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Preface

n his speech on July 20, 1989, President Bush asked Vice President Quayle to

lead the National Space Council in determining what is needed to chart a
new and continuing course to the Moon and Mars and beyond: the necessary
money, manpower, and materials, the feasibility of international cooperation,
and realistic timetables with milestones along the way.

To support this endeavor, NASA Administrator Richard H. Truly created a task
force to conduct a 90-day study of the main elements of a Human Exploration
Initiative. The Initiative described in this report encompasses robotic as well as
human missions. It is, nonetheless, a distinctly human adventure in the broad-
est sense, involving not only human space travelers, but also extending into the
solar system the skills, imagination, and support of many thousands of people
who will never leave Earth.

This report describes study progress and serves as a reference point to assist the
Council in its deliberations. Five reference approaches are modeled building on
past programs and recent studies to reflect wide-ranging strategies that incorpo-
rate varied program objectives, schedules, technologies, and resource availabili-
ties.

The five reference approaches presented reflect the President’s strategy: First,
Space Station Freedom, and next back to the Moon, and then a journey to Mars.
The destination is, therefore, determined, and with that determination the
general mission objectives and key program and supporting elements are de-
fined. As a result, regardless of the implementation approach selected, heavy-
lift launch vehicles, space-based transportation systems, surface vehicles, habi-
tats, and support systems for living and working in an extraterrestrial environ-
ment are required.

As deliberations proceed, the task force is prepared to support the analysis of
implementation options and option variations identified by the Administrator,
the Vice President, and the members of the National Space Council.
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SEcTION 1

Executive Summary

O n July 20, 1989, President Bush charted a new course for the human explo-
ration of space:

“ ..along-range continuing commitment. First, for the coming decade,
for the 1990s, Space Station Freedom, our critical next step in all our
space endeavors. And next, for the next century, back to the Moon,
back to the future, and this time, back to stay. And then a journey into
tomorrow, a journey to another planet, a manned mission to Mars.
Each mission should and will lay the groundwork for the next.”

With these words, the President provided specificity to the goal contained in the
1988 Presidential Directive on National Space Policy: to expand human pres-
ence and activity beyond Earth orbit into the solar system. President Bush has
answered the question “Where are we going?” We are going back to the Moon,
and then we are going to Mars. The shape of human exploration of space is
clear.

Space Station Freedom, to be followed by a return to the Moon to stay, and a
subsequent journey to Mars, will be rational extensions of the United States
civil space program. From its very beginning, that program has expanded
human activities in space. From Mercury and on through Gemini, Apollo,
Skylab, the Space Shuttle, and now, Space Station Freedom, the United States
has moved steadily into larger and more ambitious programs of ever-increasing
complexity. Each has been a logical extension of what came before. Each built
on past experience.

The rationale for exploring and settling space mirrors the spirit that has com-
pelled explorers through the ages: the human urge to expand the frontiers of
knowledge and understanding and the frontiers where humans live and work.
That is the basic reason people explore on land, sea, and in space, and has been
since humans first walked on Earth.

The imperative to explore is embedded in our history, our traditions, and our
national character. Throughout the drama of American history, our forefathers,
with resourcefulness, audacity, and ingenuity, explored a seemingly limitless
continent, using the wealth of natural resources to sustain them along the way.
Today, men and women have explored nearly every corner of the planet, even to
the bleak center of remote Antarctica. Now, in the late 20th Century and the
early 21st, men and women are setting their sights on the Moon and Mars, as
the exploration imperative propels us toward new discoveries.
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The Human Exploration Initiative

To enrich the human spirit, to contribute to national pride and international
prestige, to inspire America’s youth, to unlock the secrets of the universe, and to
strengthen our Nation’s technological foundation: human exploration of the
Moon and Mars will fulfill all these aspirations and more. This document pro-
vides a framework within which various approaches to meeting these national
goals may be analyzed. The basic mission sequence is clear: begin with Space
Station Freedom in the 1990s, return to the Moon to stay early in the next
century, and then journey on to Mars. An end-to-end strategy for implementing
the mission begins with robotic exploration to determine and characterize the
lunar and martian environments in which spacecraft and crew must function.
The next step is to build a permanent outpost on the Moon to support human
presence for science and exploration. In addition to the benefits to be gained
from lunar exploration for its own sake, the lunar outpost serves a vital parallel
purpose. Just a 3-day journey from Earth, the Moon provides the ideal location
to develop the systems and experience to prepare for the next step of the Initia-
tive: an outpost on Mars.

The mission objectives dictate a common profile for both outposts, beginning
with the launch of crew and cargo from Earth, with the crew on the Space
Shuttle and most of the cargo on new heavy lift launch vehicles. The destination
is Space Station Freedom, where vehicles are assembled, fueled, and serviced for
the next stage of the journey. Concepts have been developed for transfer ve-
hicles that carry the crew and cargo from Freedom and to and from lunar and
Mars orbit and for excursion vehicles that meet the crew and cargo in orbit and
bring them to the surfaces of the Moon and Mars.

Specialized concepts have also been developed for the systems that support
human explorers as they live and work on the Moon and Mars. A combined
habitation and laboratory module provides a comfortable environment for living,
recreation, and scientific research. Power system concepts ranging from pho-
tovoltaic to nuclear were developed to support increasing levels of activity and
scientific research. For travel across planetary surfaces, various rovers will be
used, some that crew members drive, and others that operate robotically. In
situ resource utilization, which would increase outpost independence from
planet Earth, may also be supported at the outposts. And finally, launch and
landing sites have been designed for the vehicles that bring crew members to
planetary surfaces and take them on the first leg of their journey home.




Reference Approaches

The Human Exploration Initiative provides a framework within which various
elements of and approaches to human exploration of the Moon and Mars can be
examined. In order to provide the data necessary to make these types of assess-
ments, several reference approaches have been selected to determine which
parameters drive such things as cost, schedule, complexity, and program risk.
Five reference approaches were analyzed, each of which is characterized by a
particular emphasis: (1) balance and speed; (2) the earliest possible landing on
Mars; (3) reduced logistics from Earth; (4) schedule adapted to Space Station
Freedom; and (5) reduced scale. The information generated through this process
can be used as a data base for determining the appropriate scope, schedule, and
ultimate approach to be used in implementing the program. The data generated
by this process are intended to capture the range of possibilities based on our
technical understanding today, and, consequently, can be used to develop im-
plementation approaches for any number of options.

Infrastructure

The existing NASA infrastructure of Earth-to-orbit transportation systems,
Space Station Freedom, and telecommunications, navigation, and information
management systems will be an integral element of any human exploration
program. In parallel with the development of the Initiative, current and pro-
jected capabilities in these areas were assessed to determine where augmenta-
tion might be necessary.

In the area of Earth-to-orbit transportation, the Nation’s current mixed fleet of
Space Shuttles and expendable launch vehicles clearly requires enhancement.
The Space Shuttle will be used to carry the crew to Space Station Freedom, but
the massive cargo flights necessary to support extraterresirial human explora-
tion mandate launch vehicles with much greater lift capacity: approximately
60 metric tons for the lunar outpost, and about 140 metric tons for the Mars
outpost. (The current Shuttle has a capability of 17.3 metric tons.) Various
concepts for vehicles to accommodate these requirements range from Shuttle-
derived vehicles to versions of the planned Advanced Launch System. New
ground facilities will also be required to support the new vehicles.

Space Station Freedom will serve a vital role in human exploration: it will
provide the essential scientific and technological foundation for later human
missions to the planets, and it will serve as a transportation node for the mis-
sions of the Initiative. Space Station Freedom will serve as an on-orbit labora-
tory for conducting research and developing technology that is required by the
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Initiative. Freedom is the ideal location for such studies and demonstrations
because no terrestrial laboratory can adequately simulate the characteristics of
the space environment. Research will determine acceptable long-term micro-
gravity countermeasures and obtain data for the design of self-sufficient life
support systems. Freedom can advance technology by serving as a test-bed for
new lunar and Mars system developments. Further, the hardware, software,
and other technologies used to assemble and operate Freedom can be applied to
exploration vehicles and systems.

A significant feature of Space Station Freedom’s design is its capability to add
pressurized laboratory and habitation modules, power generation equipment,
truss extensions, and specialized facilities. This capacity allows Freedom to
evolve gracefully as its requirements as a research facility and transportation
node increase over the lifetime of the Initiative. Freedom will evolve sequen-
tially through four configurations to support four Human Exploration Initiative
milestones: the verification flight of the lunar transfer vehicle, expendable
lunar transfer vehicle operations, reusable lunar transfer vehicle operations,
and orbital operations in support of Mars missions.

The Human Exploration Initiative is also expected to stimulate new develop-
ments in telecommunications, navigation, and information management. These
enabling support functions monitor and control mission elements, acquire tel-
emetered data from engineering and science measurements, provide radiometric
data for navigation and video data for operations and science activities, and
provide a capacity to communicate, receive, distribute, and process information.
These functions must be provided efficiently, with human-related reliability.

Several challenges must be met: incorporating highly unattended operations for
many of the local Mars telecommunications and navigation functions, achieving
a high Mars-Earth data rate, providing robust system connectivity for manned
links, and providing an information management discipline, including stan-
dards, for use in transferring data between system nodes.

Meeting Human Needs in Space

Exploring the frontier has always been risky to the lives of the men and women
at its edges. Now, astronauts are preparing to venture for long periods of time
into environments more harsh, albeit more challenging and fascinating, than
any encountered on Earth. Fundamental differences between space and
Earth-the lack of gravity, inadequate atmospheres, deep cold, and radiation
hazards—challenge our ability to protect, nurture, and sustain the individuals
who will be the pioneers of the solar system.




Life scientists have major responsibilities under the Human Exploration Initia-
tive: to the crew, to assure their health, productivity, and safety throughout the
mission and the postflight rehabilitation period; to the mission, to provide a
productive working environment; and to the scientific community, to advance
knowledge and understanding of human adaptation to the space environment.

Critical areas essential to support of human exploration include protection from
the radiation hazards of the space environment, of the utmost importance both
for journeying to and living on other planetary bodies. Limits must be deter-
mined, and protective measures, including shielding, storm shelters, and warn-
ing systems, must be developed.

Other important health-related areas include reduced gravity countermeasures,
medical care, and life support systems. The final area that must be investigated
is one about which we have very little data: behavior, performance, and human

factors in an extraterrestrial environment.

Science Opportunities and Strategies

A long-standing policy goal of the U.S. civil space program is “to expand knowl-
edge of the Earth, its environment, the solar system, and the universe.” The
Human Exploration Initiative will significantly advance scientific knowledge as
we explore the Moon and Mars and learn to use their surfaces for observatories
and laboratories. The act of exploration will provide new insights into the
natural history of the bodies visited and may lead to their use for practical
purposes. Many diverse scientific disciplines — geology and geophysics, astron-
omy and astrophysics, human and plant physiology, and evolutionary biology —
will be greatly enhanced. Exploring the Moon and Mars will help us in many
ways to understand the past and to look into the future of our own planet, the
solar system, and the universe.

Our first stop as we move outward from Space Station Freedom into the solar
system is the Moon, where we can find clues about the early days of Earth.
Current scientific theory holds that the Moon formed when a Mars-sized body
collided with Earth. By exploring lunar origins, we may understand not only
the formation of Earth, but also other mysteries of our solar system, such as the
tilt of Uranus and the rotational spin of Venus. The lunar surface also contains
records of cratering processes, obliterated on Earth by erosion, which may
contain clues about the extinction on Earth of entire species. Such break-
throughs may lead to profound discoveries about how life, including human life,
evolves. Studies of the Moon will also yield important information about its
natural resources, which is a vital first step in becoming a multi-planet species.
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In addition to studying the Moon itself, from the lunar surface we will look
outward. The Moon is a valuable platform for studying distant stars and galax-
ies, the rest of the solar system, and Earth itself; its quiet, stable environment
provides an excellent base for astronomy. From the Moon, we can make great
strides in understanding the universe, strides that are currently impossible on
Earth or using orbiting telescopes. And when men and women live there, scien-
tists will learn about the long-term effects on humans of a low-gravity environ-
ment; this is an essential step for longer-duration stays on Mars.

We will not stop at the Moon, because the imperative to explore will lead men
and women to Mars. The planet most like Earth, Mars offers many unique
scientific opportunities, but perhaps the most intriguing question is whether life
exists or has ever existed on Mars. Ancient river beds and channels indicate
that water once flowed on Mars and that life could have formed there. Life may
exist on Mars today in underground habitats where volcanic heating melts
ground ice, producing a warm, wet environment protected from harsh surface
conditions. Only scientists working on Mars can discover the answer to this age-
old question.

Studying Mars will also help us better understand changes on Earth, both
natural changes and those that are caused by the presence of our species. By
understanding the fascinating geological diversity on Mars, caused by drastic
global climate change, we can understand more about our own changing planet.

And exploration will not stop at the Moon and Mars. As with all pioneering
ventures, the Human Exploration Initiative will open new vistas of discovery
tomorrow that can only be imagined today.

Technology

Space is an infinite source of challenges. To send humans to explore it and use
its resources, development must begin today of new technologies in many areas,
including regenerative life support systems, aerobraking, advanced cryogenic
hydrogen-oxygen engines, surface nuclear power systems, in situ resource utili-
zation, radiation protection, and nuclear propulsion. Advancements in automa-
tion and robotics, as incorporated into these and many other technologies, will
significantly increase the effectiveness of operational systems. Perhaps the most
tangible benefits of the Human Exploration Initiative, these developments will
inevitably have spinoff applications that may profoundly affect our everyday
lives and will certainly improve our position in the increasingly technological
world economy.

During the decade of exploration from the late 1960s to the late 1970s, the
astronauts of Apollo and the machines of Viking began to explore the surfaces of
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the Moon and Mars, achievements that were made possible by revolutionary
advances in technologies and aerospace engineering capabilities. Innovative
technological solutions to challenging engineering problems will also be one of
the hallmarks of the coming era of exploration. Each step of the march to Mars
— sending robotic missions to the Moon and Mars, establishing a lunar outpost,
staging initial expeditions of humans to Mars, and ultimately emplacing an
outpost on Mars — will drive technological and engineering expertise to greater
heights and new standards of excellence.

The Human Exploration Initiative will involve dozens of major systems and will
span decades. Technology development will be a multifaceted process that tests
the best scientists and engineers in the Nation, builds on the considerable base
that NASA has accumulated over the years, and evolves as the Initiative pro-
gresses. As mission objectives are crystallized, system concepts developed, and
applicable technologies selected for pursuit, nearer-term advanced development
programs will focus on creating individual operational systems. These advanced
development programs will in turn feed into the design, development, test, and
evaluation programs that will produce the flight hardware and software for
specific Human Exploration Initiative systems. Throughout all programmatic
phases in the life of the program, engineering ingenuity and technological inno-
vation will characterize the Initiative.

Significant technology development needs to begin as soon as possible. A bal-
anced, focused investment in technology will make possible the levels of per-
formance and the scope of operations envisioned. Technology development will
precede and foretell the major accomplishments of exploration, leading by sev-
eral years the actual missions to the Moon and Mars.

National and Institutional Impact

The Human Exploration Initiative presents our Nation with exhilarating chal-
lenges, significant opportunities, and enormous benefits into the first part of the
next century and beyond.

The Human Exploration Initiative will draw heavily on NASA’s personnel,
facilities, and equipment. This resource base, the NASA institutional core
capability, is built on 75 years of research, development, and operational experi-
ence and hundreds of unique national facilities. From the National Advisory
Committee on Aeronautics to the creation of NASA in 1958 to the present, the
Agency has developed an unparalleled capability in civil space research and
development and aeronautics.

NASA will request a significant augmentation of civil service positions to sup-
port the Human Exploration Initiative. These positions will provide the
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necessary technical expertise, program management, and administrative sup-
port to meet the objectives of the Initiative. The augmentation will also enhance
the in-house work force, providing a solid balance between in-house and con-
tracted efforts.

The Human Exploration Initiative will challenge current management systems.
It presents a unique opportunity to explore and test streamlined administrative
and management processes for directing long-term, complex, highly visible U.S.
programs having significant international implications. The lessons learned
may yield invaluable guidance transferable to other important U.S. programs.

Three areas will offer the greatest opportunity to realize significant efficiencies
and enhanced effectiveness: the acquisition system, the budget process, and
human resource management systems. NASA has already begun to address
these areas internally, but some elements are outside NASA’s control and will
require active support from other Government quarters.

Potential international participation in the Human Exploration Initiative is the
subject of a separate policy analysis being conducted under the direction of the
National Space Council. That analysis will assess international capabilities,
opportunities, issues, and options related specifically to the Human Exploration
Initiative. This document complements that activity by pulling together infor-
mation based on NASA's extensive experience in conducting space missions with
foreign partners.

With the growing capabilities and increasing number of other spacefaring na-
tions, the environment for international participation is considerably different
than it has been in the past. The Human Exploration Initiative offers the poten-
tial for a variety of cooperative approaches with a number of potential partners.
Different models may be appropriate for cooperation with different nations or for
different phases of the Initiative. The National Space Council will consider
these and other factors in assessing the feasibility of further international
participation.

International cooperation and the use of the Initiative to serve important foreign
policy goals are only two of its many benefits. The Initiative will also stimulate
interest in science and engineering education, strengthen our national techno-
logical capabilities, offer a wealth of new scientific knowledge, and serve as a
source of national pride.

NASA contributes to the Nation’s base of technology through the transfer of
research knowledge into the public and private sectors. The application and
reapplication of this knowledge has a multiplicative effect, in which the general
increase of efficiency and wealth from the advanced knowledge spreads through-
out society. The Human Exploration Initiative will expand this contribution as




advanced technologies are developed.

Another increasingly important benefit is the stimulus that the Human Explora-
tion Initiative can provide to education. To help ensure that the Nation has an
adequate, continuing supply of scientists, engineers, and other technical person-
pel to successfully implement the President’s Human Exploration Initiative, an
aggressive and targeted educational action plan is needed. To contribute to
solving the predicted shortage of scientists and engineers, NASA will redirect
and enhance its existing aerospace education program into a new, comprehen-
sive, educational initiative entitled “Space Literacy for the 21st Century.”

The educational frontiers opened by space exploration will captivate new gen-
erations of students, the scientific and technical work force of the future. This
phenomenon, combined with the other scientific and political benefits of the
Initiative, will open new horizons of achievement and will serve as a source of
national pride. Taken together, the benefits of the Initiative — scientific under-
standing, technological advancement, motivation of our Nation’s youth, and
more — will significantly strengthen our position in the global community.

Some day it may be said that the residents of Earth had to leave their planet in
order to find it. Indeed, from space, humans first got to see their own planet,
floating in blackness above the barren moonscape like a blue and white marble.
Perhaps more than anything else, this view of Earth dramatized our planet’s
uniqueness, and its fragility.

The last half of the 20th Century and the first half of the 21st Century will
almost certainly be remembered as the era when men and women broke the
bonds that bound them to Earth and set forth on a journey into space.

That journey will, in time, extend human presence throughout the solar system.
Historians will note that the Moon became a familiar place to Earthlings very
early in that period. They returned there to follow in the bootprints of Arm-
strong, Aldrin, and their Apollo colleagues, to establish an outpost for further
exploration and expansion of human activities, to Mars and beyond.

Historians will further note that the journey to expand human presence into the
solar system began in earnest on July 20, 1989, the 20th anniversary of the
Apollo 11 lunar landing when President George Bush announced his proposal
for a long-range continuing commitment to a bold program of human exploration
of the solar system.







SECTION 2

Introduction

H uman exploration of the Moon and Mars has been a sustaining vision of
the U.S. civil space program almost since its inception. With the Apollo
Program, we took our first small steps on the surface of another world; never
again would our vision be restricted to the narrow confines of Earth’s bounda-
ries. Throughout the 20 years that have passed since the Apollo 11 astronauts
first landed on the Moon, the aspiration to further explore has remained a
beacon to the future.

In fact, during the Apollo era, Wernher von Braun led a task force to develop
long-range goals for the space program after Apollo: more lunar missions, a
space transportation system, a space station, and human journeys to Mars. The
Space Shuttle became the space transportation system, Skylab was the first and
Freedom will be the second space station, and several studies throughout the
years have examined concepts and identified supporting requirements for hu-
man missions to the Moon and Mars.

Events over the past several years have increased awareness of the significant
opportunities for human exploration and have provided a wealth of technical
data to support a response to the President’s bold new initiative. In 1986, the
National Commission on Space published its report, “Pioneering the Space
Frontier.” The Commission was appointed by then-President Ronald Reagan
and mandated by Congress to formulate a visionary agenda to lead America’s
civilian space enterprise into the 21st century. The Commission recommended
to the Nation a bold plan for the next half century in space: “To lead the explo-
ration and development of the space frontier, advancing science, technology, and
enterprise, and building institutions and systems that make accessible vast new
resources and support human settlements beyond Earth orbit, from the high-
lands of the Moon to the plains of Mars.”

Later that year, then-NASA Administrator James C. Fletcher asked scientist
astronaut Sally Ride to lead a NASA-wide task force to define and evaluate
potential long-range goals for the U.S. civilian space program, building on
earlier technical studies conducted throughout NASA and outside NASA in
direct response to the Commission. The task force report, “Leadership and
America’s Future in Space,” was released in August 1987. The report identified
and analyzed four potential initiatives that could ensure continued civilian
space program leadership: Mission to Planet Earth, Robotic Exploration of the
Solar System, Outpost on the Moon, and Humans to Mars.




NASA'’s Office of Exploration was established in June 1987 in response to the
task force’s recommendation that NASA establish a focal point to fund, lead, and
coordinate studies examining potential approaches to human exploration of the
solar system, based on the Outpost on the Moon and Humans to Mars Initia-
tives. For the past 2 years, NASA has examined in detail a number of potential
strategies: Apollo-type expeditions to Mars and its moons, evolutionary plans
for permanent human presence on the Moon and Mars, and scientific observato-
ries on the Moon. The goal of this effort has been to develop a substantial base
of knowledge on technical and programmatic requirements in order to enable
the President to define a pathway for the human exploration of the Moon and
Mars.

With the President’s historic announcement, that pathway has been defined.

We are going to build Space Station Freedom, and then we are going back to the
Moon and on to Mars, to continue the remarkable journey of exploration that
began more than 25 years ago when human beings first rocketed into space.
Exploration is a human imperative, one deeply rooted in American history and
its destiny. Our flag still flies on the Moon, and exploration is an endeavor in
which our Nation excels. Returning to the Moon and journeying to Mars are
goals worthy of our heritage, signalling an America with the vision, courage, and
skills essential for leadership among spacefaring nations in the 21st Century.

Now that the President has defined where we are going, the next step is to
decide how and when. To support the Vice President and the National Space
Council in this task, NASA initiated a study to develop the reference base from
which strategic options could be derived. The pages that follow describe the
results of a 90-day internal study for which NASA assembled a team of repre-
sentatives from the NASA program offices and field centers. The purpose of the
study was to examine the elements of a human exploration program, assess
current capabilities, determine ways in which the capabilities might need to be
augmented, identify areas in which new developments would be required, and
provide this information in a cohesive package to support the decision-making
process.

The process by which this information was derived began with the examination
of the basic objectives of the Human Exploration Initiative: to return to the
Moon to stay, and then to journey on to Mars, conducting significant scientific
research every step of the way. An end-to-end strategy was then developed, be-
ginning with robotic missions to characterize the environment in which humans
and machines must function. The next steps are launching personnel and equip-
ment from Earth, exploiting the unique capabilities of human presence in low
Earth orbit aboard Space Station Freedom, transporting crew and cargo from
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Earth orbit to lunar and Mars orbits and surfaces, and developing the planetary
surface systems that support human life, extraterrestrial work, and science, and
allow a significant degree of self-sufficiency. In parallel, NASA’s existing and
planned infrastructure of Earth-to-orbit transportation, Space Station Freedom,
and telecommunications, navigation, and information management was as-
sessed to determine its ability to accommodate the increased demands of the
Initiative. The synergistic areas of human needs, science, and technology were
also intensively assessed for the opportunities they bring to and derive from this
program. Finally, programmatic matters, such as resources, management
systems, international participation, and national benefits were examined to
develop a perspective embracing the broader implications of the Initiative.

Key Technical Variables Studzed Lo

s Launch vehicle size

~ In-space assembly or direct to sufféoe'

el Aerobrakmg or all-propulsive Vehxcles o
: e Expendable or reusable Spacecraﬁ___:_ PR
’ Propellant or tank transfer ;
~© ' Open or closed life support - |

- @ Zero-gravity or artlﬁmal-grav]ty Mars velncle

o In situ or Earth-supplied resources.

In developing a preliminary program plan for human exploration of the Moon
and Mars, results of past studies examining a wide variety of fundamental
approaches formed the basis for the selection of certain key technical parame-
ters. For the most part, these assumptions were derived from the past 2 years
of intensive trade analyses conducted as part of the human exploration case
studies. However, the case studies themselves built upon a rich heritage of
earlier studies that established a foundation of technical information from which
to draw. Combined with the strategy established by President Bush, this foun-
dation provided a starting point for the development of the Human Exploration
Initiative.
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Certain technological approaches, described in detail in Section 8 of this docu-
ment, have been proven to be the most feasible ways of building capability in the
development of an outpost either on the Moon or Mars. It is known, for ex-
ample, that some degree of in-space assembly and maintenance is necessary for
the vehicles that transport cargo and crew to their ultimate planetary destina-
tions. Trade studies of the location and function of the transportation node at
which these functions are performed have determined that Space Station Free-
dom is both a necessary and feasible approach to meeting this requirement.
Power for outpost operations, for another example, is provided in initial stages
by photovoltaic systems with regenerative fuel cells, a known and well-devel-
oped technology that is entirely adequate for early power requirements. As the
outpost develops, the next level of power generation is provided by space-based
nuclear systems. For life support, regenerative systems provide the most cost-
effective approach.

A significant trade study conducted over the past 2 years addressed the consid-
eration of balancing the need to occasionally deliver relatively large masses,
such as living quarters and utilities, to planet surfaces with the need to more
regularly deliver the smaller masses associated with logistics resupply and crew
transfer. This balance affects the sizing of launch and space transportation
vehicles, the need for vehicle reusability, and the buildup sequence of the out-
post. The balance must be arrived at considering reasonable flight rates, on-
orbit assembly capabilities, and operations scenarios.

For missions to the Moon, this balance has been found to be best achieved by
launch vehicles in the 50 to 80 metric ton payload class, which carry payloads to
Space Station Freedom for final assembly and checkout before departure for the
Moon. Although designed for no human intervention, lunar vehicles and pay-
loads will, realistically, require some hands-on activity in Earth orbit. Separate
Earth-orbit-to-lunar-orbit and lunar ascent/descent vehicles are required to
satisfy operational and abort considerations. The vehicles need to be reusable
and capable of delivering in the range of 15 to 40 metric tons to the lunar sur-
face. For Mars missions, launch vehicles having a payload capability well in
excess of 120 metric tons are required to achieve a balance between larger,
fewer launches and less assembly at Freedom and smaller, more numerous
flights that greatly complicate the assembly tasks.

An area in which a very wide range of system technology options were examined
is propulsion systems for space transfer vehicles. Approaches ranged from
conventional all-chemical propulsion to a variety of nuclear systems to solar
sails and mass drivers. What emerged from these analyses was a succinct
definition of the relative advantages and disadvantages of each approach.
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Whereas several techniques, such as nuclear and solar electric propulsion and
solar sails offered efficient transportation of large payload masses, this advan-
tage is somewhat negated by slow travel time or significant operational complex-
ity. Further study determined that the use of an aerobrake in conjunction with
chemical propulsion could reduce required initial mass in the low Earth orbit by
more than 50 percent, in addition to reducing operations costs.

Therefore, all-chemical propulsion with aerobraking was selected as the baseline
for space transfer vehicle propulsion, and this assumption was used in develop-
ing mission profiles for the Initiative. However, for transportation from Earth
orbit to Mars, nuclear propulsion shows a great deal of promise as an option for
significantly enhancing mission performance.

Solid-core nuclear thermal rockets, a mature technology that was designed,
built, and tested from 1955 to 1973, offers a savings in mass in low Earth orbit
of approximately 40 percent over chemical propulsion without aerobraking.
Chemical propulsion with aerobraking and solid-core nuclear thermal rockets
are, therefore, essentially equivalent in their advantage over chemical propul-
sion without aerobraking. However, gas-core nuclear rockets, for which concepts
were also formulated during the same time, offer the significant advantage of
reducing round-trip travel time to Mars to less than 1 year.

As the development of the Human Exploration Initiative unfolds, these and
other issues will continue to be examined to identify the most efficient ap-
proaches to the various elements of the program.
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SEcTION 8

The Human Exploration
Initiative

he overarching goal of the Human Exploration Initiative is to expand human

presence in the solar system, developing nearly self-sufficient communities
on new worlds and promoting significant advances in science and technology.
The Initiative will follow an evolutionary pathway over a 30-year horizon begin-
ning with Space Station Freedom in the 1990s, followed by a permanent outpost
on the Moon at the beginning of the next century, and culminating with Mars
expeditions that lead to a permanent martian outpost. Figure 3-1 illustrates
the relative timing of the full array of scientific and technical systems that will
enable and support this goal. These systems are discussed in detail in this and
subsequent sections.

Space Station Freedom, the first step on the pathway, will provide the essential
scientific and technological foundation for later human missions to the planets.
For example, a particularly critical factor in planning human exploration is the
determination of the physiological and psychological effects of low gravity and
long-term habitation of the space environment, which will be studied on Free-
“dom. Initially, crew members will remain on Space Station Freedom for
3 months; research will focus on understanding the various mechanisms respon-
sible for adaptation to weightlessness and the physiological problems encoun-
tered upon return to Earth. Later, an extended-duration crew certification
program will prolong visits to 180 days or more and will include enhanced
physiological countermeasures for low gravity and radiation effects.

Systems developed for use on Space Station Freedom will enhance and
strengthen the technological base for human planetary exploration. Freedom
will serve as a controlled test-bed for developing and validating systems and
elements, such as habitation and laboratory modules and life support systems,
to be used later on the Moon and Mars. In addition, Freedom will support tech-
nology experiments and advanced development in mission-critical areas, such as
spacecraft assembly, servicing, and system development. When the exploration
missions begin, Freedom will become a transportation node where both lunar
and Mars vehicles will be assembled, tested, launched, and refurbished to fly
again. (Freedom’s role as a transportation node is discussed in more detail in
Section 5.)

The next step in this evolutionary process will be to build a permanent outpost
on the Moon to establish human presence for science and exploration.




Rovers and crew will explore the geology and geophysics of the Moon itself, and
rock and soil samples will be analyzed in a lunar laboratory. The unique char-
acteristics of the lunar environment make it an excellent platform from which to
conduct astronomy, physics, and life sciences research. The Moon also provides
an ideal location, just a 3-day trip from Earth, at which human beings can learn
to live and work productively in an extraterrestrial environment with increasing
self-sufficiency, using local lunar resources to support the outpost. In this way,
the lunar outpost will both advance science and serve as a test-bed for validating
critical mission systems, hardware, technologies, human capability and self-
sufficiency, and operational techniques that can be applied to further explora-
tion.

Once the lunar outpost has verified the techniques and demonstrated the sys-
tems, the next evolutionary step will be to launch the first human expedition to
Mars. Initial missions to Mars will prove the systems and techniques required
for continuing human missions and will conduct further reconnaissance of
selected landing sites. Later missions will establish a Mars outpost with the
objective of conducting science and exploration on the solar system’s most Earth-
like planet, expanding mankind’s sphere of influence in the solar system, and
living and working in an extraterrestrial environment with a high degree of
self-sufficiency. Valuable scientific knowledge will be gained through the search
for evidence of past and present life, exploration of the geology and geophysics of
Mars and its moons, utilization of martian resources, and studies of biological
responses in humans, plants, and animals.

To examine potential approaches to building permanent lunar and Mars out-
posts, an end-to-end strategy was developed that provides a logical mechanism
for stepping through the various elements and milestones of the Initiative. The
strategy begins with the preparatory phase of robotic exploration to obtain early
scientific and technical data prior to the human exploration missions. Once the
robotic missions have satisfied this requirement, the development of permanent,
largely self-sufficient outposts on the Moon and Mars proceeds through three
progressive phases: emplacement, consolidation, and operation.

The emplacement phase emphasizes accommodating basic habitation needs,
establishing surface equipment and science instruments, and laying the founda-
tion for future, more complex instrument networks and surface operations by
testing prototypes of later systems. In the process, human explorers begin to
learn to live and work on another planetary body, conducting local geologic
investigations, performing experiments in mining the lunar soil to demonstrate
the feasibility of oxygen production on the Moon, and examining the possibility
of oxygen and water extraction on Mars. By the end of the emplacement phase,
the support facilities include landing vehicle servicing equipment to prepare for
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Figure 3-1 Human Exploration Initiative




longer visits. During this phase, human operations take place within tens of
kilometers of the outpost, and unmanned rovers are used to explore more dis-
tant areas.

The consolidation phase further extends human presence, both in complexity of
operations and in distances traveled from the outpost, and continues to develop
experience in living and working in a planetary environment. During this
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phase, outpost capabilities, scientific facilities, and instruments are improved,
and power and pressurized volume are increased. A constructible habitat is
erected at the outpost to provide the increased volume required for both ex-
tended crew residence and laboratory sciences research. Human operations
expand to a range of hundreds of kilometers from the outpost.

Learning to become more independent of Earth now takes on paramount impor-
tance. This involves developing confidence in operational strategies as well as
developing improved outpost element subsystems. More efficient systems for
life support are emplaced, prototypes of lunar resource processing plants are
tested, and day-to-day activities are conducted without continual supervision
and guidance from Earth.

The objectives of the operation phase are to make routine use of in situ re-
sources, and to continue to live and work at the outpost with minimal depend-
ence on Earth. The area of exploration opportunities is expanded to include
routine human access to more distant points on the planet.

The result envisioned by the year 2025 is two permanent operating outposts —
one on the Moon, one on Mars — with the knowledge base and experience to
begin to seriously set our sights for further exploration.

The pages that follow describe in detail the robotic missions, lunar outpost, and
Mars outpost implementation concepts for the Human Exploration Initiative.

Robotic Missions

The robotic exploration missions will obtain data to assist in the design and
development of subsequent human exploration missions and systems, demon-
strate technology and long communications time operations concepts, and dra-
matically advance scientific knowledge of the Moon and Mars. The mission set
selected reflects an orderly strategy for compiling extensive data bases about the
surface and subsurface of the Moon and the atmosphere, surface, and subsurface
of Mars; validating remotely sensed data by in situ measurements at selected
sites; selecting appropriate candidate landing locations; and characterizing
potential outpost sites.

In formulating the robotic exploration mission set, the prime issues were prop-
erly sequencing the acquisition of global lunar and Mars data and systematically
reducing the number of candidate sites, ranking those that remain in order of
desirability. Other factors address scientific priorities, the need to provide
design data for the human mission elements, and the development of the basis
of the science investigations to be accomplished when humans inhabit the se-
lected site.
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Ranger, Surveyor, Lunar Orbiter, and Apollo have amassed a general knowledge
base for the Moon, but these data are limited to a band about the equator, or in
the case of subsurface data, to specific Surveyor and Apollo landing sites. Be-
cause the optimal site may be outside the well-known area, additional mapping
of the Moon is required before the first human landing.

Lunar Observer will significantly enhance the global lunar data base to verify
the requirements for surface equipment and excursion vehicles, select the out-
post site, and plan lunar surface operations. These data will also help to resolve
important issues related to long-duration human presence on the Moon, includ-
ing the selection of sites of high scientific potential for human exploration,
minimization of risks for human landing and habitation, and assessment of
resource availability.

Two identical flight systems will be launched on the 3- to 5-day flight to the
Moon. The spacecraft will be propulsively captured into an elliptical orbit in
which a subsatellite will be released to conduct preliminary gravitational map-
ping. About a month later, the spacecraft orbit will be circularized into a
100-kilometer polar mapping orbit, and mapping will continue for about 1 year.

The primary objectives of robotic missions to Mars are to advance our under-
standing of the planet and its origin, history, and current conditions; to provide
science and engineering data to support selection and certification of the expedi-
tionary and permanent outpost sites; to return a sample of Mars to Earth for
scientific analysis and determination of the potential of back-contamination; to
conduct studies that diminish risks to human explorers; to provide data to assist
in designing piloted vehicles and surface systems; to search for martian re- '
sources; and to generally demonstrate readiness to proceed with a human Mars
mission.

The 1992 Mars Observer, enhanced to allow additional high resolution mosaics,
higher data rates, and an extended operations period, will establish global
martian data bases. In addition, the mission will begin global monitoring of
climate and characterization of the atmosphere. If the 1992 mission fails to
meet its objectives, a modified 1996 mission will back it up.

The Mars Global Network Mission will provide essential data to address scien-
tific issues and develop specific engineering requirements for subsequent robotic
and human presence on Mars. Two identical flight systems carrying an orbiter
and multiple landers will be launched within a 20-day period using two expend-
able launch vehicles. The landers will provide high-resolution surface data at
multiple locations and will obtain extended-duration seismic and meteorological
measurements. These landers will most likely emplant scientific instruments
beneath the surface and leave instruments on the surface.
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Figure 3-2 Mars Global Network Mission Vehicle Concept
Using Landers

One possible implementation of this concept (see Figure 3-2) involves a space-
craft that carries six surface instrument packages mounted in aeroshells for
entry into the martian atmosphere. Two aeroshells are deployed during Mars
approach and targeted to land in regions above 65 degrees latitude. The remain-
ing four aeroshells and their carrier bus are propulsively captured into elliptical
orbit. As the orbit precesses and rotates due to perturbations, different regions
of the planet will be targeted for deployment of the remaining aeroshells. After
deployment, the orbiters will receive telemetry data from the landers and relay
the information back to Earth.

The landers’ descent imaging will aid in refining the geologic modeling of Mars
surface processes at multiple spatial scales and contrasting locations. Approach
imaging is also essential for selecting the landing site for the sample return
mission. Long-lasting scientific packages will produce a meteorological data
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base for both atmospheric investigations and studies of the complex interactions
between the surface and atmosphere. Seismic monitoring will further the
understanding of the crustal structure of Mars and regional differences related
to geophysical evolution. Biological and subsurface chemistry experiments will
contribute directly to the scientific objectives of the Human Exploration Initia-
tive by validating and calibrating remotely sensed data to assess the resource
potential, trafficability, risks, and habitability issues associated with human
and robotic exploration of the surface of Mars.

A Mars Sample Return with Local Rover mission (Figure 3-3) is the centerpiece
of the robotic Mars missions. In addition to important scientific advancement,
this mission will demonstrate technologies that will be used in the piloted mis-
sions, and it will serve as a flight test of technologies that include aerocapture
and aeromaneuvering, hazard avoidance for landing, automatic rendezvous and
docking, and long communication delay time technologies used for operations at
Mars.

Figure 3-3 Sample Return Vehicle with Local Rover




Five kilograms of martian rocks, soil, and atmosphere will be returned to Earth
prior to the development of the human mission vehicles and surface systems.
Scientific analysis of martian samples should resolve a great deal of speculation
about the nature and composition of martian surface rocks and soils and enable
a detailed assessment of the surface environment for incorporation into design of
the human exploration elements. The mission will also provide an Earth-Mars-
Earth engineering test and a first test of surface mobility. Samples will be
contained to preclude release on Earth until adequate testing of potential bio-
logical activity can be completed.

Two identical flight systems will be launched within a 20-day period using two
expendable launch vehicles. The flight systems will be aerocaptured into a
circular orbit around Mars at an altitude of 400 to 500 kilometers. After aero-
capture, the sample return orbiter is separated from the landing segment of the
flight system. A deorbit burn is executed by the landing segment, and aeroma-
neuvering techniques are used to land the Mars ascent vehicle with its local
rover near one of the global network lander sites while the sample return orbiter
remains in orbit. After landing, the local rover, capable of traverses to about
100 meters from the lander, will be deployed to collect samples outside the area
contaminated by the lander’s propulsion system.

Mars ascent is planned about a year later with autonomous rendezvous and
docking of the upper stage of the Mars ascent vehicle and the sample return
orbiter. Once docking is completed, the sample canister assembly will be trans-
ferred to the sample return capsule of the Earth return vehicle portion of the
sample return orbiter. The rendezvous/docking module will then be separated
from the Earth return vehicle. Departure from the vicinity of Mars is planned
approximately 1 month after ascent.

The Mars Site Reconnaissance Orbiter mission consists of two orbiters (see
Figure 3-4) and two communications satellites. It will provide detailed imaging
to characterize landing sites, assess landing site hazards, and provide a data
base for subsequent rover traverses and piloted surface operations. The orbiters
will be targeted to a sun-synchronous, near polar, 1-day repeat orbit at an
altitude of 299 kilometers to provide moderate resolution visual maps of 30 to
50 percent of Mars. For selected regions of the planet, high-resolution imaging
will be obtained at a low Sun angle and transmitted to Earth using a high
signal-to-noise ratio data link. The data will be transmitted via the two commu-
nications satellites, which also will support subsequent surface elements, signifi-
cantly increasing their data return capabilities. In particular, the data relay
capability will provide more efficient path planning, which significantly in-
creases the area that the rover can cover.
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Figure 3-4 Mars Site Reconnaissance Orbiter Concept

Each orbiter/satellite combination will be launched on an expendable vehicle,

and the two launches will occur within a 20-day period. Immediately after

trans-Mars injection, orbiter and satellite will be separated and propulsively

captured at Mars. The satellite will be maneuvered into a Mars-synchronous
orbit.

Up to five Mars Rover missions will certify three sites selected using the data
gathered by the Mars Observer, Mars Global Network, and Mars Site Recon-
naissance missions to determine the sites with the greatest potential for piloted
vehicle landing and outpost establishment. The rovers (Figure 3-5) will charac-
terize available resources at these sites, provide data for determining the suita-
bility of the sites for a human outpost, and collect diverse geological samples for
- return to Earth by later sample return missions or by piloted flights. The rovers
will also emplace infrastructure elements, such as navigation aids and meteoro-
logical stations, to support piloted missions.

Each rover will survey a different 10 by 10 kilometer area for surface trafficabil-
ity, subsurface structure, and mineral composition. Within this area, the rover
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Figure 3-5 Long-Range Mars Rover

will survey nine 100-meter sites for selection of locations for a power plant, a
habitat, and a landing site for human missions. Regional exploration is possible
during the mission. The rovers are assumed to be similar to the rovers used on
the Moon in a robotic mode, and allow for a 25-percent technology or capability
upgrade between flights. Manned expeditionary missions could also carry into
orbit a rover and its lander packaged in a biconic aeroshell.

On Mars, a rover with local access to the vicinity of its landing site will perform
a preliminary characterization of the martian surface material composition,
mineralogy, and petrology. This characterization will calibrate and validate the
regional and local geological data from prior orbital missions. The rover will
examine, in situ, a variety of biochemical and environmental indicators of an-
cient life-forms. The rover will also play a vital role in direct resource assess-
ment of the site for subsequent manned landings.

Lunar Outpost

The next step in the strategy is the development of a permanent lunar outpost,
which begins with two to three launches of the lunar payload, crew, transporta-
tion vehicles, and propellants from Earth to Space Station Freedom. At Free-
dom, the crew, payloads, and propellants are loaded onto the lunar transfer
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vehicle that will take them to low lunar orbit. The lunar transfer vehicle meets
in lunar orbit with an excursion vehicle, which will either be parked in lunar
orbit or will ascend from the lunar surface, and payload, crew, and propellants
are transferred. After the excursion vehicle descends to the lunar surface, the
transfer vehicle will return to Freedom. The transfer vehicles will be serviced
and maintained at Freedom, and the excursion vehicles will be serviced and
maintained at the outpost. Facilities will be provided at the outpost site to
maintain the excursion vehicle during the crew’s stay on the surface, which can
be as long as 1 year.

Missions to the Moon fall into two categories: piloted and cargo. Figure 3-6
illustrates the typical mission profile for delivering crew and cargo to the lunar
surface. A piloted mission delivers a crew of four and some cargo to the lunar
surface and returns a crew of four and limited cargo to Freedom; a cargo mission
delivers only cargo, and the vehicle is either expended or returned empty. The
missions use common transfer and excursion vehicles: the piloted missions add

(D Payload delivered to Space Station Freedom () Excursion vehicle returns to Moo with
®@ Lugar transfer vebicle mated with payioad Trans Barth phase with transfer vehicle

Trans-lunar phase with lunar transfer @ Transfer vehicle asrcbrake maneuver
wehicle and return to Freedom

Lunar transfer vehicle rendezvous with lunar
excursion vehicle from Moon

Figure 3-6 Lunar Mission Profile
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a crew cab for personnel transfer, and cargo missions use only a cargo pallet.
The vehicle for cargo missions can be expended, which increases the payload
delivery capability to the lunar surface. For piloted flights, the transfer vehicle
employs an Earth-to-Moon trajectory that allows the crew to return safely to
Space Station Freedom if necessary.

Emplacement of the lunar outpost begins with an unmanned cargo mission that
delivers the first elements to the selected outpost site and is also an extensive
flight test of the lunar transportation system, including vehicle assembly, fuel-
ing, and integration at Freedom. It is flown as a partially loaded mission, deliv-
ering an unpressurized manned/robotic rover and the equipment necessary to
prepare the outpost site and off-load payloads from the excursion vehicles. The
rover, which will initially be operated telerobotically, will enable the study of
subsurface characteristics and aid in determining where the outpost will be
located. The second flight to the Moon is also a cargo mission, which will deliver
the initial permanent habitation facilities: a habitation module, airlock, power
system, and associated support equipment. The module will be telerobotically
emplaced on the surface at the prepared location and covered with lunar soil to
provide radiation shielding.

The first two cargo missions will be followed by a piloted mission with a crew of
four, who stay on the lunar surface for up to 30 days. This crew will check out
the habitation module and associated support systems and use the rover to
conduct geologic traverses and to emplace scientific instruments, including the
first few elements of astronomical telescope arrays. Longer visits will begin
after cargo missions deliver additional habitation and laboratory space and
facilities to service and maintain excursion vehicles. At this point, the outpost
can be operated in a human-tended mode, or permanent occupation of the out-
post can begin. The crew will perform experiments to demonstrate in situ
resource utilization and will conduct a variety of scientific experiments. When
the pressurized laboratory module is emplaced, geochemistry, life sciences, and
biomedical research will begin.

The initial lunar outpost will consist of self-contained systems that allow for
relatively simple emplacement operations. Later, to expand the capabilities at
the outpost, a constructible habitat will be erected to provide additional habit-
able volume for a larger crew to stay longer and to provide additional space for
increased biomedical and life sciences research. The design of the facilities is
driven by the desire to simulate the eventual 600-day surface stays anticipated
for the Mars outpost, and the constructible lunar module will serve as the proto-
type for the Mars module. In later years, the outpost can support scientific
exploration activities distant from the outpost using a manned pressurized rover
for regional access or using the excursion vehicle for expeditions to the farside of
the Moon.

3-14



_

. = 7 Astronomy Array 7 Geophysical Station
- - - - & _" .
- -
Power
Production
Crew Area ‘\ In Situ Resource -
Habitation . P

Utilization Area -\

«— Launch/Landing
Facilities

Figure 3-7 Lunar Outpost Architecture

Power capacity at the lunar outpost will be expanded to support increased
demands. The increased power capacity at the outpost will be used to begin
operational processing of the Moon’s resources and to help reduce the outpost’s
dependence on Earth. For example, oxygen extracted from the lunar soil can
help make up losses from the outpost’s life support system and could be used as
propellants for the excursion vehicles. Nitrogen, hydrogen, and helium could
also be extracted from the lunar soil and used at the outpost. Processing re-
sources on the Moon will also develop an experience base for operational tech-
niques for use in Mars resource utilization. In addition, dependency on Earth
will be reduced by relying on systems with higher levels of recovery of life sup-
port consumables. Figure 3-7 depicts a typical lunar outpost in the operation
phase of development.

1)

The size of the lunar vehicles and payload and the amount of material delivered
to Space Station Freedom require a heavy-lift launch vehicle with capabilities
beyond those of the current fleet of Shuttles and expendable launch vehicles.
The launch vehicles must be sized to provide a balance between the degree of as-
sembly and integration required at Freedom and the size of the vehicles. Fig-
ure 3-8 depicts two lunar heavy-lift launch vehicle options, one derived from the
Shuttle and the other a version of the Advanced Launch System. Both will have
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Advanced Launch a payload shroud large enough to allow
lunar transfer and excursion vehicles
to be launched virtually intact from
Earth, but a single launch approach
would require an extremely large
launch vehicle. Instead, the transfer
and excursion vehicles will be
launched with the cargo in one flight,
and the required propellant will be
delivered to Freedom in two additional
flights.

Shuttle-Derived
Option

The various components are assembled
and checked out at Space Station Free-
dom, which will serve as a transporta-
tion node for exploration missions.
The planned baseline configuration of
Freedom is capable of accepting the
evolutionary modifications to support
the processing and storage facilities for
the lunar vehicles. An additional
Figure 3-8 Lunar Heavy-Lift habitat module will supply the volume
Launch Vehicle Options to house the vehicle assembly and
maintenance crews and the transient
lunar mission crews. Additional crew and vehicle processing activities will
require additional power and thermal control capability.

The lunar transfer vehicle transports crew and cargo between Space Station
Freedom and lunar orbit; the lunar excursion vehicle provides transportation
between lunar orbit and the surface of the Moon. The vehicles shown in Fig-
ure 3-9 allow mission flexibility by employing a common design for delivery of
both cargo and crew. Key mission design criteria are: (1) timing of the launch
and return opportunities from Freedom, (2) payload mass delivered to the lunar
surface and mass required in low Earth orbit, (3) mission abort/safe-return
options, and (4) Earth-to-orbit launch vehicle/payload manifesting. To maximize
cargo delivery to the lunar surface, initial flights will expend the lunar transpor-
tation vehicles. On subsequent flights, the lunar transportation system will be
reused up to five times to reduce vehicle and operational costs.

The lunar transfer vehicle concept is a 1-1/2 stage design consisting of a reus-
able core and expendable propellant tanks. Using expendable drop-tanks re-
duces the vehicle’s propellant load by approximately 10 percent compared to a
single-stage reusable lunar transfer vehicle. The lunar transfer vehicle
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Figure 3-9 Lunar Transportation System

elements include a core propulsion/avionics module, main expendable propellant
tanks, aerobrake, crew module, and other vehicle subsystems.

On initial crew delivery flights, the vehicles will be packaged and launched to
Freedom on a single heavy-lift launch vehicle. Packaging includes the fully
fueled core propulsion/avionics module, the aerobrake central core and periph-
eral segments, transfer vehicle crew module, excursion vehicle crew cab, and
partially fueled excursion vehicle. At Freedom, the eight peripheral segments
of the aerobrake will be attached to the aerobrake central core, and the

317



combination will be checked out for structural integrity. Two additional heavy-
lift vehicles will launch four fully loaded expendable main propellant tanks to
Freedom for mating to the transfer vehicle. The Space Shuttle will deliver cargo
modules and crew to Freedom, where the cargo modules will be added to com-
plete the integrated lunar transportation vehicle. Two propellant tanks will be
dropped just after trans-lunar injection, and two will be dropped in low lunar
orbit. The transfer vehicle will become a staging base in low lunar orbit for the
excursion vehicle and the cargo, and it will also transfer cryogenic propellants
and consumables to the excursion vehicle when it is reused.

Lunar transfer vehicle engines were selected on the basis of vehicle thrust-to-
weight, number of engines, throttle range, and man-rating. The need for man-
rating with multiple engines for engine-out capability, the desire for a common
engine, and the excursion vehicle touchdown “g” limit with a throttling require-
ment of less than 20:1 resulted in the selection of four engines at 89 kilonewtons
of thrust each (Figure 3-10).

Compared to all-propulsive Earth return, aerobraking significantly reduces the
initial mass required in low Earth orbit. The aerobrake is a rigid structure
made of composite materials with advanced thermal protection materials used
to protect the aerobrake in the maximum heating region. Aerobrake reuse for
five missions is assumed. After each mission, the aerobrake will be refurbished
and verified at Space Station Freedom.

The lunar transfer vehicle uses an integral cryogenic reaction control system for
attitude control and stabilization. Electrical power is provided by solar arrays
and batteries or fuel cells. Advanced, man-rated, redundant avionics and com-
munications use hardware and software elements that are common with the
excursion vehicle. Multiple communications capabilities between the lunar
excursion vehicle, lunar transfer vehicle, Earth, Space Station Freedom, the
lunar surface, and communications satellites are provided. An automated
rendezvous and docking system is provided for the lunar transfer vehicle.

The lunar transfer crew module illustrated in Figure 3-11 attaches to the trans-
fer vehicle and provides habitable support to the crew for 4 days on the trans-
lunar segment and up to 7 days for return to Space Station Freedom. With the
crew module attached to the transfer vehicle, the crew can override the auto-
mated rendezvous and docking system.

The design concept is based on structures and subsystems from Freedom and
previous spacecraft. The environmental control and life support system is a
Freedom-derived two gas, open loop system. Power comes from the transfer
vehicle, and the module has a galley, a zero-gravity toilet, and personnel hygiene
provisions. Shuttle-type medical supplies are provided, and two ingress/egress

3-18



Transfer Excursion

Vehicle Vehicle

Thrust, kilonewtons 89 89
‘Vacuum Isp, seconds 481 465
Vacuum Chamber Pressure, Psia 1,500 1,500
Mixture Ratio 6 6
Throttling Range Tank Head Idle Tank Head Idle
Pumped Idle <20:1
Full

Figure 3-10 Lunar Transfer and Excursion Vehicle
Reference Engines

319




Mass - 8.4 metric tons
Pressurized volume
37 cubic meters

meters

4.60 meters

Figure 3-11 Lunar Transfer Crew Module Reference Concept

routes are provided through Shuttle-size hatches. Transfer into the module and
between modules is by intravehicular activity. Contingency extravehicular
activities are achieved by depressurizing the module rather than by using an
airlock. Repressurization gas is supplied for two contingency extravehicular
activities. Water-filled solar flare radiation shielding is provided. The water is
vented overboard before Earth atmosphere reentry to reduce the aerobrake
design loads.

The lunar excursion vehicle shown in Figure 3-12 can be based on the lunar
surface, covered by a thermal tent and ready for launch and rendezvous with the
lunar transfer vehicle, or it can be stored in low lunar orbit awaiting the return
of the lunar transfer vehicle. The lunar excursion vehicle is sized to deliver
approximately 33 metric tons to the lunar surface in an expendable cargo-only
mode or approximately 13 to 15 metric tons of cargo plus a crew module in a
piloted mode. The lunar excursion vehicle elements include a propulsion sys-
tem, landing legs, crew cab, and other subsystems.

The lunar excursion vehicle and the lunar transfer vehicle share common sys-
tem designs for some elements, including the main engines, cryogenic reaction
control system thrusters, avionics and selected software, and communications.
Four advanced fuel cells are provided for electrical power. For low lunar orbit
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Figure 3-12 Lunar Excursion Vehicle

storage of the lunar excursion vehicle, solar arrays are also required. Lunar
excursion vehicle legs and landing pads are provided with height control for
landing on unimproved areas.

Automated rendezvous and docking in low lunar orbit are provided for reusable
cargo missions, whereas piloted missions provide crew monitoring and control
for rendezvous and docking operations. The propellant system is designed for
30 days on the lunar surface, and it will require surface support for longer
stays. The capability to utilize lunar-generated oxygen is provided. Hydrogen
would still be provided by fluid transfer from the lunar transfer vehicle to the
lunar excursion vehicle in low lunar orbit.
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The lunar excursion crew module, which shares a common system design with
the transfer crew module, has no radiation shielding and accommodates both
lunar-gravity and zero-gravity operations. It transports four crew members
between the crew transfer module in lunar orbit and the lunar outpost. During
landing operations, the lunar excursion crew module provides two crew mem-
bers with console positions and windows from which to visually monitor all
critical landing activities, including forward landing pad touchdown. Systems
are quiescent with the exception of 4 days during descent/ascent missions:

2 days during crew descent and initial surface operations and 2 days for prepa-
ration and return to low lunar orbit. During quiescent periods on the Moon,
power, thermal control, and propellant conditioning are provided by surface
support systems.

Transfer between modules and surface systems is initially by extravehicular
activity, and later by pressurized transfer using surface-based systems. The
lunar excursion crew module has no airlock; therefore, extravehicular activity is
supported by depressurizing the module. Repressurization gas is provided for
two contingency extravehicular activities. A docking adapter is provided for low
lunar orbit docking and crew transfer for incoming and outgoing crews.

Mars Outpost

The next step in the strategy is the development of a permanent Mars outpost,
which begins with the launch of the crew, surface payload, transportation ve-
hicles, and propellant from Earth to Space Station Freedom. The transfer and
excursion vehicles are assembled, checked out, and fueled at or in the vicinity of
Freedom.

Upon approach to Mars, the transfer and excursion vehicles separate and per-
form aerobraking maneuvers to enter the martian atmosphere separately. The
vehicles rendezvous in Mars orbit, and the crew of four transfers to the excur-
sion vehicle, which descends to the surface using the same aerobrake. When
their tour of duty is complete, the crew leaves the surface in the ascent module
of the Mars excursion vehicle to rendezvous with the transfer vehicle in Mars
orbit. The transfer vehicle leaves Mars orbit and returns the crew to Space
Station Freedom.

For cargo flights, an integrated configuration of two excursion vehicles is
launched. Upon approach to Mars, the two vehicles separate and enter Mars
orbit using aerobrakes. The first cargo flight in the Mars outpost mission se-
quence delivers the habitat facility to the outpost site, and both excursion ve-
hicles are left on the martian surface.
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A typical mission profile is shown in Figure 3-13 for flights to Mars. Piloted
flights to Mars employ two different trajectory classes, distinguished by round-
trip mission time: 500-day round-trip missions with short stays (up to

100 days) on the surface; and 1000-day round-trip missions with much longer
surface stays of approximately 600 days. The 500-day missions will be used for
the first flights to Mars, whereas the 1000-day missions will be used later in the
sequence for outpost buildup when longer stays are necessary. All trajectories
for the Mars outpost have an option available to allow the crew to bypass Mars if
necessary. For the piloted flights, a zero-gravity Mars transfer vehicle will serve
as the crew’s living quarters during interplanetary transit. The feasibility of
using zero gravity for such long trip times, and the required countermeasures,
will have been previously determined on Freedom and the Moon. If long-term
zero gravity is not feasible, an artificial gravity vehicle will be developed in-
stead.

Mars excursion vehicle

separates and
arrives 1 day before
Mars transfer vehicle

@ Payload delivered to Space Station Freedom @ Excursion vehicle to/from Mars surface

@ Mars transfer vehicle mated with payload at Freedom @ Trans-Earth phase with transfer vehicle
@ Trans-Mars phase with Mars transfer vehicle @ Transfer vehicle aerobrake maneuver and return

@ Mars transfer vehicle remains in Mars orbit;
Mars excursion vehicle descends to surface

Figure 3-13 Mars Mission Profile
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All scenarios under consideration begin with an initial four-crew expedition.
The surface stay-time for this first flight is limited to approximately 30 days,
and the total mission duration is approximately 500 days. During these short
stays on the surface, the crew will live in a fully integrated habitation module,
similar to that used on the Moon. However, in order to accommodate crew stay
times up to 600 days, a constructible habitat facility is erected after delivery on
a one-way cargo mission. The crew’s early activities include local geologic explo-
ration and characterization of the Mars outpost area and the search for re-
sources, water environments, and past and present life. One concept of the
Mars outpost in the consolidation phase is shown in Figure 3-14.

Emplacement of the Mars outpost begins with an initial flight by an expedition-
ary crew to reconnoiter the selected outpost site. In addition to conducting a
final site assessment, the crew conducts local science and exploration investiga-
tions, resource evaluations, and resource extraction demonstrations. The crew
is provided an unpressurized rover for their local science and exploration trav-
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Figure 3-14 Mars Outpost Architecture
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erses. During their 30-day surface stay, the crew resides in a separate habitat
module delivered as part of the surface payload. The second flight, an un-
manned cargo flight, delivers the permanent habitation facility, which includes
a habitation module, airlock, power system and associated support equipment.
The module is telerobotically deployed at the site prepared by the previous
expeditionary crew. These first two missions are followed by a piloted flight that
performs the first long-duration stay on the martian surface. This crew checks
out the habitation module and associated support systems and uses rovers to
conduct geologic traverses and to emplace scientific instruments.

The initial Mars outpost consists of self-contained systems that allow for rela-
tively simple emplacement operations. Later, to expand the capabilities at the
outpost, a constructible habitat is erected to provide additional habitable volume
for a larger crew to stay longer, and it provides additional space for increased
biomedical and life sciences research. In later years, the outpost can support
scientific exploration activities distant from the outpost using a manned pres-
surized rover for regional access.

The large masses required to undertake Mars missions necessitate the develop-
ment of a larger class of heavy lift launch vehicle, with a capability approxi-
Shuttle-Derived Advanced Launch  22tely double that required for lunar
Option System Option  Missions. The Mars heavy lift vehicle
will also require larger payload com-
partments to accommodate the volume
of the Mars exploration systems.
Conceptual designs of potential Mars |
heavy-lift vehicles are shown in Fig-
ure 3-15.

Further modifications and enhance-
ments to the lunar node configuration
of Freedom will be required to perform
Mars vehicle operations in addition to
the continued processing of the lunar
transfer vehicle. With the lunar
configuration as a baseline, additional
structure is added to accommodate the
processing facilities for the Mars
mission vehicles. The vehicle assem-
bly and maintenance crews and tran-
sient mission crews will be housed
within the second habitation module

Figure 3-15 Mars Heavy-Lift added to Freedom in the lunar opera-
Launch Vehicle Options
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tions phase. Increased vehicle processing activities will require additional
power; however, this increase is within the power generation capability of the
Space Station Freedom lunar node configuration.

The Mars transportation system consists of the Mars transfer vehicle and Mars
excursion vehicle shown in Figure 3-16. The Mars transportation system must

Thrust Arms

Trans-Mars
Injection Stage

Mars Excursion Vehicle

Mars Transfer Vehicle

58 meters —

4

Figure 3-16 Mars Transportation System

3-26



support a piloted mission mode to deliver a crew of four and 25 metric tons of
payload to the surface of Mars and return the crew and 1 metric ton to Earth,
and it must support a cargo mode that delivers 100 metric tons of cargo to Mars
using two Mars excursion vehicles. Other key mission design requirements
include the zero-gravity Mars transfer vehicle, direct entry capability for Earth
return, extravehicular activity capability, accommodation of in-transit science
activities, and expendable excursion vehicles.

Major mission maneuvers include trans-Mars injection, Mars capture, Mars
descent and landing, ascent and rendezvous, trans-Earth injection, and Earth
capture. Mars and Earth capture are accomplished by aerobraking, with the
nominal entry velocity constrained to 8.5 kilometers per second at Mars and
12.5 kilometers per second at Earth, although this may be exceeded at Earth
during abort trajectories. Aeromaneuvering of the lander provides cross-range
landing capability to reach an out-of-plane landing site.

The Mars transfer vehicle consists of a core vehicle and an expendable trans-
Mars injection stage. The vehicle is placed on a Mars transfer trajectory by the
injection stage, which consists of a core propulsion module with five engines and
up to three additional strap-on tanks. The strap-on tanks are the same configu-
ration as the core module tanks. When the injection stage has completed its job,
it is jettisoned.

The Mars transfer vehicle carries a crew and the excursion vehicle to Mars and
returns a crew to Earth. The transfer vehicle provides long-duration crew
accommodations for the transfers from Earth to Mars and back, and it also
includes an Earth crew capture vehicle, an Apollo-like capsule designed to
return the crew directly to Earth’s surface after the early expeditionary Mars
missions.

)

The Mars transfer vehicle has a large aerobrake, which is used for aerocapture
at both Earth and Mars during the later flights. The aerobrake provides lift for
trajectory control as well as drag to slow the vehicle for capture into orbit.
When the aerobrake is also used for Earth return, its heat shield uses an ad-
vanced, lightweight material capable of surviving the high-velocity entry into
Earth’s atmosphere. For trans-Earth injection from Mars orbit, the vehicle
includes a propulsion system that uses four engines previously developed for
the lunar transfer vehicle. The cryogenic propellant system is designed to
minimize boiloff before the trans-Earth injection.

The crew module (Figure 3-17) is a single, pressurized structure 7.6 meters in
diameter and 9 meters in length with an internal bulkhead to provide redun-
dant pressure volumes, and a life support system that recycles water and oxy-
gen. The crew is provided private quarters, exercise equipment, and space suits
that are appropriate for the long (up to 3 years) mission duration.
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The Mars excursion vehicle shown in Figure 3-18 is designed to transport

25 metric tons of payload and the ascent stage from the transfer vehicle to the
surface of Mars. For manned missions, the crew pilots the Mars excursion
vehicle.

The Mars excursion vehicle crew module, which has a design based on the lunar
excursion vehicle crew module, supports the crew during descent and ascent and
allows the crew to control Mars excursion vehicle maneuvers. It provides spar-
tan crew accommodations for up to 30 days to cover contingencies in activating a
surface habitat. The Mars excursion vehicle design presumes that the crew
members, once on the surface, live in and operate out of a surface habitat (deliv-
ered as cargo). Consumables provided in the crew module are only sufficient for
landing, 2 days on the surface, and ascent. Use of the crew module as a contin-
gency surface habitat presumes that power and consumables can be obtained
from the surface payload.

*

The Mars excursion vehicle aerobrake, which is identical in shape and size to
the Mars transfer vehicle aerobrake, provides enough lift to maneuver from
Mars parking orbit to a preselected landing site. The heat shield for Mars
capture and landing is an advanced thermal protection material. Landing legs
are deployed after the aerobrake is dropped. The five Mars excursion vehicle
descent engines, like the lunar excursion vehicle engines, provide single engine-
out capability and can be throttled to 15 percent of rated thrust to enable a soft

Ascent Liquid Oxygen Docking Tunnel

Descent Center to Gravity nt Liquid Hydrog
Asce! ydrogen

Descent Liquid Oxygen
Surface Habitat Flight Deck
Airlock R Nl Je - Excursion Crew Module 143
‘ ' meters

2 \ 2 A Y Descent Liquid Hydrogen
. .

Deployable il +—(2) Rovers

Surface

(3) Ascent Payload
| Mars Surface Engines Lift

[ 22.5 meters

Figure 3-18 Mars Excursion Vehicle
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landing of the excursion vehicle. The Mars excursion vehicle ascent stage uses
three of the same engines to provide single engine-out capability and has vac-
uum-jacketed propellant tanks to minimize boiloff losses while the ascent stage
is on the Mars surface.

Planetary Surface Systems

Concepts have been identified and defined for lunar and Mars surface habitats,
power systems, vehicles, and in situ resource utilization systems that will satisfy
the requirements of a focused set of mission objectives. First and foremost,
these systems fulfill the overall objective of expanding human presence in the
solar system while providing for crew health and safety throughout each mis-
sion. The systems that support crew operations on the surfaces of the Moon and
Mars include modular and constructible habitats, extravehicular mobility units,
airlocks, shirt-sleeve laboratories, rovers, construction equipment, and logistics
modules.

The habitat, extravehicular mobility units, and airlock are designed to use the
lunar missions as a proving ground for subsystem technologies, system lifetime
and reliability, and increasingly autonomous outpost operations. The human
systems elements to be used on the Moon and Mars are expected to be essen-
tially the same.

The initial habitat module for both outposts is a horizontal Space Station Free-
dom-derived cylinder 4.45 meters in diameter and 8.2 meters long. Freedom
technology is used for the outer structure of the pressurized modules, and the
interior structure uses a modular rack system.

A laboratory module is subsequently attached to the habitat to provide ex-
panded habitable volume. This module is identical to the habitat in size, struc-
ture, life support system, and thermal control system. Figure 3-19 shows the
connected “Hab/Lab” configuration with partially deployed regolith containers.
When filled with lunar soil, the containers will protect the habitat from the
lunar radiation environment.

The Freedom-derived initial habitat and laboratory modules use a regenerative
life support system that recovers more than 90 percent of the oxygen from
carbon dioxide and reclaims potable water from hygiene and waste water. In
addition to oxygen and water recovery, this system provides temperature and
humidity control, atmosphere and pressure control, stowage for refrigerated and
frozen food, trash compaction, and shower, dishwashing, and laundry facilities.
The laboratory uses the same life support systems as the habitat.
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To accommodate larger crews and longer stays, and to provide larger pressur-
ized volume for outpost and science operations, an expanded habitat is required.
This habitat, shown in Figure 3-20, is a constructible 1-meter diameter inflat-
able structure partially buried in a crater or a prepared hole. This structure is
an order of magnitude lighter than multi-module configurations of equivalent
volume. Its internal structure includes self-deploying columns that telescope
upward and lock into place when the structure is inflated. When fully as-
sembled and outfitted, the constructible habitat provides three levels, and has
the volume required for expansion of habitat and science facilities.

Major subsystems of the constructible habitat include the life support and
thermal control systems, pressure vessels and internal structure, communica-
tions and information management systems, and interior outfitting. Equipment
for outfitting the habitat will be delivered in logistics modules, pressurized
containers capable of docking to a cargo port on the habitat. The constructible
habitat has egress hatch ports for connection to the Hab/Lab, the airlock, and
the logistic modules.

Module

Figure 3-19 Initial Habitat and Laboratory Modules Conceptual Design
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Figure 3-20 Constructible Habitat Concept Design

A thermal coating covers the habitats to reduce thermal loads before the facili-
ties are covered with lunar soil for radiation shielding. An active thermal con-
trol system, consisting of a heat pump with lightweight deployable radiators,
will remove metabolic, latent, and equipment waste heat.

Extravehicular mobility units for lunar and Mars exploration will be designed
for long-term use and maintainability. Units consist of a suit and its portable
life support system. The suit is a hybrid structure of both hard and fabric com-
ponents, designed for mobility on uneven, rugged, partial gravity terrain, and it
is modular to facilitate resizing and maintenance of individual parts, and a
back-entry design will expedite donning and doffing in a partial gravity environ-
ment. To minimize mobility unit mass and size, the portable life support system
will use a 4-hour regenerable system that can be quickly recharged or replaced
to accommodate work periods longer than 4 hours.

A reliable, long life power system is required to support virtually all surface
system activities. The system employs a modular design to meet power de-
mands that evolve from tens of kilowatts in early emplacement phases to hun-
dreds of kilowatts in later operation phases. For initial outpost emplacement,
the system consists of three photovoltaic array/regenerative fuel cell assemblies,
each of which provides 25 kilowatts during the day and 12.5 kilowatts at night
(see Figure 3-21). The power system is designed for telerobotic deployment and
is located near the habitat.
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As outpost development proceeds, power demands rapidly increase. In addition,
the 354-hour lunar night makes reliance on photovoltaic systems, which convert
light to electricity, impractical for long-term lunar operations because of fuel cell
limitations. Nuclear power systems will both meet these increasing demands '
and allow progress toward increasing operational capability. The SP-100 reac-
tor with dynamic or thermoelectric conversion systems will supply 100 kilowatts
of electrical power (see Figure 3-22). As outpost power demands grow still
higher, a reactor coupled to a larger dynamic conversion system is emplaced to
supply 550 kilowatts for the lunar outpost. This power plant is more extensive
than the 100-kilowatt power module, and it will require more assembly and
construction. For both systems, the reactors are buried in order to use soil as
shielding material.

Expeditions to Mars require 25 kilowatts during both day and night. Pho-
tovoltaic array/regenerative fuel cell systems are baselined to supply power to
the Hab/Lab modules. The permanent Mars outpost requires 75 kilowatts,
which is supplied by three units. The 12-hour martian night does not impact the
mass of the regenerative fuel cells as much as the 354-hour lunar night. There-
fore, the need for nuclear power on Mars is not as great until large power in-
creases are required.
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Figure 3-22 Nuclear Dynamic Power System (100 kilowatts)

Offioading cargo, surveying, and setting up the lunar outpost heavily utilize
surface rovers remotely controlled from Earth. These rovers require nominal
power levels up to 5 kilowatts. Rovers with onboard continuous power systems,
such as radioisotope thermoelectric generators or dynamic isotope power
systems, could be fully utilized, since they will not need any recharge. Local
transport and construction and mining vehicles would use rechargeable energy
storage because of their lower energy needs and limited range. Batteries and re-
generative fuel cells are options for this application.

The requirement for lunar and martian surface transportation of crew and
payloads for outpost operations and for exploration and science missions will be
gatisfied by an unpressurized rover similar to the Apollo lunar rover, but en-
hanced in range and payload capability and able to be operated telerobotically.

An unpressurized manned/robotic rover (Figure 3-23) is used to transport both
crew and cargo about the outpost, and to perform human exploration and sci-
ence missions up to 50 kilometers from the outpost. This rover also transports
crew members on inspection and maintenance excursions around the habitation
and launch and landing areas, the in situ resource utilization production facility,
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Figure 3-23 Unpressurized Manned/Robotic Rover Design Concept

and the power production facility. The rover will carry either a crew of two and
up to 300 kilograms of payload or a crew of four (if rescue from a stranded rover
is required). The rover has an onboard extended life support capability for up to
18 hours for each of the two crew members. D

For exploration to distances greater than 50 kilometers, the rover will be recon-
figured either to be controlled by a telerobot that autonomously navigates the
rover and performs science missions, or to be teleoperator-controlled from the
outpost. The reconfigured rover will be able to travel to distances of up to

1,000 kilometers from the outpost for 1- to 2-year missions. The emphasis in the
design of this rover is to produce a multi-purpose vehicle that can be used both
for crew travel around the outpost and for robotic exploration and science far
from the outpost.

Cargo will be unloaded from the lunar excursion vehicles by a moveable gantry
crane called a payload unloader (illustrated in Figure 3-24). The payload un-
loader has three telescoping legs to vary overall height or to level the overhead
load platform. Each leg is equipped with large diameter powered wheels. Six
degrees of freedom of the overhead platform enable alignment of one component,
such as an airlock, with a stationary one such as a habitat module. A set of




Figure 3-24 Transportation Vehicle Payload Unloader Design Concept
(Shown Unloading Elements from a Lunar Excursion Vehicle)

interchangeable “implements” enables the payload unloader to perform con-
struction tasks such as excavating, relocating and smoothing regolith, and
grasping and lifting objects such as boulders or structural components. The
implement set also includes mining and hauling equipment for lunar soil. The
payload unloader is principally teleoperated with on-site supervision by robots
or a crew member.

Surface vehicles utilize as many common technologies as possible. For example,
wheels are sized appropriately for loads and traction but are based on the same
materials and fabrication technologies. Teleoperating systems will be variations
of the same basic technology, adapted only for specific operations that are
unique to a function. Power generation and storage systems will generally use
common technology, also scaled to provide the required power level and duty
cycle. Thermal control techniques will be common among all the mobile surface
elements. Daytime operation of these elements is likely to require the use of a
heat pump for efficient heat rejection.




Using resources that exist on the Moon and Mars is highly desirable if perma-
nent human presence is to be achieved and maintained. By minimizing the
propellant resupply needs for lunar operations, the amount of mass to low-Earth
orbit, as well as the operations cost of the outpost, can be reduced dramatically.
Liquid oxygen production will allow lunar excursion vehicles to be refueled on
the Moon for return to lunar orbit. By eliminating the need to transport liquid
oxygen from Earth to fuel the excursion vehicles, more intrinsically valuable
cargo can be taken to the lunar surface. Figure 3-25 displays a concept for a
lunar liquid oxygen production plant. As the lunar outpost evolves, even greater
self-sufficiency can be developed by using the co-products of oxygen production
to provide metals, structural ceramics, and even some volatile compounds.

Early demonstration of oxygen production and extraction of gases will be per-
formed on the Moon.

The Mars outpost will also provide opportunities for resource utilization. The
martian atmosphere, consisting largely of carbon dioxide, can be used to provide
oxygen for life support and propellant. Water on Mars may be available from
the permafrost, hydrated minerals, or moisture in the atmosphere. Small dem-

Figure 3-25 Lunar Liquid Oxygen Production Plant Design
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onstrations of both water and oxygen extraction technologies are to be completed
by the end of the Mars em:placement phase.

Launch and landing suppourt required on the lunar and martian surfaces primar-
ily involves preparation and maintenance of launch and landing sites and servic-
ing and communication facilities to accommodate vehicles during landing, post-
landing, quiescent, and pre-launch periods.

Site preparation and maintenance include selecting and leveling a 100-meter
diameter launch and landing area and providing for blast protection of any
equipment or element already emplaced on the surface. Tracking, navigation,
and communications systems are also emplaced near the site.

After landing, the vehicles require servicing to supply power, provide thermal
control and protection, actively limit cryogenic fuel boil-off, and monitor subsys-
tems. To accommodate these requirements, a lunar excursion vehicle servicer
(as shown in Figure 3-26) located next to each reusable excursion vehicle pro-
vides power, thermal coni col and heat rejection, and fuel reliquefaction capabili-
ties. A thermal tent composed of a deployable support frame and an insulation
blanket is used to cover the lander and provide passive thermal shielding.

Thermal
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Lunar Excursion
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Figure 3-26 Lunar Excursion Vehicle/Mars Excursion Vehicle Servicer
and Thermal Tent







SECTION 4

Reference Approaches

he mission described in the previous section was developed to provide a

framework within which various approaches to and elements of the Human
Exploration Initiative could be examined. Once the mission itself had been
defined, the next step in the study process was to examine a number of reference
models to determine which parameters most significantly affect feasibility and
cost. For instance, the program could be driven by schedule, as Apollo was, or
phased so that a major technology and system development program precedes
the actual development of the mission elements. Various elements could be
more heavily emphasized; for example, the lunar outpost could focus more on
achieving self-sufficiency than on serving as a proving ground for human explo-
ration of Mars. The program could be budget-constrained, or the decision on
final dates and associated funding could be varied to meet other policy objec-
tives.

In order to provide the data necessary to make these types of assessments,
several reference approaches were selected to determine which parameters drive
such things as cost, schedule, complexity, and program risk. In all, five refer-
ence approaches were analyzed; these approaches can be used by the Agency
and the National Space Council in determining the appropriate scope, scale,
schedule, and strategy to be used in implementing the President’s program.
This information serves as a data base that can be used for the next phase of
analysis.

Table 4-1 summarizes the key characteristics and milestones of these five
reference approaches. The data provided in this report are intended to capture a
broad range of possibilities based on our technical understanding today. Conse-
quently, the reference approaches can be used to develop a variety of implemen-
tation approaches by changing key milestones or mission objectives.

Reference Approach A

The strategy around which this approach is formulated is to establish human
presence on the Moon in 2001, using the lunar outpost as a learning center to
develop the capabilities to move on to Mars. Robust science programs are con-
ducted at both outposts. Key features include an aggressive schedule leading to
permanent human occupancy of the Moon in 2002, with lunar development
leveling off in 2012 to provide the funding flexibility to begin Mars exploration.
An initial expedition to Mars allows a 30-day stay on the surface, with the first
600-day visit beginning in 2018.
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Table 4-1 Key Characteristics of Reference Approaches

Dates
Reference | Reference | Reference | Reference | Reference
Milestone Approach | Approach | Approach | Approach | Approach
A B C D E
Lunar Emplacement 1999-2004 | 1999-2004 | 1999-2004 | 2002-2007 | 2002-2007
Lunar Consolidation 2004-2009 | 2004-2007 | 2004-2008 | 2007-2012 | 2008-2013
Lunar Operation 2010~ 2005-» 2006 2013~ 2014
Humans on the Moon 2001 2001 2001 2004 2004
Permanent Habitation 2002 2002 2002 20056 —
Constructible Habitat 2005 2006 2007 2008 2011
Eight Crew 2008 2007 2007 2009 —
Lunar Oxygen Use 2010 2005 2005 2013 —_—
Lunar Farside Sortie 2012 2008 2008 2016 2022
Lunar Steady State Mode 2012 2008 2012 2015 —_
Mars Emplacement 2015-2019 | 2010-2015 | 2015-2018 | 2017-2022 2024~
Mars Consolidation 2020-2022 | 2015-2018 | 2020-2022 2022— —
Mars Operation 2022~ 2018+ 2022 —_ —
Humans on Mars 2016 2011 2016 2018 2016
Extended Mars Stay 2018 2014 2018 2023 2027

An unmanned test flight of the lunar transfer and excursion vehicles in 1999 is
the first lunar activity supported by Space Station Freedom. This partially
loaded flight delivers an unpressurized manned/robotic rover, which performs
final lunar outpost site inspection; the flight also delivers equipment for initial
telerobotic site preparation. The lunar transfer vehicle returns to Freedom for
engineering evaluation, and is then left in Earth orbit. The first unmanned
cargo flight in 2000 emplaces the initial habitation module, airlock, and power
system for four crew members who arrive in 2001 for a 30-day mission.

Two more flights emplace additional surface habitation, science equipment,
laboratory, and power facilities. A lunar excursion vehicle servicer is provided
to maintain a reusable vehicle on the lunar surface. (All flights to this point
have operated the transfer and excursion vehicles in the expendable mode.) In
early 2002, the second crew begins permanent occupancy of the lunar outpost
with a 6-month stay. Beginning in mid-2002, when the third crew arrives,
reusable lunar excursion vehicle operations are initiated, and the excursion
vehicle is maintained at the outpost. Twelve-month crew tours of duty begin at
this time. The initial nuclear power unit and the lunar oxygen production
demonstration hardware are added in 2003.

Operations and science exploration are limited to a range of up to tens of kilome-
ters from the outpost. Human exploration focuses on local geologic and geo-
physical exploration, with regional exploration accomplished telerobotically.
The first elements of astronomy telescope arrays are deployed, and a network of




geophysical and particle physics stations is started. Lunar laboratory activities
include human biomedical research and geochemical sample analysis. Later,
the science program is expanded, as telescopes are added to astronomy arrays,
stations are added to the physics networks, and life sciences experiments ex-
pand into the larger laboratory facilities. Human and robotic geologic explora-
tion continues.

Outpost capabilities increase as the constructible habitation module is erected,
outfitted, and occupied in 2005. Two lunar excursion vehicles, one cargo and one
piloted, are simultaneously maintained on the lunar surface.

In 2006, the number of crew members expands to eight, consisting of two groups
of four who serve rotating 12-month tours of duty. At this point, the outpost is
capable of conducting a long-duration partial-gravity test in support of Mars
mission planning. In 2008, the surface nuclear power capability is augmented
substantially to 550 kilowatts. Operations expand to a range of hundreds of
kilometers from the outpost. Life sciences research is undertaken to determine
the gravity level and rotation rate for Mars transfer vehicles if other than zero
gravity is needed. A complete 1,000-day Mars mission is simulated using the
outpost and Freedom to develop countermeasures.

In 2010, the lunar oxygen plant is emplaced and operated to produce 60 metric
tons of oxygen per year, which saves transporting this oxygen from Earth. The
lunar outpost continues to operate with a crew of eight until 2012, when the
outpost enters a sustained steady-state period with one lunar flight per year and
four crew members serving 12-month tours. Nearside astronomy arrays and
geophysical and physics networks are completed. Teleoperated and human local
and regional exploration continues on the nearside, and sites of scientific inter-
est are revisited. A two-man sortie is made from low lunar orbit to the lunar
farside to conduct geologic exploration and emplace a human-tended radio
astronomy and geophysical network. At this point, the focus shifts to Mars.

The human exploration of Mars begins with an initial expeditionary piloted
flight, a dedicated cargo flight, and a second piloted flight to begin extended-
duration operations. The Mars transfer and excursion vehicles are assembled at
Freedom. Full propellant tanks are launched separately and assembled to the
vehicles at Freedom. The first piloted Mars expedition departs Space Station
Freedom in 2015. Four crew members arrive at Mars in 2016, aerobrake into
Mars orbit, and descend to the surface for a 30-day stay. Part of the payload
delivered to the surface is a habitat module with an airlock and utility systems
to support the crew during their stay. The crew members conduct local science
and exploration within a 10-kilometer range of the outpost using unpressurized
rovers. Teleoperated rovers explore and sample to distances of 50 kilometers,
and provide regional geologic information and resource locations. Exploration
focuses on studying past and present geologic and climatic environments,
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including the search for past and present life and water environments. The
human explorers are studied to understand the effects of living and working on
Mars. The Mars transfer vehicle is expendable for the first mission, and the
transfer vehicle aerobrake is jettisoned in Mars orbit. The excursion vehicle is
left at Mars. The crew returns to the vicinity of Earth in the transfer vehicle
(without aerobrake) transferring to a separately carried Earth crew capture
vehicle just prior to arrival at Earth orbit in 2016. The Earth crew capture
vehicle makes a direct entry to Earth’s surface.

The permanent habitation facility and its associated airlock and utility subsys-
tems and the necessary emplacement and construction equipment to deploy it
are delivered to Mars on the second flight, a cargo flight that departs Earth in
2017 and arrives at Mars in 2018. Other payload delivered includes an addi-
tional rover and a vehicle launch and landing facility capable of supporting the
excursion vehicle for up to 600 days.

The second piloted flight leaves Earth and arrives at Mars in 2018. The four
crew members live in the initial habitat module while they construct and acti-
vate the permanent habitation facility delivered on the previous cargo flight.
When the permanent habitat has been activated and occupied, the crew can
remain on the surface for 600 days. An early task is the demonstration of a
Mars water extraction process.

The crew members develop and demonstrate the capability for extended Mars
stays, operate the surface resource water extraction demonstration unit, and
perform regional science and exploration activities within tens of kilometers of
the outpost. Observational networks expand to monitor geophysical properties,
climatic and atmospheric variations, and dust storms. Laboratory sciences
activities include plant and animal research, and geochemistry and human
biomedical and performance studies are enhanced. The crew from the second
manned flight leaves Mars and arrives at Earth in 2020. The next manned
flight departs Earth and arrives at Mars in 2020. During their 600-day stay, the
four crew members continue the water extraction demonstration, the oxygen
production experiments and more detailed geologic and geophysical exploration
and evaluation of resources.

In 2022, a one-way cargo flight departs Earth, arriving at Mars in 2023. This
flight transports additional consumables, spares, and science equipment to
support the next piloted flight, which departs Earth in 2024 and arrives at Mars
in 2025. Steady-state operations then commence.

To support this schedule, the Space Station Freedom “assembly complete” date
must be accelerated to 1997, which will require a heavy-lift launch vehicle.
Shuttle-C is the only concept being considered in this time frame. By 1999,
Freedom’s capability will have been augmented to support the first test flight of
the lunar vehicles, which will involve space transportation vehicle assembly,




integration, checkout, launch, post-flight recovery, and inspection. Freedom
must support two expendable lunar missions per year through 2002, at which
time it must be capable of supporting reusable vehicle operations at the same
rate. Beginning in 2004, Freedom must support up to three lunar missions per
year.

To support Space Station Freedom augmentation and initial growth and the
launch of the lunar transportation vehicles, propellant, and cargo, a heavy-lift
launch vehicle with two different size payload shrouds will be used. Employing
the smaller shroud, the vehicle can deliver approximately 70 metric tons of
payload to low Earth orbit. With the larger shroud, the vehicle can deliver
approximately 60 metric tons to low Earth orbit. The smaller shroud configura-
tion will be required in 1996, and between 1997 and 1999 it will be used to
launch Freedom augmentation hardware to support readiness for the lunar
transfer and excursion vehicle test flight in 1999. The larger shroud vehicle
must be ready in 1999 to launch the lunar vehicles for the initial test flight, and
for subsequent flights. The smaller vehicle will be used to transport to Space
Station Freedom the filled cryogenic propellant tanks for the transfer vehicle for
all lunar flights.

Beginning in 2011, the smaller heavy-lift vehicle configuration will be used to
augment the Space Station Freedom lunar mission configuration to support a
test flight of the Mars aerobrake in 2013, and again to support the initiation of
human Mars missions in 2015. Freedom support for the Mars flights includes
significant vehicle assembly, integration, checkout, launch, and recovery upon
Earth return. The Mars transportation vehicle elements will be launched to
Freedom beginning in 2014 for the Mars vehicle piloted flight in 2015, using a
larger heavy-lift launch vehicle with a 12.5 meter diameter by 30 meter long
payload shroud, which is capable of lifting 140 metric tons to Freedom. This
vehicle will launch all subsequent Mars transportation vehicles.

The telecommunications network must support lunar data return in 2001 and
the Mars data link to Earth. The telecommunications satellite in lunar halo
orbit will be deployed in 2009 to support farside lunar communications. In
addition, two Mars telecommunications satellites will be established in Mars
orbit in 2014 to provide a high-percentage-time communications access between
Earth and the Mars outpost.

Reference Approach B

This approach is a variation of reference approach A, which advances the date of
the first human Mars landing to 2011. In order to preserve funding flexibility to
initiate activities at Mars, it is also necessary to accelerate development of the
capability for lunar oxygen production, leading to the need for very early
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emplacement of a nuclear power system on the Moon. This approach limits the
degree to which lunar outpost operational experience can influence the design of
the Mars transportation and surface systems. As a result, the development of
lunar and Mars outpost hardware becomes a more parallel than sequential set
of activities. Accelerating these key events also imposes early technology re-
quirements.

The need to conduct the Mars outpost development activities in parallel with
heavy lunar activity also results in a higher resource requirement in the first
decade of the next century. In order to support the parallel set of lunar and
Mars activities with minimum resources, other lunar infrastructure, such as the
constructible habitat, is somewhat delayed, and lunar operations level off much
earlier to a steady-state mode involving four crew members and one lunar flight
per year. This also results in delayed lunar science activity, although Mars
science activities commence 5 years earlier.

Reference Approach C

This approach is also a variation of reference approach A. The key emphasis is
that this approach advances to 2005 the date by which lunar oxygen production
is available to reduce lunar outpost logistics requirements, creating an earlier
opportunity for Mars outpost development. As with reference approach B, early
lunar oxygen production requires very early emplacement on the Moon of sur-
face nuclear dynamic power system capability. Although this approach acceler-
ates lunar activity, the milestones for Mars outpost development do not change.
Therefore, this approach focuses on early in situ resource development on the
Moon.

The early emplacement of the lunar oxygen plant delays the emplacement of
other infrastructure, such as the constructible habitat, and also postpones the
date for the transition to a crew of eight. The transition of the lunar outpost to a
steady-state mode of four crew members and one lunar flight per year can be
slightly accelerated, but a significant period is preserved in which the eight crew
members are available for performing lunar science activities.

The relationship between lunar and Mars outpost hardware development re-
mains a serial one, in which designs of Mars outpost transportation vehicles and
surface elements are significantly influenced by lunar outpost operational expe-
rience.

The accelerated schedule for nuclear power and lunar oxygen production on the
Moon also requires early technology development in these areas and may ex-
clude the incorporation of beneficial technologies that would be available under
less aggressive program schedules. The increased early costs imposed by this
accelerated schedule are offset in later years by earlier reduction in lunar out-
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post operating costs and by the earlier leveling of lunar outpost activities to a
steady-state mode.

Reference Approach D

The scale and content of this approach are identical to those of reference ap-
proach A. The sequencing and phasing relationships between key program
milestones remain approximately the same, but the milestones are all delayed
by 2 to 8 years, with a return to the Moon in 2004. This approach does not
accelerate the “assembly complete” date of Space Station Freedom, and gener-
ally allows more time to complete and incorporate beneficial technology develop-
ments.

Reference Approach E

This approach reduces the scale of lunar outpost activity by using only a human-
tended mode of operation and limiting the flight rate to the Moon to one mission
per year. It also increases the number of expeditionary flights to Mars prior to
establishing a permanent outpost there. Initial lunar operations are consistent
with the currently planned Space Station Freedom “assembly complete” date of
1999. In 2004, the first humans return to the Moon. Occupation of the lunar
outpost facilities is on a continuing man-tended operations basis involving one
lunar flight per year, with crew tours of duty ranging from 30 days to 6 months,
and with the outpost unmanned for periods up to 12 months. (One exception
would be one or more 600-day stays to simulate stays on Mars.) In 2011, lunar
oxygen production is accomplished, but only in small demonstration quantities.
The first humans land on Mars in 2016. Three Mars expeditionary missions of
increasing surface stay time up to 90 days precede the establishment in 2027 of
a permanent Mars outpost with 600-day occupancy.

An unpiloted test flight of the lunar transfer and excursion vehicles in 2002 is
the first lunar activity supported by Space Station Freedom. This mission
includes the landing of an unpressurized manned/robotic rover to perform final
outpost site inspection and the delivery of equipment for initial telerobotic site
preparation. The lunar transfer and excursion vehicles are returned to Freedom
for engineering evaluation, and are then expended. The first cargo flight in
2003 emplaces the initial habitation module, airlock, and supporting utility
systems, including either a 100-kilowatt nuclear power system or four 25-kilo-
watt photovoltaic array/regenerative fuel cell systems. These facilities are
activated and occupied in 2004 when the first crew of four arrives for a 30-day
mission.

The transportation vehicles are expended in the cargo mode to maximize pay-
load to the lunar surface, but they are reused in the piloted mode. The lunar
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outpost has significant automation and telerobotic capability to conduct activi-
ties during unoccupied periods. Much science activity relies on robotic capabili-
ties during both occupied and unoccupied periods. When the lunar outpost is
not occupied, the lunar transfer vehicle is maintained at Freedom, and the
excursion vehicle is maintained in a quiescent mode in low lunar orbit. Both
vehicles carry photovoltaic power arrays to support extended time in lunar orbit.

The second piloted flight arrives at the lunar outpost in 2005, also for a 30-day
stay. A cargo flight in 2006 provides a laboratory module and an additional
airlock. A third piloted flight in 2007 includes occupancy of the outpost for

90 days and delivery of a lunar excursion vehicle servicer to the outpost. The
servicer is necessary to maintain the excursion vehicle on the lunar surface for
periods exceeding 30 days. At this time, operations using the unpressurized
manned/robotic rovers take place within a range of tens of kilometers.

Science activities focus on teleoperated geologic and geophysical exploration
with limited local traverses by the crew. The first elements of astronomy tele-
scope arrays are emplaced, and a network of geophysical and particle physics
stations is started. Lunar laboratory activities include limited human biomedi-
cal research and basic geochemical sample analysis. The lunar science program
later expands, as telescopes are added to the astronomy arrays, and stations are
added to the geophysics and particle physics networks. Laboratory sciences
activities expand to include the study of human performance and the analysis of
lunar rocks and soil.

Piloted 90-day missions in 2008 and 2009 continue to develop operational expe-
rience and conduct lunar science activities. An extended range (500 kilometers)
manned pressurized rover for regional geologic and geophysical exploration is
delivered on the 2009 mission.

Outpost capabilities are significantly expanded by the delivery on a cargo flight
in 2010 of a constructible habitat and its associated utility systems and outfit-
ting provisions. A piloted flight arriving in 2011 for a 180-day stay constructs,
outfits, and occupies this larger habitat. The 2011 mission also delivers initial
experimental equipment for demonstrating the laboratory-scale production of
oxygen from lunar soil. This completes the buildup of the lunar outpost infra-
structure.

The crew arriving in 2012 occupies the outpost for 6 months. In 2013, a piloted
flight arrives for a 600-day stay to simulate the upcoming extended occupancy of
Mars. This crew of four is resupplied by an unpiloted lunar excursion vehicle in
2014. Surface operations take place within hundreds of kilometers of the out-

post.
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To expand lunar science activities, a piloted flight in 2022 visits a farside site to
conduct geologic exploration and emplace a radio astronomy and geophysical
observatory. This mission does not visit the outpost.

Human exploration of Mars begins in 2015 when the first piloted mission de-
parts Space Station Freedom. The crew of four arrives in 2016, aerobrakes into
Mars orbit, and descends to the surface for a nominal 30-day stay. A separate
telerobotic rover package descends from the Mars transfer vehicle to the next
planned expeditionary site. Part of the payload delivered to the surface is a
separate habitat module including airlock and utility systems to support the
crew during their stay. The crew will conduct local science and exploration
investigations within a 10 kilometer range using a manned unpressurized rover.
The Mars transfer vehicle aerobrake will be jettisoned in Mars orbit. The Mars
excursion vehicle will be expended at Mars. The crew will return to the vicinity
of Earth in the transfer vehicle (without aerobrake) entering a separately car-
ried Earth crew capture vehicle just prior to arrival at Earth in 2016. The Earth
crew capture vehicle will make a direct entry to Earth’s surface.

The second Mars expeditionary flight departs Earth in 2017, arriving at Mars in
2018 for a 60-day stay. The third expeditionary flight departs Earth in 2021,
arriving at Mars in 2022 for a 90-day stay and returning to Earth in 2023.

Each expeditionary flight visits a different site and conducts detailed site assess-
ment, resource evaluation, resource extraction demonstration (water and oxy-
gen), and science activities. The data obtained provide the basis for selecting
the permanent Mars outpost site. Science activities are similar for each site and
include studies of the geology, climate, and resources and a search for past and
present water environments and life. Human performance and biomedicine are
also examined.

A one-way cargo flight departs Earth in 2024, arriving at Mars in 2025 with the
permanent constructible habitat, its associated airlock and utility subsystems,
and the necessary emplacement and construction equipment to deploy it. This
habitat is capable of supporting a crew of four for 600 days. Other payload
delivered includes an additional rover and a vehicle launch and landing facility
capable of supporting the Mars excursion vehicle for up to 600 days.

A piloted flight departs Earth in 2026 and arrives at Mars in 2027, where the
crew constructs, activates, and occupies the permanent habitat. The crew
remains at Mars for 600 days. The emplacement phase continues beyond 2027
as additional flights are made to the outpost. Although this study extends only
to 2025, it is assumed that consolidation and operation of the Mars outpost will
follow.

In order to support the buildup of Space Station Freedom and the launch of the
lunar transportation vehicles, propellant, and cargo, a heavy-lift launch vehicle
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with two different size payload shrouds will be used. Between 2000 and 2002,
the vehicle with the smaller shroud will be used to launch augmentation hard-
ware to Space Station Freedom to provide readiness for the test flight of the
lunar transfer and excursion vehicles in 2002. The vehicle with the larger
shroud must be ready to launch the lunar transfer and excursion vehicles on
that initial test flight in 2002, and for subsequent flights. The smaller shroud
vehicle will be used to launch to Space Station Freedom the filled cryogenic
propellant tanks for the transfer vehicle for all lunar flights. Capability to
process reusable transportation vehicles begins with the first piloted lunar flight
in 2004.

Freedom support for the Mars flights includes significant vehicle assembly,
integration, checkout, launch, and recovery upon Earth return of the Earth crew
capture vehicle. Beginning in 2011, the Space Station Freedom lunar mission
configuration will be augmented using the smaller shroud of a heavy-lift launch
vehicle beginning in 2011 to support a test flight of the Mars aerobrake in 2013,
and subsequently to support the initiation of Mars missions in 2015. Beginning
in 2014, 