475 seconds. This per-
formance limitation leads to the need
for considerable mass in low Earth
orbit, as well as restrictions in both
launch windows to Mars and time
spent in transfer operations. This in
turn demands a high launch rate due
to the high initial mass in low Earth
orbit.

Nuclear thermal propulsion has
approximately twice the performance
of chemical rockets, with reduced
propellant mass requirements. This
leads to reduced mass in low Earth
orbit, faster trip times (increasing
crew safety) and increased launch
windows. Though the technology of
nuclear rockets was demonstrated in
the 1960s with the Rover/Nuclear
Engine for Rocket Vehicle Applications
program, the United States has no
flight experience with this type of
propulsion. Development of the
nuclear thermal rocket will require
preflight testing. During the latter
stages of the Rover/Nuclear Engine
for Rocket Vehicle Applications pro-
gram, it was demonstrated that the
reactor subsystem of the engines
could be operated for sustained peri-
ods of time while removing all
radioactive nuclei from the exhaust
products. The principal challenge in
testing an integrated nuclear rocket
system is to provide for low ambient
back pressure while scrubbing the
exhaust products. Preliminary stud-
ies have shown that using wind tun-
nel exhaust techniques (e.g., super-
sonic diffusers) coupled with exhaust
gas cooling and scrubbing could
prove feasible for full scale testing. In
all cases, development testing of
any kind will be performed at an



approved Department 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 chem-
ical propulsion. However, because of
the heavy power system and the
lower thrust levels associated with
nuclear electric propulsion, a direct
comparison is not that straightfor-
ward. Nuclear electric propulsion
devices are low thrust, but they thrust
continuously throughout the mission
to obtain the desired velocities.

Power levels for cargo missions are
in the 2 to 5 MWe range. Nuclear elec-
tric 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
chemical propulsion for similar
missions and launch windows

2) Nuclear thermal propulsion
requires about 500 to 600 met-
ric tons for long duration mis-
sions; short duration missions
will require 600 to 700 metric
tons in the selected years

3) Chemical propulsion requires
1,100 to 1,600 metric tons for
long duration missions; short
duration missions 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 rock-
ets 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 approxi-
mately 200 metric tons per mission.
The Mars transfer vehicle will use
propulsive braking for orbital inser-
tion and direct entry for Earth return
in a separate return crew module. The
aerobraking concept was found to
have too many unknowns and unre-
solved 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 limita-
tions

¢ 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 made as
light as possible. Most of the mass
would be carried on the cargo flights,
with return fuel being the largest sin-
gle 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.

Communications, navigation and
information management systems are
critical factors for conducting human,
autonomous 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 func-
tions 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 oper-
ations 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 sus-
tain the high data rates required of this
mission are Ka-band (27 to 40 GHz) for
the Earth-Mars uplink, and UHF for
local emergency and crew communica-
tions. It should be noted that the feasi-
bility exists to use high frequencies for
inter-element surface communications
if the Martian ionosphere supports sky
wave transmissions.

Navigation for mission elements
will be supported primarily by an
Earth-based system (radiometrics),
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 approaching 100 m
if using a Martian global positioning
system.

The minimum communication
capability for the first two Mars mis-
sions 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 resup-
ply and spares for the later missions.
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WAYPOINT: MARS

Initial Operational Capability

The first piloted mission will establish
the Initial Operational Capability and
include a demonstration of:

¢ Communication/navigation
systems capability

* Human transportation system to
Mars and return

e 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 provid-
ed with the tools and equipment nec-
essary to perform a wide variety of
operations.

The mission would be performed
using separate cargo and crew vehi-
cles. Earth orbit operations will use
automated rendezvous/docking of
standard modules, minimizing on-
orbit 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 experiments. Mars orbit
cargo includes the stages for return-
ing to Earth and the descent/ascent
vehicle. The piloted mission would be
flown with minimum transit times to
reduce crew exposure to high radia-
tion 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
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with the six-person crew. All crew
members will be on the surface in
order to minimize effects of zero gravi-
ty during the long trans-Mars and
trans-Earth trips. Prior to Mars orbit
insertion, crew members will begin
telerobotic exploration of the planet.
This will help characterize the pro-
posed and alternate landing sites in
addition to expanding basic explo-
ration. Should surface conditions be
unfavorable for a landing, because of
adverse weather conditions, tele-
robotic 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 from 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, sup-
ports a crew of at least six and con-
tains 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. Improvements
over current suits are needed to
reduce weight and provide greater
increases in flexibility, reliability and
life support capability.

The arrival of humans on the sur-
face of Mars opens new vistas of scien-
tific accomplishment. Field studies
become possible when human powers
of observation and thought are pre-
sent, both through the actual presence
of humans and by extension through
telepresence. The crew can systemati-
cally examine, measure and sample
exposed deposits, map their extent

and continuity, and search rock expo-
sures for possible fossil remains. The
field work proceeds on both a contin-
gency and an iterative basis. In the
first case, the crew’s specific field
tasks are actively directed by signifi-
cant findings in the field; these deci-
sions 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 evolv-
ing conceptual framework. Such
work requires insight and geological
experience. Traverses in the pressur-
ized rover are to sites identified from
orbital imagery and the prior surface
rover reconnaissance. A crew of two
or three travels up to 50 km away
from the lander to examine key geo-
logical sites, collect carefully con-
trolled samples, deploy instrument
packages, and decipher and under-
stand the complex geology of the
region adjacent to the landing site.

Although general routes are
planned and major field sites identi-
fied in advance, the unique opportu-
nity of human travel over the Martian
surface permits traverse routes and
plans to be modified in real time. This
capability is the cornerstone of con-
ducting true field exploration, and the
maximum possible latitude for opera-
tional changes are granted to the crew
during the Mars visit. In this way, sig-
nificant and unexpected discoveries
are most likely to be made and, as
importantly, 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 system 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 oxy-
gen) for life support and rovers. The
traverse radius of the pressurized
rover increases from 50 to 100 km.

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 mis-
sion 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.

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 pilot-
ed mission.

Enabling Technologies

The Mars mission needs several criti-
cal 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 ren-
dezvous 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 stor-
age, 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 maneuver-
able extravehicular activity suits and
robotic telepresence technologies
should be aggressively pursued.

Enabling Technologies

A heavy lift launch capabili-
ty 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 set-
ting up facilities, servicing,
and exploration

Surface power of hundreds
of kilowatts with backup
emergency life support

A closed life support sys-
tem (except for food)
Nuclear electric propulsion
would be considered a great
enhancement for the cargo
missions
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THE OUTREACH PROCESS

he Outreach Program was a
I nationwide solicitation for
innovative ideas. The program
was a result of the Vice President’s
directive in December 1989 “to cast a
net widely” to collect these ideas.
Solicitation took several forms.
The NASA Administrator sent indi-
vidual letters directly to universities,
professional societies and associations
asking for their suggestions. There
was also an announcement in the
Commerce Business Daily.

NASA

During the Synthesis Group orienta-
tion phase, NASA organized an
extensive and comprehensive series
of tutorials to provide information to
members of the group. These tutori-
als were presented by knowledgeable
experts in the varied disciplines that

Figure 1

will support the Space Exploration
Initiative. NASA also gave the
Synthesis Group the benefit of its
experience by discussing the com-
plexities associated with the develop-
ment of architectures.

NASA played a major role in con-
ducting studies. Of particular note
was the mission design work led by
the late Ed Lineberry. His particular
contributions were key to the
Synthesis Group’s understanding of
the complexity of and constraints
imposed by Mars missions.

The RAND Corporation

The RAND Corporation solicited,
received and conducted an initial
screening and analysis of ideas from
the public. RAND developed an
information packet, staffed an 800-
telephone number, produced and

RAND'S OUTREACH PROCESS

mailed packets, and processed “intent
to respond” forms. They then con-
tracted with an independent account-
ing firm to receive and log submittals.
The process is shown in Figure 1.
The public was solicited by a variety
of advertising methods. Resulting
inquiries via mail or the 800-tele-
phone number were handled by
RAND. When the individual submit-
tals arrived, they were initially pro-
cessed by Peat Marwick Main &
Company. All submittals were
assigned a sequential log number and
examined to ensure there were no
classified or proprietary markings.
RAND was asked not to handle clas-
sified submittals and proprietary
ideas were discouraged.

The originators were instructed to
describe their ideas in a two-page
summary and were given the option
to augment this summary with a

RAND Announcement:

et ek e o
NASA Letters: Main & Company 1548 ;

34,500

Analysis
Process:
215

h 4

Synthesis
Group

1,697
Submissions

A—44



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 ini-
tiator 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, Telemetry and
Sensing

e Automation, Robotics and
Teleoperators

¢ Information Systems

* Ground Support, Simulation and
Testing

e Other

The inputs were initially screened by
the panels. This screening process
was designed to assure relative insen-
sitivity 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 chair-
men, and if there were disparities,
they were discussed in order to deter-
mine the reasons for different ratings.

To establish scoring criteria, the
panels established five principal

attributes. These were utility /useful-
ness, feasibility /risk, safety, innova-
tiveness 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
submittal was determined to be
invalid if it were proprietary, classi-
fied or if no information were sup-
plied with the cover sheet. Of the
submittals, the vast majority (63%)
were from 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 outreach was technical-
ly a national exercise, there were submit-
tals 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 transporta-
tion area (20%). Next was architectures,
with 18%. Ten percent were in the life
support area, and 9% were power relat-
ed. The fewest submittals were in the
information systems area, with slightly
more than 1%.

Resulting Analysis

The ideas submitted show innovative
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 partici-
pate in the Space Exploration program.
However, the submissions did contain
new implications for old ideas in the
context of the Space Exploration
Initiative. The submissions supported a
wide range of Space Exploration
Initiative mission concepts and architec-
tures.

American Institute of
Aeronautics & Astronautics

The American Institute of Aero-
nautics 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 as-
sembled into five working groups.
These were:

¢ Architecture and Systems
¢ Transportation Technologies
¢ Human Support Technologies

Planetary Surface Technologies
e 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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detail in a separately published
American Institute of Aeronautics
and Astronautics report. In addition,
there were several general recom-
mendations that are applicable to the
Space Exploration Initiative program:

1) The solicitation and evaluation
of ideas should be continued
and expanded to include
groups outside the classical
aerospace community.

2) Several architectures from the
Synthesis Group should be
studied in detail.

3) Key technologies should be
addressed now.

4) The reason for space exploration
should be developed to ensure
program focus toward those
goals.

5) The public, press and Congress
should be told about the risks
associated with all aspects of
the endeavor.

6) Management structures must
be defined to accomplish the
selected architectures and tech-
nology development.

7) A program plan must be devel-
oped with clear milestones and
clear decision points.

Federal Research Review

The Department of Defense. The
Secretary of Defense was asked by
NASA to provide recommendations
to the Synthesis Group. Inputs were
obtained throughout the services,
showing broad participation from the
Army, Marine Corps, Navy, Air
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Force, Department of Defense agen-
cies, the Joint Staff, the Strategic De-
fense Initiative, U.S. Space Command,
and other components, including
Department of Defense sponsored
contractors. The recommendations
covered system design and analysis,
space transportation, space and sur-
face power, life support systems,
human factors, space processing,
structures, materials, mechanisms,
communications, remote sensing,
automation and robotics, information
systems, ground support, simulation
and testing. Through this process, the
Secretary of Defense identified tech-
nologies applicable to the Space
Exploration Initiative.

The Department of Defense set up
a Space Exploration Initiative task
force. The task force mandated
multi-organizational participation
and separated into four panels:
systems and architectures, transporta-
tion, technologies, and surface opera-
tions.

The Department of Defense pre-
sented three major conclusions:

1) Quantitative assessments of
technology contributions are
limited by uncertainties in the
Space Exploration Initiative
architecture.

2) Current Department of Defense
technologies in chemical pro-
pulsion, communications, ad-
vanced computers and power
offer the most to the Space
Exploration Initiative before the
year 2000. Further, materials
and manufacturing develop-
ments underlie these technolo-
gies.

3) Innovative technologies in non-
chemical propulsion, informa-
tion, robotics and low cost
Earth to low Earth orbit have
potential after the year 2000.



In addition to these conclusions,
the Department of Defense identified
the following findings:

1

2)

3)

4)

5)

6)

8)

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

Department of Defense tech-
nologies in propulsion, robotics,
information processing and
power have a major applica-
tion to the Space Exploration
Initiative.

Many features of the Depart-
ment of Defense acquisition
management system can en-
hance the Space Exploration
Initiative.

The Department of Defense
launch road map and the Space
Exploration Initiative launch
requirements are consistent.

Mutual leverage is provided by
the space launch infrastructure.

Operability requirements are
similar.

Department of Defense space
systems have many potential
applications to the Space Explo-
ration Initiative.

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 strat-
egy combining Department of

Defense and Space Exploration
Initiative requirements.

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

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 Explo-
ration Initiative.

5) Develop joint technology plans
for each architecture.

6) Establish a national program
organization with Department
of Defense involvement.

The Department of Energy. Recom-
mendations were also solicited from
all the federal laboratories. The
Department of Energy presented its
views on power, propulsion, power
beaming, resource utilization, robotics,
computers, sensors, Helium-3, life sup-
port, safety, materials, debris shield-
ing and ways that its radiation
facilities can contribute to the Space
Exploration Initiative.

In support of the goals and objec-
tives of America’s Space Exploration
Initiative, the Department of Energy
concluded:

1) The Space Exploration Initiative
should be a broad-based, inter-
agency effort that harnesses the
nation’s intellectual prowess
and industrial might to explore
the universe as well as to bene-
fit humans on Earth. Particular
attention should be paid to
preserving the pristine envi-
ronment of the Moon and
Mars, enhancing U.S. competi-
tiveness throughout the world,
solving global problems and

2)

inspiring the nation’s young

people.

The Department of Energy and,
in particular, its National
Laboratories, have unique ener-
gy and energy-related exper-
tise, 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
systems; and advanced technol-
ogy development in robotics,
materials, manufacturing, life
sciences and high performance
computing applicable to the
Initiative.

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

1)

2)

4)

5)

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

In exploring new energy pro-
duction, transmission, condi-
tioning and storage techniques
for use in and from space and
on the lunar and Martian sur-
faces.

In developing space-qualified
remote sensing capabilities for
exploration of the Moon, Mars
and other planetary bodies.

In conducting research and
development on radiation ef-
fects and limits and shielding
for humans and equipment in
space.

In applying technology research
conducted in advanced materi-
als, optoelectronics, robotics,
high performance computing,
sensors, and biomedicine to
manufacture ultra-reliable space
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systems for exploration of the
Moon and Mars.

6) In capitalizing on national edu-
cational efforts underway in
the Department to encourage
broader interest in space sci-
ences, mathematics and engi-
neering.

The Department of Energy made
the following specific recommenda-
tions concerning the Space Explo-
ration Initiative:

1) The government should use
existing interagency coordina-
tion mechanisms within the
Executive Branch, such as the
Federal Coordinating Council
on Science, Engineering and
Technology, to establish Space
Exploration Initiative goals and
objectives; to assess architec-
tural options; to validate pro-
gram and budget priorities; and
to coordinate and review inter-
departmental implementation.
NASA should lead the effort
with broad intergovernmental
and private and public sector
participation.

2) NASA, the Department of
Energy and the Department of
Defense should jointly develop
nuclear power and nuclear
propulsion systems, with the
Department of Energy leading
the design and testing phases.

3) The Department of Energy
should coordinate U.S. long-
term, high-risk and high-payoff
research and development
efforts in energy and energy-
related areas such as high
efficiency solar cells, high tem-
perature superconductors, and
advanced non-nuclear propul-
sion techniques.

A48

4) The Department of Energy lead
a national program on radiation
life sciences.

5) The Department of Energy and
the Department of Defense
should apply state-of-the-art
satellite technology to extrater-
restrial space missions.

6) The Department of Energy
should support basic and
applied research efforts of the
civil and commercial space sec-
tors in the areas of resource uti-
lization, non-nuclear energy,
environmental assessment and
monitoring, human health/ life
science, manufacturing, and
high performance computing.

The Department of the Interior.
Recommendations were also pre-
sented by the Department of Interior
in response to the solicitation made to
all federal laboratories. Presentations
were made by the U.S. Geological
Survey and the Bureau of Mines.

The U.S. Geological Survey out-
lined their diverse science capabilities
in the following areas:

1) Geology

2) Cartography

3) Planetology

4) Geophysics

5) Photogrammetry/topography
6) Image processing

They emphasized their long term
cooperation with NASA and the
Department of Energy, their major
involvement in the Apollo program,
and their facilities dedicated to sup-
port lunar and planetary missions in
Flagstaff, Arizona.

The U.S. Geological Survey viewed
their possible roles in support of the
Space Exploration Initiative to include
the following;:

1) Strategic planning: science
strategy, environmental factors

(terrain analysis, soil proper-
ties), prospecting for resources

2) Mission design (robotic and
human): definition of goals and
requirements, instrument devel-
opment, mission profile de-
velopment, and science and
engineering assessment

3) Development of field geology
techniques: mission simulation,
astronaut training, and tool
development

4) Cartographic/photogrammet-
ric support

The Bureau of Mines presented a
concept for Indigenous Space
Materials Utilization. Their pro-
posed concept was based upon near
term small-scale technology demon-
strations. Their recommendations
included the following:

1) Evaluate the proposed concept
for possible utilization to sup-
port Space Exploration Initia-
tive architectures.

2) Emphasize small scale systems
with immediate product appli-
cations.

Aerospace Industries
Association

The Aerospace Industries Association
was requested to solicit and coordi-
nate recommendations from its mem-
bership. The following member
companies made presentations:

1) Bechtel Corporation
2) Boeing Corporation
3) General Dynamics Corporation
4) General Electric
5) Grumman Corporation
6) Honeywell Incorporated
7) Hughes Aircraft Company
8) IBM Corporation
9) Lockheed Corporation
10) Martin Marietta Corporation



11) McDonnell Douglas
Corporation

12) Rockwell International

13) Teledyne Incorporated

14) Texas Instruments Corporation

15) Thiokol Corporation

16) TRW Corporation

17)  United Technologies
Corporation

18) Westinghouse Corporation

Additional Industry
Presentations

Additional companies contacted the
Synthesis Group to provide recom-
mendations over and above the
Aerospace Industries Association.
They included the following:

1) American Telephone and
Telegraph Company, Bell
Laboratories

2) Eagle Engineering Corporation

3) Lunar Exploration Incorporated

4) Ocean Systems Engineering

5) Science Applications
International Corporation

6) Talarian

Individual Recommendations

Recommendations were provided by
individuals directly to the Synthesis
Group. These were presented as
written proposals as well as formal
presentations. Every effort was made
to insure their consideration in the
Synthesis process. These individuals
are identified in the Appendix.

Synthesis Group Process

All of the submittals were evaluated
by the Synthesis Group and will be
archived by NASA. Figure 3 depicts
the synthesis process.

Figure 3
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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 astronomical 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 from
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 3.26 light 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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