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FOREWORD 

There are times when seemingly small decisions reverberate through the centuries. Now is such a 
time. The decisions we make now for space will set the nation's course for decades, if not centuries to 
come. TI1e legacy we leave to future generations may well be decided in these next few years. 

The Past 

In the 15th century, China may well have been the most technologically a11d culturally advanced state on 
Earth. lt owned great fleets of large oceangoing ships. In 1433, a fleet of Chinese ships sailed a!J the way to 
Africa, trading, exploring, and advancing Chinese culture. But the Ming Empire had other priorities -
problems at home, pressing needs elsewhere. They recalled the fleet - and then they burned .i t. They 
wanted to bring an end to "wasteful" exploring. And they also wanted to ensure that Chinese explorers 
would not even be tempted to venture forth again for a long, long time. 

A t about the same time that 01.ina was burning its fleet, a small European nation's fa rsighted leader, 
Prince Henry of Portugal - now known as Henry the Navigator - sent ships up and down the coast of 
Africa. Soon another European nation, Spau1 - just emerging from centuries of war and turmoil - also 
began an exploration program. For a time, Portugal and Spain competed to explore and use the new world 
that Spain discovered. 

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

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

The Present Challenge 

In 1989, President George Bush challenged Ame1ica in a way no one has chaUenged us before, " ... back to 
the Moon, back to the future. And this time, back to stay. And ... a journey into tomorrow ... a manned 
mission to Mars." In the history of the human race, no teclu1ological d1allenge has been so great, and no 
goal so distant. Likewise, there has never been a nation like ours, nor an opportunity so promising. 

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

The Space Exploration Initiative is a vision for the 21st century. Jt is a vision of America reaching beyond 
itself, and onward, beyond the very bow1ds of this planet to an entirely new world. On the way there, we 
will reap the real, tangible benefits of space exploration. 

Space is clearly our most challenging frontier. Enroute to Mars, we will explore 
the Moon, advance Earth sciences, and develop new, i.Jrnovative technologies. We 
will tap lunar, Martian and solar energy resources as we explore the heights of 
hwnan talent and ability. Along the way, America's drive, initiative, ingenuity and 
teclmology - all those things that have made our nation the most successfuJ soci-

TI,e challenge is before us. Th.is report shows how we begin. C ,· " 
ety on Earth - will propel us toward a future of peace, strength and prosperity. r 2 11;.: 
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"We are living at the very beginning of time. We have come into 
being in the fresh glory of dawn, and a day of almost unthinkable 
length stretches before us with w,imaginable opportunities for 
accomplishment. Our descendants of far-off ages, looking down 
this long vista of time from this other end, \,vill see our present age 
as the misty momi11g of human history. Our contemporaries of 
today will appear as dim, heroic figures who fough t their way 
through the jungles of ignorance, error, and superstition to discover 
truth." 

Sir Jn111es Jen11s, Astronomer, 1930 

The Enrt/1 Viewed fro111 AJlollv X 
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EXECUTIVE SUMMARY 

"The cba ll ng of the Space 
Exploration Initiativ ar great, 
but so i th quality of Am ri an 
talent and ingenuity, ,md o i th 
J ad rship £ the Am ric<1n p -
pl . And .. . it i America's des­
tin to lead." 

Preside11t George B11 Ii 
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Apollo 11 first placed America 
on the oon on July 20, 1969. 
This extraordinary accom­

plishment confirmed the United 
States' teclrnological ascendancy for a 
generation. On the 20th anniversary 
of Apollo 11, President George Bush 
a1rnounced a new vision for America 
in the 21 t c ntury - a vision that 
will return us to the Moon to stay, 
and onward to ars by 2019. This 
vision, the Space Explora tion (ni­
tiative, repres nts one of the gre<1test 
technologic<1l challenge the world 
has ever known. 

Vision for America 

he Space Exploration [n.itiative pro­
vide a focus that allow th United 
States to gain control of our destiny in 
space. In doing this, six "vision " 
guide and direct our space efforts. 
Thes are: 

Know ledge of our Universe. We 
strive to understand the rigin and 
hi tory of our S lar Sy tcm, the origin 
of life, and the ultimate fate four 
universe. People are the best explor­
ers, but they often need machine to 
help. The Spnce Explomtio11 l11itintive i 
n11 i11tegrnterf progrnlll of /Iii s io11s by 
/111111n11s and robot. to explore, to 1111der­
. tn11d n11d to gnin kuowledge of tlte 1111i­
verse n11d 011r pince i11 it. 

Advancement in Science and 
Engineering. Returning to the oon 
nd onwt1rd t Mar requi res tl1e b t 

engineering and cientific talent our 
nation can muster. Through a long 
range ommitment to pace, w stim­
ulate our national ducation ystem 
a nd inspire tudents to learn. 
Motivated student are essen tial to 
excellence in ducation . Tile Spnce 
Explomtio11 J,iitintive will 111otivnt(' nnd 
i11spire tlie new Re11erntio11s 011 which our 
future ns n 11ntio11 depe11ds. 

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

and maintain American preeminence 
in t chnological innovation and space 
leader hip. Other nation - have 
gained the initia tive in certain areas 
and have become leaders in a tradi­
tion of space exploration that America 
pioneered. Lenders/1ip can11ot be 
declnred . .. it 11111st be en med. 

Technologies for Earth. A111erica's 
recent hi tory has demon trated 
that our space program stimulates a 
wide range of technological innova­
tions that hnd abundant applica tion 
in the consumer marketplac . 
Space technology has r volution­
iz d and improved our daily live 
in countless ways, and it will con­
tinue to do so. Energy from space, 
advances in solar power and fusion 
fuels, u eful material £or advanc d 
communications, new resources, 
medicc I breakthroughs, and greater 
insight into the human potential ar 
some of the direct benefit we ca n 
expect. The Spnce Explorntion Initiative 
provide focused gonls to effect prncticnl 
n11d be11eficinl te l111ologicnl cfln11ge. 

Commercialization of Space . 
Initiatives by th private se tor cP 

goal of our ationa l Space Policy. 
Space i a limitless, untapp d source 
of materials and energy, awaiting 
industrial dev lopment for the benefit 
of humanity . Co11//lrercinl products, 
such ns zero grnvity derived 11rnterials, 
nnd service i11d11stries, like advmrced )[ob­
nl co1111111111icntio11s, nil beco /1/e i11crens­
i11gly feasible nnd profitnble once ro11ti11e, 
relinble nnd nffordnblc access to pace is 
nvnilnble. 

Strengt11e11ed U.S. Eco11.0 111y. ew 
te hnologies open new market . An 
investment in the high technology 
needed for space exploration main­
tains ru1d improve America's share 
of the global market and enhances 
our competitiveness and balance of 
trade. It also directly stimulates the 
cientific and t drnical employm nt 

ba es in our country, sectors who 
health is vital to our nation's econom-



ic security. The Space Exploratio11 
initiative is an i11vest111e11f in the f11t11re of 
America. 

Why the Moon? 

Earth's closest neighbor in space, the 
Moon, is surp1isingly complex. It is 
an object for detailed explora tion, a 
platform from which to observe and 
study the universe, a place to live and 
work in the environment 0£ space, 
and a natural source of materials and 
energy for an emerging space-based 
economy. 

The Moon offers a record of four 
billion years of planetary history. Its 
violent birth and history of bombard­
ment from space is closely related to 
events on the early Earth. The Moon 
provides a natural laboratory for 
detailed study of geology and plane­
tary fom1ation, the output of our Sun 
over its lifetime, and the elements of 
our universe. The Moon's 14 Earth­
day night, crystal clear, airless sky 
and stable ground provide a superb 
platform for astronomy. 

The Moon is the nearest object in 
space where people can live w1der 
conditions similar to those we will 
face on other planets. Thus, the Moon 
is a natural test bed to prepare for 
missions to Mars through simulation, 
systems testing, operations and 
studying human capabilities. 

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

Why Mars? 

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

u'tlvi11g Earth Orbit 
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and a 25-hour day, Mars has a 
diverse and complex surface, includ­
ing ice and evidence of water. 
Although conditions on Mars cannot 
support life now, a variety of evi­
dence suggests that Mars was 
warmer, wetter and had a much 
denser atmosphere early in its history. 
Life may have existed. If so, fossil 
evidence may be found. 

Mars has undergone a complicated 
geologic evolution. Its surface con­
sists of gigantic canyons, huge volca­
noes, gorges carved by running 
water, vast regions of sand dunes and 
a polar ice cap. Understanding the 
periodic changes in climate that have 
occurred on Mars will help u under­
stand the Earth's climate and predict 
its future behavior, a topic vital to the 
survival of life on Earth. 

Architectural Considerations 

At its closest point, Mars is 35 million 
miles from Earth. This distance 
increases to 230 million miles when 
we are on opposite sides of the Sun. 
By comparison, the Moon is only a 
quarter-million miles away - a three­
day journey. The challenges of a 
Mars expedition stem from the dis­
tances, the long times away from 
Earth, the environment of deep space 
and Mars' unique characteristics. 

A total Mars mission duration 
depends on both the round trip 
travel time and the time spent on 
the planet's surface. Conventional 
chemical propulsion missions will 
take about 230 days one way, and 
require long surface stays of about 
500 days to a llow the planets to 
realign before returning home. 
Advanced nuclear propulsion tech­
nologies can shorten th e transit 
time, provide flexible surface stay 
times, significantly reduce the pro­
pellant mass to low Earth orbit and 
increase the available launch oppor­
tunities. 

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

rruss1on equipment. During the space 
voyage, expected hazards include 
radiation from gaJactic cosmic radia­
tion and solar flares, the lack of nor­
maJ gravity, psychologicaJ stress from 
long term isolation, and equipment 
degradation. 

The chaJlenges of a Mars trip will 
require several hundred tons of 
equ ipment and fuel for the expedi­
tion. Thus, we will require a heavy 
lift launch capabi lity to minimize 
assembly in Earth orbit. Nuclear pro­
pulsion technology allows reduced 
weight, approximately one-half that 
of chemical systems, and achieves 
faster interplanetary trip times. At 
Mars, we need Earth-independent 
operation , ince round trip commu­
nications times will vary from seven 
to 40 minutes. We a lso need im­
proved long term life support sys­
tems that operate for lengthy time 
periods without resupply. 

The planetary surface of Mars pro­
vides challenges different from those 
of the Moon. The planet is large -
about one-third the size of Earth. It 
has a diverse topography, with 
80,000 foot volcanos, three times as 
high as Mow1t Everest and as large as 
the state of Montana, and canyons as 
long as our continent is wide. Mars' 
atmosphere is mostly carbon dioxide, 
and it is known to have periodic dust 
storms. These features will require 
unique power systems, landers, rover 
vehicles and human habita ts. 

Architectures 

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



Four architectures have been iden­
tifi d and they provide significant dif­
ferenc s aero th po ible area of 
inter t. They ar : 

Mars Exploration: The emphasis of 
this architecture is on Mars explo­
ration and cience. The first human 
mission to the Moon occur in 2005. 
TI1e lunar infrastructure is developed 
only to the degr nece sary to test 
and gain experience with Mars ys­
tems and operation and to simulate 
Mar stay times. The Moon is 
explored while developing opera­
tional concepts for Mars. 

Robotic precursor missions are 
used to scout the territory before com­
mitting to a landing site for Mars. 
The first human mission to Mar 
occurs in 2014, with a surface stay of 
30 to 100 days. The next mission i 
planned for 2016 for a 600 day stay. 
This architecture is designed to be a 
minimal approach to achieving the 
foitiative objectives. 

Science Emphasis for tlie Moon and 
Mars: The Moon and Mars are 
emphasized equally, and an early 
global assessment of both bodies per­
mi ts a variety of initia l missions 
designed to better understand global 
diversity. The first human mission to 
the Moon is 2003. Life sciences data 
required for Martian missions are gen­
erated through extensive operations 
on the Moon. Human-controlled 
robotic as ist the planning and execu­
tion of hwnan activity on the surface. 
In trument emplacement focus s on 
early deployment of portable instru­
ment which gather observation data 
independent of lunar location. In th 
latter stages of architecture in1plemen­
tation, empha is shift to larger scien­
tific experiments and instruments 
after developing surface capabilities 
for con truction, maintenance and 
operation . Continuou exploration 
activities yield a significant scientific 
return though the u e of a balanced 
mix of human and robotic exploration 
techniques. 

Sub quent to the establishment of 
the desired long term operational 
capabiliti for xploration and sei-
ne on th Moon, hLU11an m· ion to 

Mar take place beginning in 2014. 
All knowledge gain d by the activi­
ties in lunar orbit, and on the surface 
becomes part of and is complemen­
tary to the dress rehearsal for the 
Mars mi sion. 

The Moon to Stay and Mars 
Exploration: Thi archite ture 
emphasizes permanent human pres­
ence on the Moon, combined with the 
exploration of Mars. One of the major 
objectives is to build towards life sup­
port self-sufficiency for breathing 
gases and food production on the 
Moon. 

The permanent presence of 
humans on the Moon, beginning in 
2004, gives us an in1pressive scientific 
capability. Science on the Moon will 
emphasize exploration and observa­
tion. For lunar exploration, extended 
traverses in pressurized rovers will 
permit detailed study of complex and 
puzzling lunar features and process­
es. Robotic assistants will extend 
human reach for great distances 
across the lunar surface. With a per­
m anent human presence on the 
Moon, advanced and sophisticated 
astronomical observatories can be 
installed and maintained. 

Extensive space and lunar surface 
operations are conducted on the 
Moon to provide the necessary life 
sciences and engineering data to pre­
pare for future exploration missions 
to Mars. The fir t human mission to 
Mars is in 2014, with a surface stay of 
30 to 100 days. 

Space Resource Uti lization: This 
architecture makes maximum use of 
available space re ources to support 
the exploration missions directly. It 
also seeks to develop a large class of 
available re ources for a broader 
rang of tran portation, habitation, 
life ciences, energy production, con-
truction and many oth r long term 

Architectures 

I. Mars Exploration 

II. Science Emphasis for the 
Moon and Mars 

Ill. The Moon to Stay and 
Mars Exploration 

IV. Space Resource 
Utilization 
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activities. In preparation for the first 
human return mission, a robotic 
experimental resource producing 
plant is landt.'<i on the Moon in 2003. 
The first human mission to the Moon 
takes place in 2004 and to Mars in 
2016. On Mars, the basic explorntion 
would be done on the first two mis­
sions with the addition of more 
resource development, which could 
be expanded on missions beyond the 
first two. In the long term, this archi­
tecture may benefit Earth by provid­
ing H eliu m-3 to fuel Earth-based 
fusion reactors and beaming sola r­
produced electricity to Ea1th. 

Transportation 

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

Supporting Technologies 

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

·1) Heavy lift launch with a min­
imum capability of ·150 met­
ric tons with designed 
growth to 250 metric tons 

2) Nuclear thermi't l propulsion 

3) Nuclear electric surface 
power to megawatt levels 

4) Extravehicular activity suit 

5) Cryogenic h·ansfer and long 
term storage 

6) Automi'tted rendezvous and 
docking of large masses 

7) Zero gravity countermea­
sures 

8) Radiation effects i'tnd shjelding 

9) Telerobotics 

10) Closed loop life support sys­
tems 

11) Human factors for long dura­
tion space missions 

12) Lightweight structural mate­
rials and fabrication 

13) Nuclear electric propulsion 
for follow-on cargo missions 

14) In situ resourceevalui'ttion 
and processing 

At first glance, the implementation of 
the architectural approaches outLined 
appears daLmting. It is indeed com­
plex. But it is noteworthy that 
America's ab ility to re turn to the 
Moon and to begin the exploration of 
Mars depends on two fundamental 
technologies: 

1) Restoration of a heavy Lift 
launch capability 

2) Redevelopment of a nuclear 
propulsion capability 

This nation hild both of these capabili­
ties in the early 1970s. ln addition to 
these two areas, the 12 other tech­
nologies identified, if successfull y 
d eveloped, offer the poten tial for 
vastly enhancing the exploration of 
the Moon and M.ars. 



Organization and Acquisition 
Management 

The Space Exploration Initiativ rep­
resents a major management chal­
lenge as well as a significant techno­
logical challenge to this country. The 
capability exists in this nation to 
accomplish the Space Exploration 
Initiative within the combined re­
sources of the government, industry 
and the academic community. It 
requires management that allows for 
crisp and timely decision making, 
plus the assured resources to read1 its 
goals. 

An Executive Order should be 
issued to cite the basic d1arter of the 

ational Program Office for the Space 
Exploration Initiative Organization. 
It should define the leader hip role of 
NASA and the cooperative relation­
ships among various governmental 
departments and agencies . The 
Executive Order should clearly enu­
merate the staffing, budgeting and 
reporting relationships and responsi­
bilities of the affected agencies. 

The Synthesis Group reviewed 
numerous successful and unsuccess­
ful major aerospace, industry and 
government programs, and studied 
various acquisition improvements 
and key factors that helped reduce the 
cost of the most successful aerospace 
programs. 

In managing the Space Exploration 
Initiative, ASA should be autho­
rized to tail.or the existing procure­
ment system and devise new proce­
dures to fit the needs of this major 
new program. 

The opportunity for a numb r of 
international cooperative ventures 
exists. 

Commercial potential abounds 
within the framework of the Initiative. 
Launch services, communications 
satellites, robotics, production of mate­
rials in space for use in space and on 
the Earth, and lectronic technology 
represent a few of these potential areas. 

Recommendations 

Specific recommendations are provid­
d for th effective implementation of 

the Spac Exploration Initiative. 

R ECOMME DATION 1 

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

". . . the jewel represented by the 
vision of a seemingly unattainable 
goal, the teclmologies engendered, 
and the motivation provided to 
our nation's scientists and engi­
neers, its laboratories and indus­
tries, its students and its citizens. 
Hence that the Mission from 
Planet Earth be established with 
the long term goal of human 
exploration of Mars, underpinned 
by an effort to produce significant 
advances in space transportation 
and pace life ciences."1 

A strategic plan will provide decision 
points to allow flexibility during the 
life of the program, concentrate man­
agement activities of diverse depart­
ments, provide budget guidelines and 
identify technology pathways. The 
plan must be based on a detailed gov­
ernmental (NASA, the Deparbnent of 
Defense, the Department of Energy) 
analysis of the Synthesis Group's four 
architectures. This analysis hould 
result in further refinement to gain 
ufficient detail to support relative 

costing of the architectures. Existing 
and planned programs should be 
reviewed for their contributions to 
this plan. Industry effort should be 
limited to studying elements of the 
architectures. As the strategic plan's 
centerpiece, the Space Exploration 
Initiative complements the goals of 
Mission to Planet Earth.2 

7 
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'W prop e ... to ace lerate 
th devel pm nt f th NOV A 
nuclear rocket. This gives promise 
of ·ome day providing a means 
f r even more exciting and ambi­
tious exploration of space, per­
haps beyond the Moon, p rhaps 
to the very end of the solar system 
itself." 

/aim Fitzgerald f<e11nedy 
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R ECOM ENDATIO 2 

Establish a National Program 
Office by Executive Order. 

Thi organization would include 
D partment of Defense and Depart­
ment of Energy personnel working 
dir ctly for the National Program 
Office. With the multi-agency nature 
of the ational Program Office, an 
Executiv Order should be issued to 
cit the basic charter of the organiza­
tion, the leadership ro le of NASA, 
and the coopera ti ve relationship 
among various governmental depart­
ments and agencies. The Executive 
Ord r should clearly enumerate 
staffing, budgeting and reporting 
relationships and responsibilities of 
the affected agencies. 

Appoint NASA's Associate Admini­
strator for Exploration as the 
Program Director for the National 
Program Office. 

This is required to ensure clean Lines 
of management authority over a 
large, complex program while simul­
t«neously providing a focus for 
NASA's supporting program ele­
ments.2 

R 'COMM · DATlO 4 

Establish a new, aggressive acquisi­
t i 011 strategy for the Space Ex­
ploration Initiative. 

The Space Exploration lnitiativc 
should standardize acquisition rule 
for the ag ncie executing the 
lnitiativ 's various projects. The most 
streamlined proc sse a va ila ble 
hould be adopted for that standard. 

The Spac Exploration Initiative is so 
great in cope that it ecmnot be execut­
ed in a "bu in ss as usual" manner 
<1nd hav any chance for success. The 

Spac Exploration Initiative ational 
Program Director should be designat­
ed as th H ad of the Contracting 
Activity. This will allow the director 
to establi h the optimum acquisition 
procedures within the Federal 
Acquisition Regulation . Multi-year 
funding should be provided. 

R ECOMME o no 5 

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

Th Space Exploration Initiative 
launch requirement is a minimum 
of 150 metric tons of li ft, with 
designed growth to 250 metric tons. 
Using Apollo Saturn V F-ls for 
booster engines, coupled with lig­
uid oxygen-hydrogen upper stage 
engines (upgraded Saturn J-2s or 
space transportation main engines), 
could r suit in establishing a heavy 
lift launch capability by 1998.2 

RE OM ENDATIO 6 

Initiate a nuclear thermal rocket 
technologtJ development program. 

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

R · OMM ATIO 7 

Initiate a space nuclear power tech­
nologtJ development program based 
on the Space Exploration Initiative 
requirements. 

The program mu t concentrate on 
safe, reliable system to a megawatt 
or gr ater I vel. The e nuclear power 



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

R ECO ME DATION 8 

Conduct focused life sciences experi­
ments. 

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

R E OMM · DATIO 9 

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

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

R E OMM E DATION 10 

Continue and expand the Outreach 
Program. 

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

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

Why Now? 

America stands at the threshold. Our 
national space program is undergoing 
intense scrutiny. Many ask questions 
similar to those voiced during the 
heyday of Apollo- What is the point 
of large space ventures? How can we 
afford the great expenditures? What 
is the function of a human presence in 
space? 

By offering direction and purpose, 
the Space Exploration Initiative will 
rejuvenate our sense of challenge, of 
competitiveness, and of national 
pride. The Space Exploration Initia­
tive is a positive, social endeavor. In a 
world of uncertainty, it has the capac­
ity to inspire people, to stimulate 
them and to cause them to reach deep 
inside to find the very best they have 
to offer. 

Technology development and 
architecture analysis must precede 
any final concept validation effort. 
The Initiative can be started now with 
a modest commitment of funds. 

Great nations have always explored 
and profited from new frontiers and 
territories. Space is the new frontier of 
the industrialized world in the 21st 
century. Benefits from space and the 
technologies needed to journey there 
become increasingly important in the 

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

1 The Advisory Conunittee on the Future of the 
U.S. Space Program. 

2 These recommendations are consistent with 
and expru1d upon those made by the Advisory 
Committee on the Future of the U.S. Span~ 
Program. 
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INTRODUCTION 
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Origin of the Space 
Exploration Initiative 

On the 20th anniversary of the firs t 
lunar landing mission, Apollo 11, 
President Bush outlined a program 
that would put the United States on 
an aggressive track to return to the 
Moon to stay, and to land humans on 
Mars. The President's space policy 
ca11s for expanding human presence 
and activity beyond Earth orbit into 
the Solar System; obtaining scientific, 
technological and economic benefits 
for the American people; encouraging 
private sector participation in space; 
improving the quality of life on Earth; 
strengthening national security; and 
promoting international cooperation 
in space. The Space Exploration 
Initiative accomplishes these goals. ln 
August 1989, NASA began an exten­
sive review to summarize the technol­
ogy and strategies for going back to 
the Moon and on to Mars. 

The Outreach Program 

Vice President Quayle, Chairman of 
the National Space Cow1eil, realized 

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

The Synthesis Group 

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

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

In order to detemune the breadth 
and scope of a program, it is essential 
to identify its goa ls. To provide a 
frame of reference for the Space 
Exploration Initiative, it was neces­
sa ry to determine activities to be 
accomplished on the Moon and on 
Mars. Then, and only then, could it 
be decided how to provide a capabili­
ty for accomplishiJ1g these activities. 



The ynth i Group injtiaily c n­
c ntrat d on the major topical activ:i­
ti to b p rformed on the plan tary 
urfa e. These activitie , called Way­

point , were further bounded by 
defin ing incremen ta l capabi lities. 
Each incremental capability is a ig­
nificant ad1ievem nt in it elf. 

Waypoints 

Moon Waypoints 

• Lunar Exploration 

• Preparation for Mars 

• Habitation 

• Lunar Based 
Observation 

• Fuels 

• Energy to Earth 

Asteroids Waypoint 

Mars Waypoint 

The Architectures 

Archit cture w r d v lop d which 
refle t th ational Spac Visions. 
T chnical trat gi were defin d th;it 
were common t all. Thr ear a of 
va iiability w r also identified. Th e 
differences r ult from th d gr e to 
which each of the following emphase 
are developed and pur u d: 

• Empha i on Exploration c nd 
Science 

• Emphc ·i on Human Pre cnce 

• Emphasi on pace R ourc 
Dev lopment 

The ba lance b tween activities on th 
Moon and Mars is another factor that 

offers a di tin tion between archit c­
tur . 

The concepts of Initial Operation, I 
Capabi lities and ext Operational 

apabilities are important to the 
architectures, as tlley provide logical 
decision points within the Initiative. 
Decision points allow necessary flexi­
bility during the life f the Initiative to 
modify the empha is, adopt new 
teclmologies or respond to hanges in 
available funding. 

This document describes the archi­
tectures, technologies and reconunen­
dations of th Synth sis Group. 
Technology prioritie ar identifi d 
with.in th Supporting Technologies 
ection of tbi report. Early accom­

plishments ar identified within their 
respective sections of th report. The 
visions and architectures describe 
pathways back to the Moon to stay, 
and onward to Ma1 . Collectively, they 
r pr s nt a vi i n of Am rica' pac 
program a w nt r th 21 t c ntury. 

National Space Visions 

• Increase our knowledge of 
our solar system and 
beyond 

• Rejuvenate interest in 
science and engineering 

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

• Develop technology with 
terrestrial application 

• Facilitate further space 
exploration and commer­
cialization 

• Boost the U.S. economy 

11 



WHY THE SPACE EXPLORATION 

INITIATIVE? 

'J'or l dipt into the future, far as human eye could see, 
Saw the Vi ion of th world, and all the wonder that would be; 

Saw the heaven fill with commerce, argosies of magic sails, 
Pilots of the purple twilight, dropping down with costly bales. 

12 

- Alfred Lord Tennyson, "Locksley Hall" 1842 

Thirty years ago, Pr ident 
Kennedy challenged the nation 
to land a man on the urfa of 

the Moon, return him safe! to the 
Earth and to do so within a decade. 
This wa a chall ng unprecedented 
in the history of hw11anity. t only 
was President Kennedy' goal accom­
plished ahead of d1edul , it c I o 1 d 
to an w1paral1eled eri of pace and 
technological a hi evement and a 
vigorous civ ili an space prog ram. 
American prceminen e in space wa 
unque ti ned, and we r ped th 
benefits of that p ition te hnically, 
cientifically, economicaJly and politi­

cally. 
Many people believe that the U. . 

no long r enj y th pace 1 ad rsh ip 
ea rned during th Apoll pr g ram. 

ow that Pre ident Bu h ha chal­
lenged the nation with a n w vi i n 
of Am e ri a' s future in s pa e, th e 
Space Exploration Initiative offers 
hope thc1t the mtion can grun control 
of its own d tiny in pace. 

National Space Visions 

Derived from th e ational Spc1c 
Policy and other docume nt , the 
Synthesis Group established the fol ­
lowing broad visions for the Space 
Exploration Initiative: 

lnaease our k11.owledge of the Solar 
System a11d beyond. 171e exploration 
of c1c yield knowledg of the uni­
v r ·e and of our place in it. We seek 
to under tc1nd th origi11 and his tory 
of the plan t · in our Solar Sy tern, the 

origin of life and th ultimc1t fat of 
our universe. Thes qu ti n ar not 
suddenly a n, wer d by om s ingle 
piece of information or mi sion, but 
require a eri of investigation and 
mjssions that o ll tiv ly advance our 
understanding. 

An important a pect of the Initiative 
i the use of pcopl a in, trum nt of 
e pl ration. Human powers of 
obs rvation unique ly permit ome 
cientific investiga ti n . Many diffi­

cult tasks, uch as the earch for fos ·ii 
Life on Mars, require human presen e. 
A machin ca n be built to retri ve a 
rock; only a human can intellig ntly 
e l c t c1 p lan tary a mpl while 

unders tanding it regiona l and loca l 
context. The Spc1 e Exp loration 
Initiative con titut a ombined and 
bala nced program of human and 
robotic mission . Such nn effort, i11telli­
ge11t ly pln1111ed, cn11 ncco111pli /, 111n11y 
111ore exciti11R ni1d sig11ificni1t results than 
either npproncli fnke11 sepnrnfely. 

Rejuvenate interest in science and 
engineering. The pc1 e Exp! ra tion 
lnitia tive is a s ience , nd ngin ring 
ta k of enormous magnitud . [ ts uc­
cessful implemcntc1tion require · out-

ta nding cientist , ngi ne r c1nd 
ted1nicic1n . Be au th lnitiativ is a 
long rang , ontinuing ommitm nt 
to pace, nationa l edu cc1 ti o n mu t 
become an integral part f the pro­
gram. Such educa tion must encom­
pa s both the academk estc1bHshment 
and th g neral public. Information 
ystem techn logie permit th e 

widespread di. semination of knowl-
dge from space mi ss ions; thi 

includes televi ion c1nd "tclepresent" 
media that allow the pubHc t hc1r 
in spac ~ activities as they occ ur. 
Progra m s to involve unive rs iti e 
dir ctly in th Initiative, similar to 
tho during th ApoUo ra, rnn reju­
venc1t our ba of sci ntifi m1d tech­
nical xp rti . 

B ca u e the xploration of pace 
pan the activities of socie ty, the 

Spa e Explora tion Jnitiative has the 
p tentic1l to initic1te achievements in a 



wide spectrum of disciplines. The 
Space Exploration Initiative will motivate 
and inspire the new generations on which 
our f11t11re as a nation depends. 

Refocus U.S. position in world 
leadership. The Space Exploration 
Initiative provides us with an oppor­
tunity to re-establish and maintain 
American preeminence in space, both 
on a practical level and in the intangi­
ble areas of national prestige. One of 
the main benefits of the Apollo pro­
gram was technical innovation. 
Deadlines and strict requirements 
push technology development. The 
Initiative will create imaginative tech­
nologies and approaches because, as 
we move down the decision paths 
and receive funding, we will need 
them immediately for real activities 
and missions. This is a much more 
effective method of innovation than 
waiting for technologies to mature 
naturally, without a focus. 

Other nations have seized the ini­
tiative and, in certain areas, have 
become leaders in a tradition of space 
exploration that America pioneered. 
Our national ethic is based on a sense 
of manifest destiny and leadership in 
new fields of endeavor. Leadership, 
however, cannot be declared . . . it 111ust 
be earned. 

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

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

plays a significnnt role in the innovation 
of new technologies bemuse it promotes 
fornsed goals to effect practical and benefi­
cial technological change. 

Facilitate further space exploration 
and commercialization. The encour­
agement of private sector activity in 
space is part of our National Space 
Policy. Routine, reliable and afford­
able access to space is required for sig­
nificant industrial activity. Large scale 
industry in orbit requires a reliable 
heavy lift launch vehicle. The Space 
Exploration Initiative provides a focus 
and rationale for the developm nt of 
heavy lift launch vehicle technology, 
and wiJI generate a launch rate that 
will attract commercial interests. 

Space is a vast, untapped source of 
materials and energy awaiting indus­
trial development for the benefit of 
humanity. Tlte production of commer­
cial products and service i11d11stries all 
become feasible once routine a!ld reliable 
access to space is available. 

Boost the U.S. economy. The needs 
of the Space Exploration Initiative will 
directly stimulate the scientific and 
technical employment base of the 
country, sectors whose health is vita] 
to our nation's economic security. 
The Initiative will generate new 
opportunities for thousands of engi­
neers, scientists, technicians and 
manufacturing personnel. Because a 
variety of additiona l jobs will be 
established to support the efforts of 
large programs, the cascade effect will 
produce additional employment 
opportunities, many in periph ral, 
non-teclmical fields. 

Creation of technologies has 
always opened new markets; histori­
cally, we have led the world in profit­
ing from technology. Aerospace tecl1-
nology is one of the few areas wh re 
America retains a positive trade bal­
ance. Investment in the high teclmol­
ogy needed for the Space Exploration 
Initiative will maintain and signifi­
cantly improve our share of the global 
market in technology and positively 
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affect our international balance of 
trade. Tlie Spnce Explorntio11 lnitinth•c is 
nn i11vrst111e11t in the f11t11re uf America. 

Why Now? 

America stands at the tlueshold. Our 
national space program is undergoing 
intense scrutiny. Many ask questions 
s imilar to those voiced during the 
heyday of ApoUo - What is the point 
of large space ventw-es? How can we 
afford the great expenditures? What 
is the value of human presence in 
space? 

Great nations have always explored 
and profited from new frontiers and 
territories. Space is the new frontier 
of the indush·ialized world in the 21st 
century. Benefits from space and the 
technologies needed to journey there 
become increasingly important in the 
next century. As Arne1icans, we must 
ask ourselves what our role will be in 
human expansion into the Solar 
System: to lead, follow or step aside? 

Thirty years ago, the politics of a 
bipolar world order compelled us to 
take up the challenge of space compe­
tition. The challenge we now face is 
no less compelling or s ignificant in 
the nev,, and emerging world order 
than it was at the height of the Cold 
War. The world has changed . We 
face not only leadership challenges, 
but economic and technological ones 
as we] I. The Space Exploration 
Initiative will restore America to its 
preemi nence as the world's space 
leader. 

A global consciousness is emerg­
ing on such issues as environmental 
and resource conservation. Problems 
arc so massive, complex and time 
consw-ning that few of them are sub­
ject to a quick solution, regardless of 
the av,1ilability of resources. There is 
near univers,tl recognition that the 
future of all nc1_tions depends upon 
high tec hnology. The science c1_nd 
technology associated with the Space 
Exploration 1J1itic1tivc take us down 
avenues tlrnt converge on ways to 
deal with the world's problems. By 

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

By offering di1·cction and purpose, 
the Space Exploration Initiative will 
rejuvenate our sense of cha llenge, 
competitiveness, and national pride. 
The Space Exploration lnitiative is a 
positive, social endeavor. In a world 
of uncertainty, it has the capacity to 
inspire people, to stimulate them, and 
to cause them to read1 deep inside to 
find the very best they have to offer. 

Technology development and 
architecture analysis must precede 
any final concept validation effort. 
The Initiative can be started now 1,vith 
a modest conmutment of fu11ds. 



The Space Exploration Initiative is 
vital to the future of this nation. In 
this country's past, focused, goal­
driven programs have a record of suc­
cess and benefit to all humanity; we 
do not settle for less now. 

"I believe without question that if a nation misses the great move­
ments of its time it misses the foundation on which it can build the 
future. The high technical requirements for success in space are so fun­
damental that spin-off rewards are aln--1ost automatic . . . No one today 
can even guess the limits of either the personal items or the industrial 
which might accrue from the basic scientific work that has to be done 
in a space program. This is the great unknown ocean of the universe 
and we .. . are as obligated to probe it and use it and participate in its 
control as the nations of Europe were obligated to explore their terres­
trial oceans in 1483. 

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

James A. Miclumer 

De,cnrtc:s Region of the Moon, Apollo XVI 
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ARCHITECTURES 

Architectures 

I. Mars Exploration 

II. Science Emphasis for 
the Moon and Mars 

Ill. Moon to Stay and Mars 
Exploration 

IV. Space Resource 
Utilization 
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An architecture is both a s t of 
obje tiv ord red to richieve 
an overall capability and th 

equential ri of m.i ion (includ­
ing p cific technical act iviti es) to 
imp! rnent tho objectiv . Sub­
-equent ction of thi chapter dis­
cu the c nsiderations and con­
sh·aints affe ting all a rchitectures, the 
common element aero s the architec­
tures and the four architectures. 

Commonality of Architectures 

Although the architecture presented 
here differ, there are common aspects 
thrit relate to mission sizing, launch 
opportunities, duration c1nd urfac 
c1ctivities. The dates provided are esti­
mates based upon the optimum law1ch 
opportun.iti.es for Mars. The dates are 
notional and depend upon nvailable 
r ources and technological develop­
ment.1 TI1e target year for the first land­
ing of humans on Mars, 2014, is 
common to c1ll architectures, e cept 
Architecture IV. Architecture IV ha a 
first landing in 2016. 111 year 2014 is 
cho en conservatively to al.I w for 
accompli bing th nee ary y tem 
demonstrations and preparation on 
the Moon prior to attempting the chal­
lenging Mars mission. This al o coin­
cides with the pening of a 15-year syn­
odic peri d of optimum low energy 
Earth-to- ars missions. Missions to 

ars are possible on 26-month inter­
vals. Recognizing there can be pro­
gram delays, the President's goal of a 
landing by 2019 is still possible w ith 
alternate Mars opportunities in 2016 
and 2018. The synodic window starts 
to narr win 2020. Although some 
flexibility is possible with the dates for 
lunar activities, they are sele ted in 
order to accomplish activities specified 
by individual architectures, and to prop­
erly certify equjpment and procedures 
for th Mars mission in preparation for 
the initial laund, date. 

AJI Mars architectures are designed 
for a 30 to l 00 day tay for the first 
mission ri nd an approxima te 600 day 
tay for ub equen t missions. This 

leads to total mi ion duration of 
approxima t ly 500 and 1,000 days 
r sp ctively. lt i a um d th,t after 
the first hw11an Mars mi sion, coupled 
with th xperj nee gained on the 
Moon, confide n · in systems ,1 nd 
human capabilitie w ill a ll ow for 
longer durntion missions. A crew of 
six was selected for both the Moon and 
Mar mi sions to achieve ma imum 
commonality for equipment, crew 
tasks and procedures. For the first two 
piJoted mi<; ions to the Moon, one crew 
member remnins in orbit to perform 
inflight experiment and to monitor the 
orbiting vehicle while the other five 
descend to the surface. Ali s·x go to the 
lunar urface after sufficient confidence 
is gained that the orbiting vehicle 
remains in an acceptable status while 
unattended. At Mars, all crew mem­
bers descend to the surface for every 
mission, a the relfabiJi ty of the unat­
tended vehicle has been verified 
around the Moon. This reduces the 
hazards c1ssociated with pace radia­
tfon and prolong d tim period in 
zero gravity. 

Architectura l activ iti e ar de­
scribed in terms of In itial Operational 
Capability and ext Op rational 

apability on both the Moon a nd 
Mar . These concepts are u ed for 
thre reason : to provid a p int at 
which ace mpli hment to date an 
be meaningfully evaluated; to pro­
vide decision points at whicl1 a given 
program rnn be continued, modified, 
or stopped; and to let each mission 
contribute to the capability required 
to meet the next operati ng level in the 
sequence. After the lunnr Initial 
Operational Capc1bility il1 all architec­
tures, a decision can be made to con­
duct the preparation-for-Mars lunar 
mission and then proceed directly to th 
Mars m:is.c;ion. 

Diversity of Architectures 

Arcl1itectures described offer diverse 
approacl1es, emphases rind program 
scope and scri le for the Space 
Exploration Initiative. From a the-



matic aspect, different architectures 
vary as to the degree of human pres­
ence in space, the level to whi ch 
explora tion a11d science are pursued, 
the extent to which space resources 
arc developed, and the re lative 
emphasis between lunar and Martian 
activity. Regardless of the primary 
emphasis of a given ard1itecture, the 
other two emphases are a lways 
included, as shown below. 

Time in lunar orbit to prepare for 
Martic1n missions varies from a total 
of ·120 to 460 days, depending on the 
architecture. Although the 120 day 
s tay time does not exactly duplicate 
the Mars transit time, it is felt that this 
time could be extrapola ted with a 
high degree of confidence. 

The use of the Mars transfer vehi­
cle, in conjunction wi th a surface 
emplacement on the Moon, would 
c11low mission-critical studies into the 
physiological effects of the fachonal 
Earth-normal gravita tion exposures 
fo llowing extended zero gravity 
stays. This objective can be accom­
plished with a high degree of opera­
tional fidelity on the Moon, and the 
ready c1ccess to zero gravity or frac­
tionc1I g ravity would permit a rapid 
accumulation of data. Simulations of 
Mars gnwity on the lu nar su rface, 
1.1sing a weighted spacesuit, wou ld 
allow refinement of gravity-response 
curves. 

The Mars transfer vehicle would 
have a number of other kev missions 
in addition to life science' activities, 
including simulations of Mars mis­
sions, complete with excursions to the 
Martian (lunar) surface and return, 
th e use of an orbital platfo rm for 
lunar or astronomicc1 I observations, 
and as a test bed for other essential 
Mc1 rs transfer vehi cle subsys tem 
development. 

Considering the three different 
areas of emphasis and the varic1 tions 
in lunc1r and Mars activity, four ard1i­
tectures have been defined. The Mars 
Exploratio11 archi tecture places an 
emphasis on Mars rather than on the 
Moon. Only activities absolutely nee-

essary to prepare for the Mars mis­
sion are p la nned fo r th e Moon . 
However, this s till allows for mean­
ing ful lunar scientific return as a 
byproduct. The second architecture, 
Science Emphasis for the Moo11 anrl 
Ma.rs, explores both the Moon and 
Mc1 rs and uses the Moon as an 
observing platform with an integra t­
ed s tra tegy of robotic c1 nd human 
missions. The third architecture, Tlze 
Moon to Stay and Mars Exploration, 
emphasizes humc1n presence on the 
Moon, with smaller crews engaged in 
exploration and science at Mars. This 
c1 rchitecture is designed to establish c1 
perma nent presence for humanity on 
the Moon so that significant explo­
ration and observation can be accom­
plished. Th e fourth a rch itec tu re, 
Space Resource Utiliza tion, empha­
sizes th e developmen t of lu nar 
resources to provide energy for Earth 
and the production of propellants to 
be used for lunar launch and surface 
operations, and potentially for Mars. 

-i Nurma n R. Augustine, Chai rman of the 
Advisorv Committee on the Future ()f the US. 
Sp,u;c Program, addrt'sscd the Synthesis 
Group. When 11sked what was meant by "go­
as-you-pay" in the report, he answered thnt 
"Tiie Space Explora tion Initiative should be 
progmmmed to proceed at a schedule consis­
tent with available fund ing and the establish­
ment or ii sol id technology underpinning. 
When there are problems in the program, as 
there will alwnys be, the schedule should be 
slipped rather than taking money from 0U1cr 
smaller programs such as the research pro­
gran1." 

Space Exploration Initiative 
J>~'fON~ 

,;JI --~" 

Mars Exp/oral/on 

Science Emphasis 
for the Moon and Mars 

Space Resource 
Utlllzation 

Moon to Stay 
and Mars Exploration 

Emphasis 
Areas 
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e Space Exploration Initiative 
rchitectures are based on the 

priorities of safety, cost, perfor­
mance and schedule. This differs 
from the Apollo program priorities of 
safety, schedule, performance and 
cost. These priorities and the lessons 
learned from previous experience 
establish a philosophical baseline of 
specific concepts and ideas that are 
common to all Initiative architectures. 

Crew Safety 

Crew safety is the prime considera­
tion for human spaceflight opera­
tions. Missions which include both 
long duration flight and planetary 
surface stays require system designs 
and operations concepts that main­
tain crew health and safety. Due to 
the communications delay on a mis­
sion to Mars, the crew will need to 
operate independently for critical 
phases. Mars missions require redun­
dancy in system design and abort 
options. Propulsion systems, landers 
and habitat modules require reliable 
and redu11dant design to reduce vul­
nerability to failure. 

Abort Principles 

Reduce Vulnerability to Failure by System Reliability and Redundancy 

Provide Trans-Earth Injection Fuel or Use Free Return Trajectory 

Reduce Vulnerability to Failure by System Reliability and Redundancy 

Provide Trans-Earth Injection Fuel 

Reduce Vulnerability to Failure by System Reliability and Redundancy 

Reduce Vulnerability to Failure by System Reliability and Redundancy 

Provide Both Abort to Surface/Orbit and Options to the Commander 

Reduce Vulnerability to Failure by System Reliability and Redundancy 

The following principles were 
identified to ensure crew safety: 

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

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

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

• System designs which allow 
crew maintenance or repair 

• System and consm11able mar­
gins which reflect resupply 
rates 

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

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



Mission Opportunities 

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

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

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

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

Ini tial Mass in Low Earth Orbit: 
The total mass, fuel, transfer vehicle, 
lander, etc. placed in low Earth orbit 
to accomplish a space mission. 

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

• Earth to orbit 

• Earth orbit operations 

• Trans-lunar operations 

• Lunar orbit operations 

• Descent to surface 

• Surface operations 

• Ascent from surface 

• Lunar orbit operations 

• Trans-Earth operations 

• Earth entry 

The total delta-V for the trip was 
5.6 km/s from low Earth orbit to 
lunar orbi t and back. It took three 

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

The Earth orbits the Su n o nce 
every 365.25 days in a nearly circular 
orbit with a radius of 149.5 million 
kilometers. The mec1n speed of the 
Earth relative to the Sun is 30 km/s. 
Mc1rs, on the other hand, orbits the 
Sun every 686.79 days (1.88 Earth 
yec1rs) in c1n elliptical orbit with an 
eccentricity of 0.1. Although the 
mean distance from the Sun is 227.8 
million kilometers, the eccentricity of 
the orbit results in a 20% difference in 
distance from the Sun at the two 
extremes of the orbit; the Mars orbital 
speed varies between 22 to 26 km/s. 
Further complicating matters is the 
fact that the orbital planes of Earth 
and Mars are inclined relative to each 
other at 1.9 degrees, rather than being 
co-planar. 

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

The phases of the Mc1rs mission 
are: 

• Earth to orbit 

• Earth orbit operations 

• Trans-Mars operations 

• Mars orbit operations 

• Descent to surface 

EARTH-MARS 
PHASING 

Mars Orbital Rate 
~ 5242" per day 

EarUt'Ofbital Rate 
6.9656" per day 

First 
Opportunity 

Second 
Opportunity-
26 months later 
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-
• Surface operations 

• Ascent from surface 

• Mars orbit operations 

• Trans-Earth operations 

• Earth entry 

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

Mission Duration 

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

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

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

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

TYPICAL LONG DURATION MISSION 

Relative conditions 
at Mars arrival 

Cumulative mission 
duration = 259 days 

~ \0_ 
I 

I I 

Relative conditions 
at Mars departure 

Cumulative mission 
duration= 714 days, 
with 455 days on Mars 

Relative conditions 
at Earth arrival 

Cumulative mission 
duration = 972 days 



TYPICAL SHORT DURATION MISSION 

Relative conditions 
at Earth departure 

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

Relative conditions 
at Mars arrival 

Cumulative mission 
duration = 221 days 

Relative conditions 
at Mars departure 

Cumulative mission 
duration= 281 days, 
with 60 days on Mars 

in propellant mass. Although nuclear 
thermal rocket technology was 
demonstrated in the 1960s, it bas not 
been flight tested. 

Lamich costs are heavily depen­
dent on the required initial mass in 
low Earth orbit. Therefore, cost con­
straints tend to lead toward mjssion 
configurations with lower delta-V 
requirements, and correspondingly 

Relative conditions 
at Earth arrival 

Cumulative mission 
duration = 576 days 

Fi:,:11ri•3 

Fi~11n•4 

MARS MISSION COMPARISON 

OEPARTMAAS 

TYPICAL CHEMICAL PROPULSION MISSION 

ARRIVE MARS 

2014 

Total Mltslon: 919 Days 

MJSSION TO.iES 

OUTBOUND - 224 days. 
STAY 456~ys 
RETURN Z37 days 

l' EARTH RETURN 
r 

DEPA.RT MAAS 

TYPICAL NUCLEAR PROPU LSION MISSION 

2014-Shonenect Tfansil 
TOl-'I MiUiOn: 870 OtlyS 

Ml$$1C)N TIME$ 

OUTROUND - 160 dnys 
STAY 550days 
~ETVAN - t60ct.:rys 
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extended from 30 to 100 days at an 
increase of 100 to 200 metric tons in 
the initial mass to low Earth orbit dur­
ing favorable years. 

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

Space Radiation 

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

ard: galactic cosmic and solar flare 
events. 

The galactic cosmic radiation envi­
ronment is reasonably well known, 
yet there are uncertainties with 
respect to biological effects and relat­
ed risk assessment. The allowable 
annual radiation exposure for the 
astronauts' blood formiJ1g organs is 
50 REM - a dose of radiation called 
"Radiation Equivalent Man." During 
the Mars transfer, the unshielded 
radiation dose rate will range 
between 24 and 60 REM per year as a 
fu nction of the solar cycle (galactic 
cosmic radiation is maximum during 
solar minimum). The expected galac­
tic cosmic radiation dose received by 
an tmshielded astronaut on a trip to 
Mars is below the allowable amount 
based on the annual 50 REM limit 
adopted for Space Shuttle astronauts. 
Shielding to reduce the highly pene­
trating galactic cosmic radiation is 
impractical, due to the enormous 
weight penalty that must be paid to 
shield the entire spacecraft. Selective 
materials integrated into the space­
craft design, however, can reduce the 

MARS SHORT DURATION STAY MISSIONS 

Total Misson Mass 
in Low Earth Orbit All Chemical Propulsion (specific impulse= 475s) 

Piloted and Cargo Missions vs. 
(metric tons) Nuclear Thermal Propulsion (specific impulse = 925s) 

2000 ................ : ............. ..... : ................ --r .......... .. -.... -~-...... -· .. --.. ' ... . -- ----· -. . ·- . 

Chemical t 
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radiation effects. R du.cing the trip 
time is the best method to limit the 
galactic cosrnic radiation xpo ur to 
the crew. Once on Mars, th plan t 
and atmosphere provid ad qu,1t 
protection. 

Solar flare events may b incapaci­
tating or lethal for an unshi eld ed 
astronaut; how v r, the hort dura ­
tion and th energy pe trum of solar 
flare ev nts (low r than the energy 
spec trum of ga lac ti c co mi c rays) 
make radiation s to rm s he lter an 
effective cou nterm a ure. The mass 
penalty for shi ]ding an b r duced 
by using water for pa ive shielding. 
The exces water required wil l also 
enhanc afety by providing a back­
up to water loop losure systems. A 
radiation s torm shelter with 16 
g:m/cm2 of water i · estimated to pro­
vid e adequate ·hi elding agains t 
anomalously large olar flare events. 
Solar monitoring sa t llite and obser­
vations from Ea rth will enable long 
range predicti n of olar flar activi­
ty for mission and ex travehi cular 
activity planning purpos . In addi­
tion, onboard radiation monitors will 
provid r al time warning to alert the 
crew to seek the sh Jter during an 
event. 

Biological experience gained from 
operations in th lm1ar environment, 
along with passive radiation hi ld­
ing and red uc d trip tim~ , hould 
provide adequa t prot ction to the 
crew for th Mars mis ions. 

Zero Gravity 

The i su of mis ion duration is cen­
tral to the discu sion of aTdtitectures. 
Within the context of the proposed 
exploration missions, there are s ver­
al distinct gravitational environments. 
Extended stays on the lunar surface 
will result in exposure to one-sixth 
the Ea rth's gravity. Mars missions 
will entail exposure to zero gravi ty 
during th outbound leg, three­
e igh th s the Earth's gravity during 
surface stays of 30 to 600 days, and 
zero gravity during th return tr.ip. 
Human ex posure to zero gravity 
re ults in a deconditionjng process, 
which is related to the tim spent in 
the reduced gravitational field. 

The existing knowledge base for 
deconditioning from long term zero 
gravity exposure con i t of Sky lab 
da ta , up to 84 days duration; and 
Soviet Mir space station data, with up 
to 366 days durntion. These experi­
ences, to be onfinned with addition­
al research, indicate that with appro­
priate cmmtenneasures, a crew can be 
maintained in sa tisfactory condition 
throu ghout long du ration flights; 
th erefo re, artificia l gravity is not 
incorporated in the four architectures. 
It i expected that while crews are on 
the Martian surface, the three-eighth 
Ea rth 's gravity will help maintain 
their physiological health. 

It is n ces ary to full y under tand 
deconditioning effects in order to e1 ure 



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

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

Astro11n11/ Worki11g in Zero Gravity 
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e journey to the Moon and 
Mars will consist of many dif­
erent activities, both on plane­

tary su r faces and in orbital and 
interplanetary flight. The common 
architecturnl strategies are shown 
below. 

Common Architectural Strategies 

• Involve the public in the adventure of exploration 

• Provide for significant science return 

• Emphasize educational return 

• Encourage and facilitate benefits for commercial applications and 
for the industrial sector 
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Lunar Surface Activities 

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

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

With its low gravity, vacuum and 
long nights, the Moon is an excellent 
site from which to observe the uni­
verse. It is a stable platform where 
delicate astronomical instruments can 
be emplaced and operated to give 
detailed views of our own ru1d neigh­
boring star systems. Moreover, the 
observation instruments can scan the 
entire electromagnetic spectrum from 
the lunar surface. Observatories on 
the Moon will give us incomparable 
views of the universe and Earth and 
new insights into their origin and 
evolution. For the first bme, it will be 
pos_sible to resolve the apparent disks 
of individual stars and observe star 
spots; such resolution may also per­
mit imaging of other planetary sys­
tems. For extra-solar planets, surface 
features of Jupiter-sized planets can 
be mapped whjle full disk spectra of 
Earth-like planets can be obtained. 

The Moon is a source of both mate­
rials and energy for an emerging 
space-based economy in the 21st cen­
tury. The lunar regolith conta ins 
absorbed solar light gases (e.g ., 
hydrogen) and indigenous oxygen 
that can be extracted and collected for 
use as propellant and for life support. 
The regolith also serves as a source of 
ceramics and metals for construction 
on the Moon and in Earth-Moon 
space; iron, titanium and alum.inwn 
are relatively abw1dant. Bulk soil can 
serve as radiation shielding for sur­
face habitats. Solar power is constant­
ly available during the lunar daytime 
(14 Earth days). Finally, the rare iso­
tope Helium-3 is present in the lunar 
soil; this material may ultimately 
power terrestrial fusion reactors in the 
next centu ry, providing clean and 
safe electrical energy. 

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



only three days from the Earth and 
the near side has a constant and psy­
chologica I ly reassusing view of our 
home planet. lt is a natural "space sta­
tion'' orbiting planet Earth. 

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

The Moon provides n testing envi­
ronment of human performance to 
ensure the safety of the crew. The 
issue of human performa nce after 
long exposure to zero gravity, and the 
effectiveness of countermeasures to 
Jong term exposure to zero gravity, 
must be well understood before send­
ing crews to Mars. The degree of 
autonomy required in systems and 
equipment is better assessed after 
understanding crew adaptabili ty to 
a reduced gravity environment. 
Simulations of human stay time are 
required beh.veen time spent on the 
lunar surfoce and in space-based facil­
ities. Human adaptation at the Moon 
is measured after spending sufficient 
time in reduced gravity. Crew mem­
bers adapt in facilities on the Moon, 
performing tasks similar to those 
required at Mars. These crew mem­
bers also experience the psychological 
effects and isolation that are experi­
e1,ced by crews traveling to and from 
Mars. Operational concepts are devel­
oped to make best use of the systems 
and crew on the planetary surfaces. 

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

Martian Surface Activities 

The cxplorntion of Mars involves sev­
eral scientific disciplines that deal 
with the study of Martian origin, geo­
logical processes, and evolution. AIJ 
architectures envision a robus t Mars 
exploration program that consists of 
complemen tary robotic and human 
mission elements. The exploration 
progra m is d esigned to give first­
order a nswers to some of the most 
fundamentnl questions of planetary 
science. 

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

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

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

Amerim11 Exp/omtiv11 
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tale for Ea rth-d we ll ers, ince th 
dynam.ics of global dimat cha n e aTe 
a poorly understood a the are life 
threatening. With the concerns over 
Earth's global warming and the long 
term effects of pollut.ion on the envi­
ronment, the his tory of MaTs hold 
valuable insi ht that w ill a s ist in 
und r. tanding and improving the 
Earth' ev lvin nvironment. tudy­
ing Mars also h lps in und r tanding 
plan tary pr - es and formation 
and in under tanding th his tory f 
the lar yst m. Th exploration of 
th.i planet m.iUion of mil from the 
Ear th comp! m nt th ff rt of 
Mi ·- io n t Pla n t E, rth a nd ould 
h Id a key to und 
plan t. 

Surface Science Activities (100 day ) 
The a1Tiw1l of human on the urfa 

f Mars op n n " vi ta of cicntifi 
ace mpli hm nt. Fi Id tudi be­
come po ibl w hen huma n p 
of b rvation and th ught ar 
ent, b th through th a tuc1I pr n 

of humc1n and by exten ion through 
telepr en e, th pr je ti n of om 
human pow r of di. ernment and 
cognition through a ma hin . 

Each mi i n ec1rrie a pr urized 
r v r, giving the r w acce to area · 
within a 50 km rndiu of the landing 
ite for th fir t Aight, increa ing to a 

100 km radi u in subsequent mi -
sions. Because they will have been 
preceded by a robotic surface ro er, 
the crew's first ta k is to thorough] 
characterize th landing site environ­
ment within a radius of 2 km. 

Detailed field htdy of th geology 
of this area i an ongoing ta k of the 
crew members remc ining behind 
w hile other conduct rover trav r 
Experi m ent ar perf rmed o n a 
mall s ale to test th e fea ibi lity of 

producin fu I from I cal resom 
and to demonstrat th cc1pability to 
grow food in the habitat. 

Traver in the pr _ urivd rov r 
c1re to sites identified from orb ital 
imagery a11d the prior urface rover 
reconnai c1nce. A r w of two or 

three h·av Js to xc1rnin key geologi­
cc1l sit , collect carefully control led 
c1mpl · , d ploy instrument packc1ges 

c1 nd d cipher cind understand the 
com pie g olog of the re rion c1djc1-
cent to the la nding site. Although 

eneral routes are planned and major 
fi Id site id nti fi d in advance, the 
unique opportunity of human h·av I 

v r th artian urfac permjts tra-
ver rout c1 nd plan t be m difi d 
in r al time. Thi capabi li ty i th, or­
ner tone of o nducting true fie ld 
exploration, and th maximum possi­
bl latitud f r p rational hang is 
grc1nt d t the rew during th · a r 
vi it. In thi we y, ignificant di. cov r­
i clT m t lik ly t b mad and, as 
important, follow d up w ith add i­
tional fi Id work. 

As a n exampl , c1 landing sit 
might be ad· to rtain 
smooth d n wi · the 
flo r f th <11 s; i 

tha d its 
la m A 

e orbiter do it 
· nd cont xt of 

d tc1il c1nd a 
· o er obtains 

,position and 
di a arch 

C • 

e t c1mi n 
the n ologi 
field wor . o emc1ti-
call exmnining, measuring and sc1m­
pliI1g e pos ·d lake deposits, mc1ppi11g 
th eir extent a nd continuit , and 

a rching the ro k expo ure for pos­
sible foss il remains. The field work 
pr ceed on both a canting ncy c nd 
an iterative ba i . In the fi r t ca e, the 
crew' pecific field ta ks are a tiv ly 
dir cted by signifirnnt findings in the 
field; the e de ision c1re made b th 
field crew in rea l tim . Tn th · second 
ca , th er w ha th abi li ty to revi it, 
re- amiJ1 and re- mnple pr viou ly 
explored field ites, b th to supple­
m nt n w knowledge and to place 
dcita into n w onte ts derived from 
the evolving conceptual framework. 

uch w rk requires insight and geo-



logicaJ experience and it constitutes a 
major contribution by humans to 
planetruy explornlion. 

Surface Science Activities (600 days) 
Additional science opportunities are 
presented by a long su rface stay capa­
bili ty. Although the general character 
o f fie ld exploration on a long-stay 
mission is si milar to that conducted 
during a short stay, more thorough 
fie ld science of the selected si te is 
accomplished. Re turn in planetary 
science is directly proportional to 
access, rnpability and time. A signifi­
cant increase in the amount of time 
available greatly increases the science 
rctuTn of the mission. Time is avai l­
able to completely characterize the 
area surrounding the landing si te 
within the traverse radius of the pres­
surized rover. An important aspect of 
extend ed ti1ne on t he surface is the 
ability to revisit sites. Such activity is 
very common in terrestria l geology 
c1 nd permits the fi e ld testing of 
hypotheses tha t cha racterize ad ­
vancecl geologic study. 

In order to tc1 ke scientific c1dvan­
tage of extended surface stc1ys, it is 
necessc1Ty to be able to do some first­
order analyses of collected Martian 
materials in the h abitat. This small­
scale sa mple analysis laboratory is 
able to make bulk chemical c1 nc1lyses, 
rock exa mination und er microscop e 
a nd co mpos itional a na lyses o f 
volati les, including gas and ice. These 
laboratory functions enable site revis­
its to have maximum effect, as field 
geology requires labora to ry work 
inte rs persed with fi e ld collection . 
Cryptic or subtle properties of the 
samples hold significant clues to geo-
1 ogical evolution, especially in the 
fields of ancient environment recon­
struction and the search for fossil life. 

Environmental and meteorological 
measurements assume increased 
importance during long stays, as the 
increased surface time takes the crew 
thro ug h a n entire Martian yea r . 
Seasonal varia tions c1re studied from 
th e surface in grea t detail; s uch 

knowledge is also important in order 
to protect the crew from possible 
d etrimental enviro nmental e ffects 
(e.g., dust stom1s). 

Difficult scientific problems, such 
c1s the search for fossil life or under­
s tanding ancient climates, require 
large amounts of time to gather data, 
understand field relations and recon­
s tru ct processes and his tory . Such 
problems c1re pc1rticulc1rly an,cnableto 
study during long duration missions. 
While positive results from such an 
investigation ca1mot be assured, the 
chances for definitive nnswers are 
much more likely to be derived from 
extended surface activities than from 
short stays. 

Science investiga tions on later mis­
sions will likely be configured to take 
c1dvantage of the knowledge derived 
from the initial visits and wi ll carry 
additionc1 l equipment or capability 
designed to increase the informc1tion 
return of surface exploration. It is 
wuikel.y that the general problems of 
climate chc1nge and the origin of life 
will be resolved during the first visits . 
These questions are deemed of great 
sign.ificance and will probably receive 
c1 ttention d uring any long rnnge 
exploration plan. To fully address all 
thEc>se questions, many sites would have 
to be visited, s ites that span the range 
of geologica l age and divers ity evi­
dent on the planet's surface. Such 
c1ccess is achieved directly from Mar­
tian orbit, or from long range surface 
trave l. The baselined method of sur­
face travel offers the maximum flexi­
bil ity to the crew to modi fy explo­
ration plans iJ1 real time to accommo­
date discoveries likely to be made c1s 
the smfocc exploration progresses. 

lt is possible to greatly increase the 
science return from Mars e>-.-ploration 
through the use of te le presen ce 
robots . Such robots permit human 
presence a t many va1ied and sepctrate 
sites without the logjstic difficuJties of 
physically transporting cumbersome 
life-support systems. In this opera­
tional concept, multiple robots are 
deployed at widely separated loG'ltions 

Mnrtin11 S11rfnce 
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on Mars. These robots are controlled 
by human operators from a central 
site either on Mars, near the landing 
site, or from Martian orbit. Extensive 
field work is conducted, instruments 
are deployed and samples are collect­
ed by these machine tmder human 
control. Samples and data are collect­
ed at centralized location for tran -
port to the Mars habitat for first-order 
analysis and ultimat ly, to the Earth­
return pacecraft. 

Orbital Activities 

If the crew were unable to land and 
were fo re d to remain in Martian 
orbit, a va riet of cientifi activi ti e 
would be possible. Orbital science 
roles for humans fall into thr e 
broad categori es : opera to rs of 
in trument p la t for m , c icntifi c 
observers in orbit, and participa nts 
in surface e ploration by mea ns of 
robotic telepresen e. 

Orbital in trum nt ar an inte­
gral part of th e g loba l rec nna is-
ance of any planetary body. CJ bal 

observation from orbit ar Iarg ly 
accomplished by robo tic precursor 
missions. An in trum nt p latform 
could b built into c1n orbital vehicl 
and opern t d in Mars rbit und er 
dir ct humc1 n sup rvi ion, but it hc1 
not b n ba lined. Thi op ration 
involv instrument cycling, repair 
and manual contingenc operation. 
The va lu e of humans as instrument 
operator was demon ·trnted during 
Apollo luna r orbital opera ti o ns, 
aga in during the Sk lab program 
and on numerous huttle flight . 

Direct vi ual ob erva tions from 
orbit allow the crew to exami ne ter­
rain selectively, identify important 
or critica l elements and decipher or 
unravel omplex geologica l or mete­
orological phenomena in near real 
time. The resolution of dir ct obser­
vation i partly alti tude-depend nt 
and is augmented by ptical devices 
(e.g., telescope ). The k y factor is 
the human ability to ynthesize dis­
parat data to obtain new ,. o l gical 
insight. As an exampl f how thi_ 

mig ht happen, the famous orange 
soil discovered o n th e Moon by 
Apollo 17 was little more than a geo­
logical oddity until the geologist astro­
naut recognized regional deposi ts of 
ora nge soi l from orbit. Our und er­
standing of the significance of both the 
samples and its regiona l extent 
increa ed greatly through this direct 
ob ervation from o rbit ; we now 
know that orange soil represents a 
m ajor phas of volatile-rich lunar 
volca ni s m in this region aro und 
thr billion yea rs ago. Thus, signifi-
ant clue to planetary geologic evo-

1 ution may be uncov red th rough 
the u e of human observations from 
o rbit. Depending upon o rbital 
para meters it might a lso be possible 
to conduct cientific observations of 
th e Martian moo n , Phobos a nd 
Deim . , as w II. 

The concept of telepresence de­
pends on nearly instantaneous re­
pon betw n th human control 
perator and the lave robotic system. 

Orbiting vehi les maintain distances 
of a f w hundred kilometers from th 
plan t' urfac , penn.itting true tele­
pr nt op ration of robot on ars 
by human controll r in orbit. Thu , 

rbiting rew memb rs b ome activ 
participants in urfa explora tion. 
Th e telepr sent robots act in direct 
coop ration with the surface crew, as 
an extra member of the field pnrty or 
as c n independent explorer. In the lat­
ter case, the robot makes periodic 
returns to the surfa e lander to dis­
d1arge its cargo of ollected samples 
and stored data not directly transm.it­
ted to orbit. This telepresence mode of 
surface exploration n t only greatly 
extend human reach, by access ing 
areas either too distant or inaccessible 
by the surface crews, but also pro­
vid a back up capability for surface 
field work by putting human "pres­
ence" on the urface, possibly under 
onditions i.n which humans could 

not eff tively operate (e.g., abort con­
dition , du t storms). This third type 
of human activity from orbit greatly 



augments the total scientific capabili­
ty of the Mars mission. 

Transportation 

A heavy Lift launch vehicle is the basic 
capability needed to support any 
lunar and Martian architecture. The 
Apollo Saturn V law,ch vehicle had a 
lift capability of 140 metric tons to 
low Earth orbit. This provided a very 
constrained payload capabili ty to the 
ltmnr surface. The Space Explorntion 
Initiative architectures require a more 
robust system. This has been provid­
ed for, in part, by having separa te 
cargo and piloted flights. The mass to 
low Earth orbit requirements range 
from a minimum of 150 metric tons 
up to 250 metric tons per launch. Vice 
Preside nt Quayle asked that we 
investigate options to accomplish 
America_'s exploration goals fasteJ, 
cheaper, safeJ and better. This investi­
gation has led to the very cleaJ con­
clusion that to aduevc these goals, the 
utilization of a heavy lift law1ch velu­
cle having n capability to latmcl1 250 
metric tons to low Earth orbit is 
required. The heavy lift launch vehi­
cle significantly affects the ability to 
implement the architectures defined. 
All of the lunar and Mars architec­
tures have been baselined vvith such a 
vehicle. TI1is allows the architectures 
to be clearly done fas ter, cheaper, 
safer and better th,in with a less rnpa­
b le launch vehicl e. They co uld be 
done with a vehicle capable of only 
150 metric ton s. However, more 
launcl1es and assembly in Earth orbit 
would be required, all at odds with 
the desired goal. A greater lift capaci­
ty will require fewer launches to sup­
port any arclutecttU'e, and offers more 
operational flexibility when launch­
ing cargo and piloted missions in the 
same year. 

The need for a new heavy lift 
launch vehicle has pav<xi the way for 
an infusion of l<1uJ,ch vehicle technol­
ogy through the joint NASA-Depart­
ment of Defense Nationa I Launch 
System Program. Many im proved 

production and processin g tech­
niques have been identified. These 
improvements shou ld be incorporat­
ed in the contemplated heavy lift 
launch vehicle. The lessons and the 
proven technology of the past must 
also be considered (e.g., the liquid 
oxygen-kerosene F-1 engines used for 
Apollo Saturn V, first s tage). This 
combina tion of propellants and 
engines offers great potential for the 
fir s t stage and boos ters of a new 
heavy lift launch vehicle. These 
e ngines demonstrated a sea level 

Saturn V li11111d1 of Apollo XVII 
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thrust of 1 .8 million pounds per 
engine. Flight engines have a flawless 
record of performance for 13 fl ights 
with 65 engines. The propellants also 
offer th e advantage of having less 
explosive potential by a factor ?f s_ix 
than that of liquid oxygen-hgmd 
hydJ·ogen. There are no cnviromnen­
ta I issues associated with their CO2 
and H70 by products.1 

In a-dd ition to a heavy lift launch 
vehicle, all architectures require the 
capability to dock elements of the 
lw1ar and Martic1n rnrgo and piloted 
vehicles in low Earth orbit. Automatic 
docking of modules, a teclrnique uti­
lized by the Soviets on a regular basis, 
is required. These opera tions pre­
clude the need for extensive extrave­
hicular activities in low Earth orbit to 
assemble lunar or Martic1.n trnnsfer 
vehicles. 

Lunar Missions 

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

150 metric tons capacity 
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Technical Strategies 

• Develop a heavy lift 
launch capability 

• Limit on-orbit assembly 

• Develop nuclear tech­
nologies 

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

• Use common systems 
and operations between 
the Moon and Mars 

• Use a complementary 
mix of human and robot­
ic resources 

• Emphasize technologies 
with terrestrial applica­
tions 

cargo vehic le conta ining a habitat, 
surface power supply, unloader, con­
sumables and experiments. lt is 
launched on a heavy lift launch vehi­
cle with the lunar transfer vehicle 
injecting the cargo into the trans-lu nar 
phase. Upon lunar approach, the 
lunar transfer vehicle provides an 
orbital propulsive capture maneuver 
to place the ca.rgo and its lander into a 
lunar orbit. The cargo is then placed 
at a preselected landing site with the 
lander. Like the Apollo program, an 
al l-chemica l propulsion system is 
used for lunar missions. 

The lu nar cargo mission is fo l­
lowed by the p iloted mission, co~­
taini ng consumables and experi­
ments, as well as a rover. After launch 
to low Earth orbit, they are injected 
into a lunar t rajectory by the lunar 
h·,msfer vehicle, identica l to that used 
for the cargo mission. A propu lsive 
maneuver places the vehicle in lunar 



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

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

Mars Missions 

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

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

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

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

250 metric tons capacity 

1 NASA, Johnson Space Center, Code XE mem­
orandum dak'Li January 11, 1991, "Preliminary 
Heavy Lift Launch Vehicle (HLLV) Require­
ments for the Sp.ice Exploration Initiative," 
Nom,an H. Chaffee. 
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1998 

A. 
Site Recon 

Orbiters 

Mars Exploration 

The major objective of this architec­
ture is to explore Mars and provide 
scientific re turn. The emphasis of 
activities performed on the Moon is 
primarily as a preparation for the 
Mars mission. A s ignificant lunar 
infrastruchu-e is necessc1ry, however, 
to test Mars equipment, systems c1nd 
operations. This permits memungful 
scientific return from the Moon. 

Strategy 
The emphasis of the architecture is on 
Mars exploration and science. The 
lunc1r infrastruch1re is developed only 
to the degree necessary to test and 
gain experience with Mars systems 
and operations m1d to simulate Mars 
stay times. The Moon is explored 
while developing operntional con­
cepts for Mars. For Maxs, robotic pre-

2000 2002 

(None) 

6 Optional Mission 

cmsor missions are used to scout the 
territory before committing to a land­
ing s ite. Cargo and piloted landers 
are separate vehicles: the ca rgo lan­
ders travel one way to the surface, 
while the piloted vehicle is sized for 
crew transfer and minimal cargo from 
the planet smface. I Iabitats are built 
into the cargo landers, replicated and 
joined to build up living vo)L1me. 
This arch.itectw-e is designed to be c1 
minimal approach to achieving the 
program objectives. 

Summary and Schedule 
TI1c projec>ctcd schedule is shown below. 

The first human mission to the 
Moon occurs in 2005 for a stay of 14 
Earth days (one lunar daytime). A 
known site is chosen, based upon 
Apollo data, and precursors are not 
required. A subsequent lumir mis­
sion of 14 Earth days occurs the fol-

2004 2006 

I 

♦ 
I 

♦ 

I 

A 
s ! ce Surface 

Rover Rower 

I 

A 
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lowing year to the same site. In 2007, 
surface stays are extended on the 
Moon up to 60 days. In 2009, two 
lunar missions are flown as a dress 
rehearsal for the Mars mission, with a 
cargo mission preceding the piloted 
mission in 2008. The opportunity 
exists for additional lunar flights in 
2010 and 2011 if further testing and 
validation arc required. 

A minimum set of precursors is 
flown to gather the data necessary for 
selecting Mars land ing sites. These 
missions consist of two Mars s ite 
rccmmaissance orbiters in 1998 and a 
rover in 2003 and 2005. 

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

2008 2010 2012 2014 

A 

Ash'o11n11ts CollL'cfi11g Mnrtim1 Rock Smnpll'i' 

2016 2018 2020 

A 
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in 201 with cargo mission pre ed­
ing ach piloted ,ni ion by approxi­
mcltely two year . 

Lu11arPhase 
Luna,· Prec,usors. The landing site is 

le ted by reviewing the data and 
ph togrnphy from Apollo and other 
sources, and requires no new lunar 
precursor missions. This process 
proved to be successful for six A polio 
lunar landings. 

Lunar Initial Operational Capabilih;. 
This Initial Operational Capability 
will demonstrate that we can return 
to the Moon safely, unload cargo and 
mplac and op rate a habitat fo r at 

least a lunar daytime. Th e fir t 
human lunar mi sion is fl wn in 2005 
with a er w of ix. Th pilot d lander 
is pre eded by a ca rgo land r that 
contain the habita t, a pow r upply, 
c nsumables, cryotank v rification 
te t equipment and an unload r. The 
initial tay is for 14 arth days. Five 
crew m mbers de cend to th urface 
takiJ.1g an unpres uriz d rov r, with 
the sixth cr -w mcmb r r maining in 
orbit. They Ii v u t of the la ndcr 
whil etting up th habita t and it 
regolith shi !ding. Jar power i 
used for the initial stay. The fir t rew 
on the urface in tails the solar flare 
w<1rning system n ar the habitat. 

Anoth r five-member crew returns 
to th fir t landing site in 2006 for 
another 14 arth days, living in the 
hnbitat, with a sixth crew member 
remaining in lunar orbit. They d1eck 
out the condition of the equipment, 
ch ck th cryota nk verifi ation te t 
and dt:!ploy mall instmments to sur­
vey and xamine int r sting g -ologic 
sit . Jf an Apollo si te is chosen, the 
equipment left behind from that mis­
sion is examined to determine the 
effect of long term exposure on th 
lun<1r surface. Certain elements ar 
disassembled and brought back t 
Earth for analysis. The succe fu l 
completion of this flight con titut 
ach iev ing the Initial Operational 
Capability. 

Lunar Next Operational Capabilih;-1. 
The next capabilit in this archite ture 
is d signed to d monstrat that we 
can operate effectively on the oon 
for an ex tended period of time, 
including a lunar night (14 Eart h 
days), using prototypical Mar quip­
ment. This flight is th prelude to 
th - dr r hea al for th Mar- mi -
·ion. Aft r och iev.ing th Initial 

perati nal apability, a cargo flight 
i en t t the Moon the next year, 
2007. Thi flight carri a pre suriz d 
rov r and o nucl ar surfa e power 
plant to th Oiiginal 1.mding itc. TI,is 
carg mi ion i fol1owed by a piloted 
mi sion with six crew members. he 
six rew members descend to the 
lw1ar surface. his mission would be 
45 to 60 Enrth days in durahon. Tl1e 
crew fully evaluates the pressurized 
rover, including the teleroborics. Of 
nece sity, they do meaninghtl scienc 
activities iJ, the process of accomplish­
in their evaluations. They accom­
pli h the r connai ance l ading to 
the se lection of a nearby M<1r re­
he<1r al lnnding site on the Moon. 
They <1lso nccompli ha verification of 
all the procedures required by such 
operations. The nuclear power ys­
tem is activated and its performance 
verified. quipment is configured to 
permit continued remote operation 
and obtain further reliability data ub­
sequent to the crew's d parture. 111 
uccessful completion of thi flight 
onstitutes achieving th e xt 

Operational apability-1. 

Lunar Next Operational Capabilin;-2. 
At thi tage, th aim i to p rform a 
complete dres rehearsal fo r the mi--
ion t Mar w hile acquiring ignifi­

cant !if scienc data. In 2008, the 
year fol lowing achievement of the 

ext Operational Capabili ty-1, the 
M<1rs dress rehearsal is initiated with 
a cargo mission to the lunar site cho-
en for the Mars simulation, in las 

proximity to the original site. Moon 
analogs to Martian sites are shown on 
the next page. This flight carries the 
same cargo configuration that will be 
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prepositioned at Mars prior to the 
first human mission. This includes a 
habitat, a pressurized rover, a nuclear 
power plant, an unloader/ mover, sci­
entific exploration equipment and 
communications equipment needed 
for Mars surface operations. All the 
systems and equipment are deployed 
a nd remotely operated just as on 
Mars. This remote operational vali­
dation continues for at least one year 
prior to sending a crew to the site. 

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

2. Tycho Crater 1. " Highlands" Site 

ful completion of the first Mars mis­
sion. The vehicles and systems flown 
are the same vehicles and systems to 
be taken to Mars, to the extent practi­
cal. For example, the lunar orbiting 
vehicle is the Mars transfer vehicle. 
The lunar lander could be the Mars 
lander. The use of this vehicle allows 
for realistic mission-critical evalua­
tions of the performance of the sys­
tems and the crew with a high degree 
of operational fidelity. It also pro­
vides an opportunity to develop the 
procedures and techniques for the 
orbital crew to accomplish meaning­
ful science using telerobotic systems 
on the lunar surface. Techniques and 
procedures developed in lunar orbit 
are directly applicable to their utiliza­
tion in Mars orbit. These operations 
are done withou t the time delays 
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inherent in Earth opera tions of such 
systems on either the Moon or Mars. 

While this flight of approximately 
150 days' duration is in progress, a 
second mission is flown by another 
six-member crew that descends c1nd 
lands at the original site with no delay 
in lunar orbit. The mission is planned 
to have them on the lunar surface 
when the orbiting rehearsc1l crew 
lands. Three of the crew members 
drive to the Mars rehearsal site in a 
rover and provide assistance to the 
Ma rs rehearsc1l crew after they land. 
The rehearsal crew is weighted with 
appropriate masses after landing, to 
verify their adaptation to the th ree­
eighths gravity environn1ent of Mars. 
The crew in place a t the site ·will be 
able to assist in performing necessary 
life science experiments and proto­
cols. They stay on the Moon after the 
rehearsal crew departs, verifying 
equipment operations up to a total 
mission duration of approximately 90 
days. The successfu l completion of 
this phase of lw1ar operations consti­
tutes the Mars mission dress rehear­
sal. When successfu lly completed, 
the Mars mission can proceed with 
minimum risk. 

If redesigns are requ ired that 
necessitate further testing on the 
Moon, there are opportunities to fly 
additional missions in 2010 and 2011 
prior to lau nching the Mars ca rgo 
mission in 2012. 

Mars Ph ase 
Mars Precursors. The techniques for 
Mars exploration involve both people 
and robots. The overall approach is 
to achieve knowledge of Mars from 
robotic missions and then to follow 
up with detailed field science by 
hum ans. An important enhancing 
technique is the use of robotic tele­
presence to extend and a ugment 
human access during p iloted mis­
sions to Mars. The precursor mission 
set described for this architecture is 
the baselined minimum for all Mars 
missions. 

Landin g sites on Mars are chosen 
fo r scientific interest. In order to 
assure ad equa te margi ns of crew 
safety, each site is certified prior to 
landing. Site certi.fication involves col­
l a ti on of photog raph ic and other 
remote sensing data to identify and 
map hazards. Current knowledge of 
Mars is considered inadequate to cer­
tify landing sites. SpecificaJly, we do 
not possess adequate image data to 
see hazards, nor do we understand 
terrain types or su rface conditions 
well enough to assure o·ew safety and 
their ability to do i1seful work a t 
Mars. For these reasons, each ard1i­
tecture provides for site reconnais­
san ce o rbiters, wh ich are two 
identical spacecraft for obtaining 
high-resolution (25 cm/pixel) con­
tiguous imaging of potential li'mdi.ng 
sites. At least 12 candidate s ites are 
imaged. The precursor spacecra ft 
also carries additional instruments, 
such as a mapping spech·ometer, to 
provide sb-r1tcgic science data to aid in 
site discriminc1tion and selection. 

In order to verify terrain models 
developed from the high resolution 
imagery and to certify site safety, two 
rovers are deployed before a piloted 
mission is launched . These rovers 
image the su rface and subsurface, 
make in s itu chemical and minera l 
measurements, and conduct tests for 
soil toxicity. Prime and backup sites 
are selected from the site reconnais­
sa nce orbi ter data, an d iden tica l 
rovers are deployed at each site. 

Communication orbiters are need­
ed for data relay on rover and human 
missions. Combi11ing this capability 
with that of the site reconnaissance 
orbiter is preferable, and this will be 
done if vehicle masses can be kept 
wit hin lau nch vehi cle constra ints . 
Most of the precursor missions can be 
la unched by existing expend able 
launch vehicl es o r the core of the 
heavy lift launch vehicle. 

Mars Initial Operationnl Cnpability. 
The goal of the Mars lnitial Opera­
tional Capability is to arrive at Mars 



and successfully accomplish scientific 
exploration of its surface. The first 
mission with a crew of six establishes 
the Mars initial operational capability 
in 2014 with a surface stay of 30 to 
100 days. The mission calls for pre­
deploying as much of the needed 
equipment as possible on the Martian 
surface to allow for operations by the 
crew when they arrive. This cargo 
mission, therefore, must be law1Ched 
during the previous window of 
opportunity in 2012. The cargo flight 
also serves as the validation flight for 
the nuclear thermal rocket system 
prior to the piloted flight in 2014. 
TI1e emplaced equipment is remotcly 
tested to ensure that all is ready 
and functional before the crew is 
launched. The mission concept is 
similar to that employed at the Moon; 
i.e., stabilized in Mars orbit, the crew 
descends, accomplishes their activi­
ties on the surface, ascends to Mars 
orbit, rendezvous and docks with the 
Mars transfer and Earth entry vehi­
cles. 

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

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

Mars Next Operatio11al CapabilihJ, 
The architech.rre next aims to aclueve 
a long surface stay on Mars to per­
form extens ive field exploration, 
including addressi ng difficult and 
complex scien tific problems. The 
Next Operational Capabi li ty also 

employs separate cargo and piloted 
vehicles. TI1e cargo velucle departs in 
2014 and, pending the results of the 
2014 piloted mission, lands a t a dif­
ferent site to maximize science return. 
The piloted mission, again with a 
crew of six, launches in 2016. The 
option is available to return both the 
piloted and cargo missions to the 
original site and further develop the 
infrastructure. The stay time on the 
surface is on the order of 600 days to 
take advantage of the reduced mass 
to orbit with the conjw1ction class of 
mission. It is assumed that after the 
first Mars mission, confidence in sys­
tem and human capabilities allows 
for longer mission durations. An in 
si tu resource demonstration unit is 
included in this mission to test the 
feasibility of producing fuels at Mars. 
Such activities allow us to evaluate 
the potential for long term habitation 
and exploration of Mars by humans. 

The option of repeating the long 
stay mission is available in 2018 and 
again in 2020 before the synodic vvin­
dow starts to narrow. 

If the decision is made to accelerate 
our return to the Moon and go to 
Mars before the cutTent goal of 2014, 
Architecture I lends itself to such 
acceleration. This wou ld require 
early and robust fw1di.ng. 011 the Rim, North Rliy Cmter, A110/lo 16 
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1998 

Science Emphasis for the 
Moon and Mars 

TI1.i architecture's prime focus i ba l­
anced scientific rehlrn from both the 

oon and Mars. Emphasized through­
out ar explorat ion and scie ntific 
activiti s, including complementary 
human and robotic ntissions required 
to nsur optimum rerun1. 

Strategy 
Th oon and Mar ar empha ized 
equally, and an arly g.lobal as e -
ment of both bodies permit a va1i ty 
of ini tial mi ion designed to b tt r 
under tand global diversity. Life sei-
ne dati'l r quir -d for Martian mi -
ion · ar g nerat d thr ugh exten ive 

opera ti ns on the Moon. 
The operational tra tegies of this 

architecture emphas ize the us of 
human-controlled robotics (teleopera-

Lunar Recon 
Orbiter 

2000 

Lunar 
Network 

2002 

Site Recon 
Orbiters 

~ Optional Mission 

tion and tel pre ence) t assi. t 
hu 1rnm act ivity on th su rfa . fn-
trument emplacement focu e on 

early deployment of portable u, tni­
ment whjch gather ob ervation data 
independent of lunar location. ln the 
latter ta s of arc hi tecture imp! -
menta tion, mphasis hi ft t larg r 
cientific exp r im nt and in tru­

ment ft r developing urfac capa­
bil iti f r con truction, m int n nee 
and p ration . ontinuou explo­
ration activiti yi Id a ignificant ci­
ent ific retu rn throug h the u e of a 
balanced mix of hu man c nd robotic 
xplorntion tedmique . 

Th option to pursue exploration 
of c1 near-Earth c1steroid is included in 
tbj c1rchitecture. A precursor robotic 
probe could be sent to survey the 
selected astero id, fol lowed by a 
human mission. 

2004 

Rover 

I 

I 

♦ 

2006 

A 

A 
Network 



Summary and Schedule 
The initial phases of this architecture 
occu r on the surface of the Moon, 
with emphasis placed on exploration 
and scientific activities. These activi­
ties, along with the planned lunar 
precursors, provide a better under­
standing of the global characteristics 
of the Moon. Coupling this knowl­
edge with the astronauts' growing 
adaptation to living and operating in 
the lunar environment, longer mis­
sions to the surface are planned, 
requiring a permanent crew habitat. 
In addition, more advanced systems 
enable extension of the crew work 
area beyond the habitat area for sig­
nificant lengths of time. Gradually, 
an infrastructure is developed for the 
purpose of supporting the increasing­
ly advanced exploration ru1d observa­
tion activities. Construction and 
operational activities d is tant from 

2008 2010 2012 

A A 

2014 

A 

A 

Mnrfim1 SciC11ccn11d f.xplorafio11 Fncilities 

2016 2018 2020 

A A 

A A A 
I 
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th habitat become commonplace. 
Complementing the progress of the 
urface activities are orbital activities 

in lunar orbit. 
Sub equent to the establishment of 

th desired long term operational 
capabilities for exploration and sci­
ence on the Moon, human missions to 
Mar take place. All knowledge 
gained by the activities in lunar orbit 
and on the surface becomes part of 
and is complementary to the dress 
r hearsal for the Mars mission. 

Lunar Phase 
Lunar Precursors. To conduct globa l 
reconnais.5ance and to assure that sci n­
tifically productive landing sites ar 
selected, two robotic precursors - the 
lunar reconnaissance orbiter and the 
lunar network-are law1ehed in 1999 
and 2001, respectively. n,e lunar r on­
na i sance orbiter produces a global 
remote sensing data base, consisting of 
imaging, chemistry, mineralogy, topog­
raphy and gravity data. TI1e lunar net­
work consists of a minimum of ight 
surface geophy ica.l and cnviro1m1ental 
surface stati n equally distributed 
arow,d the Moon. 

Th network hould have a mini­
mw11 lifetime of ten y ars. Components 
of the geophysical station will be a seis­
mometer, heat flow prob , a magne­
tometer, local geoch mi try instnunent:s 
(alpha particl cow1ter and x-rny fluo­
re cenc spectrometer) and imaging 
instruments for terrain characterization. 
The environmental station will have 
instrwnents that measure meteo1i.te flux 
and dust from secondary meteor impact 
crater ejecta, plasmas, fields and parti­
cles, and the lunar "atmospheric" com­
po ition (neutral and ion mass 
pectrometers). 

Several location for ltu1ar landing 
si tes are determined from the lunar 
reconnaissance orbiter and network 
data. Three sites which offer the most 
geological diversity and are complex 
and challenging enough that human 
presence is required, are selected for the 
Initial Operational Capabil ity human 
landings. 

Lunar Initi.al Operational Capability. 
Th lunar Initial Operational Capa­
bility of this architecture is designed 
to demon trate a safe return to the 
Moon with significant exploration 
capability, to land at and explore 
thr complex sites and deploy select­
ed observation instmments. In 2003, 
the first human mission to the Moon 
land at one of the three preselected 
site . A crew of five lives i11 the lan­
der during lunar daytime of 14 Earth 
day , with one crew member remain­
ing in orbit. They have a pressurized 
rover with a traverse radius of 50 km 
(increa ing to 100 km on subsequent 
missions) and a telerobotic pro p ctor 
capable of being operated from the 
Moon surface, lunar orbit or from 
Earth. Observation instrument con­
sist of an environmental condition 
survey package, a portable magneto­
spheric observatory and an opera­
tions test telescope. A solar flare 
warning system is also included. 

Surface activities focus on explo­
ration of the Moon. Two a tronc uts 
utilize th rover to explore, conduct 
field work and deploy in trument 
pa kag . 0th r crew activities 
include mplacement of the observa­
tion instrument . ln addition, crew 
member operat the local t lerobotic 
prospector, a remotely controlled 
robotic d v ie with va rious analysis 
in trument for both reconnaissc1nce 
sampling and resource identification 
and characterization. In the following 
years, 2004 and 2005, two near ly 
identical m.issions occur at other 
elected si tes, with the travers radius 

increasing to 100 km from the lander. 

Lunar Next Operational CapabilihJ-1. 
The next capability is design d to 
both extend the length of human 
pres nee on the Moon and to estab­
lish a permanent crew-tended out­
post, building up the lunar surface 
infrastructure. Additionally, more 
exploration and the con truction of 
the permanent lunar observatory are 
b gun. The mo t notable difference 
from fnitial Operational Capability to 



the first Next Operational Capability 
in 2006 is the change in stay time to 
90 Earth days and the delivery of sup­
porting equipment on a cargo flight. 
Accompanying the six-member crew 
is their habitat with a nuclear power 
supply capable of generating the nec­
essary power throughout the lunar 
day and njght cycles. The permanent 
site is selected from one of the prevj­
ously visi ted s ites. The pressurized 
rover left by t11e previous crew is uti­
lized; traverses up to 100 km radius 
from the landing site are conducted. 
Construction of the observational 
instruments begins, including a tran­
sit telescope, a low energy cosmic ray 
detector, and a very low frequency 
array. An in situ resource utilization 
system experiment and a robotic 
prospector complete the remaining 
payload. 

Trus capabiJjty concentrates on the 
construction and operation of the 
observa tion instruments, along with 
extended duration rover traverses. 
Exploration surface activities grow to 
five Earth-day missions away from 
the habitat in the pressurized rover. 
A four-element, very low frequency 
array is set up approximately 30 km 
from the habitat. The trans it tele­
scope is em placed ·10 km from the 
habitat. Astronauts begin the in situ 
resource utilization experiment and 
continue resource identification and 
quantification, with reconnaissance 
sampling occurring via the Lwo avail­
able loca I prospectors. Additional 
activHies include life sciences experi­
ments and iJ:1stallation of the habitat 
waste management system. 

umar Next Operational Capabiliti;-2. 
The goals at this capability are to per­
form long dmation stays on the Moon 
for life sciences, conduct s ignificant 
surface exploration, increase the capa­
bility of the observatory, and expe1i­
ment with life support loop closure. 
The additional support equipment is 
provided by a cargo flight. The oper­
ational capabil ity in 2007 doubles the 
surface stay time to 180 days a t the 

same site. The six-member crew lives 
in the existing habitat. Along with 
the existing rover, the crew has avail­
able to them an improved pressurized. 
rover, which has increased range and 
app ropriate radiation shielding to 
accommodate longer exploration 
excursions. In addition, the observa­
tion instrument payload for this mis­
sion consists of a 4 m telescope, a 
submillimeter interferometer, and a 
very long baseline radio telescope. A 
life support system with a high 
degree of closure is included, as are 
consun1ables required for the entire 
mission. 

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

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

Lunar Next Opemti.oual Capabi.liti;-3. 
The mission associated with this Next 
Operational Capability supports the 
dress rehearsal activities for the mis­
sion to Mars (as described in Archi­
tecture I) during 2008 and 2009. The 
crew for the dress rehearsal s tays in 
lunar orbit for 200 days, providing 
additional life sciences data when 
compa1:cd with Ardutecture I. Orbit­
al activities include operating the 
Mars transfer velude in ltmar orbit, as 
previously described in AJ:chitecturc I. 
The o·ew then descends to the lunar 
surface with a s tay time of 30 days 
prior to returning to Earth. 

Anot11er crew, as in AJ:chitecture I, 
is launched to the lunar surface to 
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provide assistance to other crews 
arriving from orbit. 

Lunar Next Operational CapabilitrJ-4. 
Expanding the operating capabilities 
of the lunar outpost is emphasized in 
this phase, with increased surface 
explora tion and refinement of the 
lu nar observatory facility. The mis­
sions for the fourth lL1nar operational 
capability will occur in the years 2010, 
2011, 2013 and 2015. The missions 
continu e to develop lunar surface 
capabilities and provide science and 
exploration opportunities. These mis­
sions could be flown to new or exist­
ing s ites. 

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

Mars Precursors. Addi tiona l Mars 
precmsors for this architecture deploy 
a sw-face network for geophysical and 
environmenta l measurements. This 
network canies the same type instru­
ments as described in the Moon pre­
curso r sec tion, but in additio n, 
deploys meteorological stations to 
measure Martian weather conditions. 
Eight surface s ta tions arc deployed 
equidista nt c1round Mars. The net­
work is emplaced in 2007 c1nd should 
have a minimum lifetime of ten years. 

Mars Next Operational CapabilihJ-1. 
At Next Operational Capability, the 
emphasis is on tc1king c1dvantagc of 
the 600 day stay on the Martian sur­
face to conduct extensive field study 
of complex areas. Next Operational 
Capability-1 consists of two identical 
missions in 2016 and 2018 to new 

loca tions. The surfoce activities for 
these missions are already identified 
in Architecture I and emphasize the 
expa nding capab ility to cond uct 
human field work on Mars with long 
stay Martian missions. 

Mars Ne:xt Operatio11al Capability-2. 
The Next Operational Capabili ty is 
the establishment of perma nent base. 
A significant improvement in capabil­
ity is accomplished by the use of in 
situ resources (h ydrogen, water, 
methane and oxygen) for life support, 
rovers and propellant for the ascent 
vehicle. Next Operational Capability-2 
occurs in 2020, once a permanent site 
is chosen. The next mission is also a 
1,000 day class mission with su rface 
stay times up to 600 days. The crew 
s ize increases to 12 . . Habitats are 
joined to increase living vo lume. 
Exploration and science continue to 
be emphasized. Travel is possible to 
other prev.ious laJl<.ting sites, and the 
existing infras tructure is used for 
extended stays. This allows for explo­
ration from more than one site. 

Near-Earth Asteroid Option. This 
option env isions both robotic and 
human missions to a near-Earth aster­
oid . Asteroids are fragments of plan­
etary materials; their study is relevant 
to the origin of the Solar System and 
the early history of planetary bodies. 
The near-Earth asteroids have orbits 
that cross or approach the Earth's 
orbit about the Sun; they may be visit­
ed at energy costs comparable to 
lw1ar or Martian missions (total delta­
V of 9 to 12 km/s, from low Earth 
orbit). 

Two broad classes of asteroids 
exist in Earth-crossing orbits: primi­
tive and d ifferentia ted. Prim.itive 
asteroids are apparently the source of 
chondr.i tic meteorites, objects that are 
pieces of the original solar nebula 
a11d, as such, contain important chem­
ical and isotopic clues to the origin of 
our Solar System. Add itionally, they 
tend to be rich in volatile elements, 
such as hydrogen in the form of 



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

A robotic precursor could ren­
dezvous with a selected near-Earth 
asteroid and map its chemical and 
mineralogical composition. Several 
possibilities exist for candidate mis­
sions since there are several asteroid 
mjssion opportunities each year. It is 
not required that the robotic mission 
visit the same asteroid as the hwnan 
mission, but such a profile does 
enhance the scientific reh1m by pro­
viding precursor reconnaissance to 
direct the human exploration. 

Human missions to asteroids 
could vary from 300 days or longer, 
with stay times of 10 to 100 days in 
the vicinity of the asteroid. The c1ster­
oid s are typically less than 2 km 
across and gravity is negligible. 
Extravehicular activities might be 
achieved using Manned Mc1neuver­
ing U nit type backpacks. Science 
activities at the asteroid consis t of 
mapping, sampling and emplacing 
instruments. It is important to deter­
mine and unde rstand variations 
w ithin the asteroid and to collect 
representative sa mpl es. In situ 
resource utilization experiments are 
deployed to determine the resource 
potential of the body. Mapping of the 
complete asteroid is also possible 
using active seismic and electromag­
netic techniques. 
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1998 

A 

Moon to Stay and Mars 
Exploration 

This architecture mphasizes perma­
nent human presence on the Moon, 
combined with th e exp.lora ti on of 
Mars. Long term human habitati n 
and explora tion in space and on p lan­
etary surfaces ar conducted, provid­
ing terrestrial spinoffs to improve our 
life on Ea rth and to inc rease our 
knowledge of both the olar System 
and rn elves. 

Strategy 
Orbital and urfa e precursors a re 
used to elect a ite prior to the estab­
lishment of permanent facilitie . The 
lunar tran portation infrastructure is 
es tablis hed through frequ ent mis­
sions to the Moon. One of the major 

bj tive i to bu ild toward Life- up­
port se lf- uffi ie ncy for breathing 

2000 2002 

I 
I 

A A 
Site Recon Rover 

Orbiters 

Site Recon 
Orbiters 

~ Optional Mission 

gases and food production on th 
M n. Wa te management t chnolo­
g ies are developed to support a n 

xte nd d human pres nee on the 
lm1ar surface. Sufficient and comfort­
able living space hould be provided 
for r utine activitie rather than aus­
tere and ·partan feature inherent in 
the other architectures. Limited inde­
pendence from Earth, while maintain­
ing an effective communication and 
video link for science and educa tion, 
is a goal of the ardtitechire. 

The p ermanent pre e nce of 
huma ns on th Moon g ive us a n 
impre i ve sc ientifi c ca pabi l ity . 
Scien e on th e Moon emphasizes 
ex plo ra ti on and observation. For 
lunar exploration, ex tended traverses 
in a pres urized rover permit detailed 
study of complex and puzzling lunar 
fea tures and proce se . Robotic a si -
tant ex tend human reach fo r grea t 

2004 2006 

I 

A * A 
I 

'1 * A 

A 4 
Rover Rover 

I 

A 
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2008 

A 

dis tances across the lunar surface. 
With permanent presence on the 
Moon, advanced ,rnd sophisticated 
as tronomi ca l observa tori es are 
installed and ma intained . Comp.Heat­
ed instruments, such as optical i.nter­
fero meters, are emplaced by the 
huma n inhabitants of the Moon, giv­
ing us unprecedented views of our 
universe. 

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

Summary and Schedule 
The architecture uses lunar orbital 
and surface rover missions to obtain 
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A A A 

A 

2014 

A A 

A 

A 
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global and local infom1ation designed 
to optimize the location of the perma­
nent outpost site on the Moon. At th 
[nitial Operational Capability, cargo 
and piloted flights are launched, 
sending a crew f five to th urface 
to emplace the habitat and begin liv­
ing and working on the Moon in 
2004. Subs quent capabilitie and 

ext Operationa l Capabilities l in 
2005 and 2 in 2006 increa e the capac­
ity of the outpost for human habita­
tion, building up to a capacity of 18 
by the Next Operational Capability-3 
in 2007. Simultaneously, the crew 
members will explore the lunar ur­
face, conduct extended traver e and 
emplace cientific in truments and 
resource and Ii f science e peri­
ments. The bui ldup of sub tantial 
lunar surface infra tructure will per­
mit construction of a large astro­
nomical ob ervatory and exten ive 
s urface ex ploration. In 2009, th e 
Mars re hearsa l mi ss ion i flown , 
partly using the capabilities of the 
permanent outpo t to demon trate 
equipment and procedures for the 
Martian mi sion. The Mars pha e of 
this architecture consists of th ex­
ploration scenario described in 
Architecture I. 

Lunar Phase 
Lunar Precursors. Reconnais ance 
orbiters are launch d in 2000 to gath­
er infonnati n on potenhal landing 
sites and to colle t global r mote sen -
ing data. A robotic rover is sent to the 
lw1ar urfac in 2002 to further inves­
tiga t and charact riz th el ct d 
ite in preparation for a piloted land­

ing on the surface of the Moon in 
2004. This precur or rover may carry 
instruments to imag the subsurfa e 
(e.g. , ground-pen trating radar) to 
c rtify the it for th in tallation fa 
pe1man nt habitat. 

Lunar Initial Operational CapabilihJ. 
Th goal of thi Initial Op rah na l 
Capability i t r turn f ly t th 
Moon and tabli h a er w-t nd d 
ite while conducting urvey work f r 

a future permanent habitat. Th 
launch of th cargo mis i n tak s 
place in 2004, foll wed by a piloted 
flight with a ix-m mber rew. Th 
cargo flight carrie a habitat with an 
airlock, an un load r, a nuclear pow r 
upply, a bulldozer, the cryotank veri­

fication test equipment, portable ci­
ence instrumen t , an optical te t 
tele cope, pres urized rover and a 
solar flare warning system. The pi lot­
ed mi ion deliver five of the crew to 
a site near the cargo ship, while the 
ixth rew member remains in orbit. 

The pi loted mi s ion arrie an 
unpre urized rover and upplies fo r 
a 14 Earth-day mi s ion (one lu nar 
daytime). 

The crew ts up the habitat and 
nuclear urface power y t m. Thi 
activity includes preparing the ite, 
unloading and shielding the habitat 
with regolith, and che king sy tems 
to en ure proper operation. The rew 
emplac s, te t and activate th 
nuclear power upply, whicl1 will be 
locat d approximately 1 km from the 
habita t, a11d activates the olar flare 
warning ystem. The habitat and 
transportation syst ms are optimized 
for the Moon. However, the experi-

nce gain d in both equipment and 
operation from the lunar back­
ground are directly applicable to 
Mar mi ions. 

Th rew lives in the lander until 
the habitat is operational. They al o 
perform d tailed survey of th site 
for the permanent habitat and vari u 
equipment it s; som surface ci n­
tific xploration i al o undertak n in 
addition to p rforming habitat insta l­
lation . The crew emplaces portable 
instruments and an optical test tele­
scope within 1 km of the habitat site 
and secur the site for the future 
arrival f the next crew. 

Lunar Next Operational CapabilitlJ-1. 
At th i tag , th bj ctiv i t r -
main on th lunar urfac af ly 
through a c mplet lunar day / n.ight 
cycl whi l tabli bing th infra -
tru tur for th p rmanent habitat. 



The Next Operational Capability of 
this a rchitecture takes place in 2005. 
A cargo mission brings a pressmized 
rover and other cargo, including con­
sumables. The six-member crew flies 
to the Moon. Five crew members 
land and stay on the lunar surface for 
40 Earth days. The sixth crew mem­
ber remains in lunar orbit. The crew 
sets out additional portable instni­
ments and an in situ gas demonstra­
tion wut within 10 km of the habitat. 
Using the bulldozer, the crew pre­
pares sites for emplacement of the 
trans it telescope and the 4 m te le­
scope. Additio nally, the crew pre­
pares rough layouts of roads, landing 
sites and areas for future expansion of 
the habitat. The crew has the oppor­
hmity to perform a t least two long 
traverses in the pressurized rover to 
sites of geologica l iJ1terest; the radius 
of rover operations is up to 100 km for 
this second trip to the Moon. 

Lunar Next Operational CapabilihJ-2. 
At the next s tage of capability, the 
ability to emplace and operate multi­
ple habitats while accumulating life 
science data and operational experi­
ence is demonstrated. Initial demon­
strations of resource utilization, food 
production and waste recycling r1re 
completed . This Next Operational 
Capability takes place in 2006 with 
two piloted missions preceded by one 
cargo mission. The cargo consists of a 
habitat (to be attached to the existing 
module on the lunar surface) and a 
volatile production plant. 

Two six-member crews are 
launched within a week of each other, 
both staying for 90 days on the sur­
face. The first piloted mission carries 
a small unpressurized rover iJ1 order 
for the crew to reach the cargo ship on 
landmg, a resources laboratory, waste 
recycling demonstration, and an opti­
cal interferometer. 

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

and a lign the optical interferometer 
and e mpla ce the gas producti on 
plant. The crew also iJwestigates the 
possibility of using mdigenous mate­
rials for future cons truc tion on the 
Moon. 

Lunar N ext Operatioual CapabilillJ-3. 
The permanent presence of humans 
on the Moon is the goal of this phase, 
featuring regular resupply and crew 
rotation. Additionally, food produc­
tion, life support loop closure, and in 
situ gas production activities are 
emphasized. The third Next Opera­
tional Capabili ty is sched uled for 
2007 and consists of cargo and pilot­
ed missions. The cargo ship carries a 
third habitat, increasing the total 
inhabitant capacity of the outpost to 
18. A second buUdozcr to be used for 
continued development of the out-
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post infrastmcture is brought on the 
next cargo ship. 

[n 2007, six-member piloted mis­
sions wHI be launched in the fir t, sec­
ond and third quarters, building to an 
outpost capability of 18 crew mem­
bers living and working on the Moon. 
Each crew of six will rotate yearly. In 
2008, crews of six will again be 
launched in U,e first, second and third 
quarters to replace the crews sent the 
previous year. A cargo ship with 
additional supplies will be sent in the 
fourth quarter. This quarterly launch 
rate will be continued, maintaining 
th outpost population at 18 crew 
member . An option would be to 
decrease or increase the outpost pop­
ulation by varying the launch rate in 
any given year. However, in order to 
increase the population greater than 
18, an additional habitat must be 
added to the ou tpost. Additional 
mission could continue past 2020. 

In this stage, the goal is to 
approach elf-sufficiency in food pro­
duction and achiev demonsh·ation 
levels of production of breathing 
ga e and wc1ter. Fourteen-day explo­
ration trnver are conducted with 
the pressurized rovers; radius of oper­
ations is maintained at 100 km. 
These long duration bip will p rmit 
d tailed geological inv tigation to 
be conduct d, including ignificant 
fi Id work. At the lunar observa tory, 
the aperture of the 4 m te lescope is 
increased to 16 m by the addition of 
modular ections. 

An important aspect of this long 
mission i to prepare for missions to 
Mar while (jving on the Moon. This 
I ng duration on the Moon er a t an 
important databa on human pre -

nee in a reduced grav ity environ-

ment. In addition to monitoring the 
human effects of such presence, the 
crew conduc ts those opera tiona I 
activities representative of the Mars 
nuss1on. 

Lunar Next Operational Capabiliti;-4. 
This capability begins in 2009 and 
prepares for Mars missions by con­
ducting the Mars dress rehearsal mis­
sions outlined in Architecture L This 
dress rehearsal requires only one addi­
tional mission over the three plam1ed, as 
support would be provided by the 
lunar inhabitants i11 addition to their 
oilier duties. Crew members already on 
the surface travel to the simulation site 
and are available to provide assistance 
as in the other architectures. An addi­
tional crew will not be required to be 
launched for the 90 day mission out­
lined in Ardutech.ire 1. 

Mars Phase 
This arch itecture uses the common 
Mars exploration de cribed previous-
1 yin Architecture I. The ex ten ive 
knowledge base on human habitation 
derived from the lunar experience 
greatly a ids the transition to long­
duration stays on the Martian surface. 
Such ex perien e includes optimum 
m thods of habitat cmplac ment, ur­
fac opera tions, dust and nviron­
mental control and use of indigenou 
re ource . Some commonality of 
resource utilization techniques and 
equipment is expected to ease logisti­
cal problems for the 600 day stay on 
Mars. Just as importantly, human 
physiological and psychological 
effects of long stays on planetary sur­
faces wi ll be mud, better w1derstood 
as a re ult f th lw1ar outpost xp 1i­
ence. 
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Space Resource Utilization 

As in the days of the great terrestrial 
exploration missions, this architecture 
makes maximum use of available 
resources to support the space explo­
ration missions directly. It also seeks 
to develop a large class of available 
resources for a broader range of trans­
portation, habitation, life sciences, 
energy production, construction and 
many other long term activities. The 
goa l is first to reduce the direct 
expense of going to the Moon and 
Mars, then to build toward self-suffi­
ciency of long duration space bases 
and eventually to return energy and 
resources to &irtJ1. 

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

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

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

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

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



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

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

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

Lunar activity begins with a pair of 
site reconnaissance orbiters in 1999. 
A telerobotically operated rover veri­
fies site suitability two years later. In 
preparation for the first human return 
mission, an experimental resource 
processing plant is landed at the 
selected site in 2003. In 2004, a crew 
of six arrives for a 14 Earth-day (one 
lunar daytime) stay. They live out of 
the lander and bring a small, unpres­
surized rover for local exploration. 
The next three piloted missions, in 
2006, 2008 and 2010, are all to the 
same site and continue the expansion 
of resource processing capability, base 
infrastructure, habitats, exploration 
and science. The crew size remains 
constant at six, but the stay duration 
grows progressively from 45 to 180 
days. ln 2010, a small base exists 
whicl, is capable of supporting up to 
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1998 

A 
Site Recon 

Orbiters 

12 peop le at a tim e. Afte r a Ma r 
dre s rehea rsa l mission i performed 
on the oon in 2011, the Mars mi -
s ion is conducted . Sp cia l re ou rce 
utiliza tion exp riment on Mar < re 
featured in keeping wi th the theme of 
thi s archite ture. In ea h p ha , 
buildup of capabili ty is highly depen­
dent upon the sue e s of the preced­
ing activity. 

Lunar Phase 
Lunar Precursors. Lunar activ ity 
begins with a pair of r connaissance 
orbiters in 1999. Data from these 
sa telli te a ll ow e lection of a s ite 
which has excellent re ource poten­
tial, but which al o has up rior char­
acteri tics for exploration, science and 
habitation. A t I robotica lly operat d 
rover verifie the suitability of th ite 
two years la ter. Then, in preparation 
for the first human mission, an exp ri-

A 
Site Recon 

Orbiters 

2000 2002 

A 
Rover 

6. Optional Mission 

mental re L · plant i 
depl yed , t in 2003. 
Op rating a i mall 
pie nt produc yg n a 
it main pro unt of 
hydrogen and o pl,mted 
ga -, and d rnon tration amoLmts of 
oth · r materia ls. 

L1111ar Initia l Operational CapabilihJ­
The goa l of the Initial Operntional 

apability in thi a r hitc ture i - to 
return sa fe! to a ite on th Moon 
with excell nt r ourcc potential for a 
tay of a lunar da time whiled mon­

strating in itu fu I prod u tion for u 
in a ur face ro ver a nd in a c n t / 
des cnt vehicle . Human a ti vity on 
the Moon beg in in 2004 with the 
c rriva l of a crew of i , with five rew 
member going to the lunar urfacc 
for a 14 arth-day tay. They !iv out 
of th e habi ta t and br in g a s mal l, 

2004 2006 

I 

A iA 
I 
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A I A 

A 
Rover Rover 



- RCHITITTlJRI. I -

56 

of varying lengths over the long term. 
Each mission provides a measurable 
increase in capability and a logical 
decision point for determining the 
final configuration of the Next Opera­
tional Capability. 

Throughout this period, the focus 
of the increasing activity on the Moon 
continues to be resource develop­
ment. The intent is to produce, store 
and use a wide variety of lunar mate­
rials including gases, for fuel and air, 
fused silica sheets and beams for con­
struction, solar cells (made from lunar 
material) for power, and experimental 
quantities of Helium-3 to be exported 
for use in the Earth-based fusion pro­
gram. Other experiments take place 
at the Moon site such as beaming 
power back to Earth or to an orbital 
cargo transfer vehicle to test the use­
fulness of that teclmology, trial export 
of limited quantities of construction 
materials and solar cells to evaluate 
their usefulness, and testing of pro­
cessed regolith as soil for growing 
food in reduced gravity. 

The earliest potential payback is to 
use lm1ar-derived fuel - in the form 
of hydrogen or methane, plus oxygen 
- first to power lunar vehicles such 
as rovers and utility equipment; then 
to refuel lunar ascent/descent stages 
to or from lunar orbit or a Lagrange 
point with cargo; and finally to fuel 
transfer vehicles between the Earth 
and Moon. The Lagrange point stag­
ing area may prove attractive. The 
initial propulsion is conventional 
chemical, employing liquid oxygen 
and liquid hydrogen or methane, but 
because liquid hydrogen is an excel­
lent working fluid for a nuclear ther­
mal rocket or a plasma thruster, it 
could be eventually used in these 
applications as well. Methane may be 
manufactured on the Moon and 
Mars, and is storable, which may 
prove attractive for local transporta­
tion. 

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

Moon and beamed to a v hid in 
spac . A further test beams power to 
Earth to demonstrate the potential of 
importing energy from space. This 
test establishes the operational limit 
of beamed power and determines if 
transmission to Earth can be accom­
plished economically. 

The basic features of this concept 
call for continuously expanding pro­
duction and storage capabilities for 
fuel gases on the Moon. Develop­
ment of transfer and landing vehicles 
which are reusable and refuelable on 
the lunar surface, in Earth and lunar 
orbit, or at a Lagrange point, would 
follow. These vehicles transport fuel 
from the Moon to both lunar and 
Earth orbit. There are both cargo and 
personnel transport vehicles, and the 
cargo transport type is configured as 
a conventional cargo carrier or tanker. 
The result is a lunar-based transporta­
tion infrastructure. 

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

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



the Moon and before returning to 
Earth. This simulation mission uses 
the full suite of equipment to be used 
for the actual Mars mission as much 
as practical, including the equipment 
supplied by a separate cargo flight in 
2010 as in Architecture I. When the 
crew of six lands on the lunar surface, 
their activities parallel those plaru1ed 
for Mars. An additional six crew 
members launched earlier are avail­
able on the s urface assist the next 
crew upon landing. Because this sim­
uJa tion mission takes place close to 
the existing lunar base, there are 
extensive additional equipment, liv­
ing quarters, and resources available 
in an emergency. Finally, the Mars 
prototype equipment left behind at 
the end of the mission augments the 
infrastructure of the lunar base. 

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

Mars Phase 
Mars Precursors. The precursors for 
this architecture are the same as those 
denoted for Mars in Architecture I: 
two site reco1maissance orbiters and 
two surface rovers to certify and d1ar­
acterize the landing sites on Mars. 

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

gen brought from Earth and gener­
ates and stores modes t quantities of 
methane and oxygen, gases which 
wouJd be used as sources of energy. 

A rover, powered by methane/ 
oxygen fue l cells, is used for local 
exploration, and is refuelable from the 
products of the resource plant. The 
verification of using in situ fuel aJ1d 
the refueling operation itself are 
major activities next to the primary 
activity of exploration. The first 
human mission to Mars is in 2016, 
two years later than the o ther three 
architechrres, to allow sufficient time 
for development of a lunar resources 
capability. Once on Mars, s urface 
exploration, as described above, will 
be the theme of operations. 

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

Near-Earth Asteroid Option. As in 
Architecture II, an exploratory visit to 
a near-Earth asteroid is an option. 
The emphasis in this case is not pri­
marily exploration but the d1aracteri­
zation and examination of an asteroid 
as a source of valuable, useful materi­
al. 
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A the Synth i roup d vel­
oped ar hit ctur , it be ame 
-1 ar tlwt several tech.nologi al 

and operational alt rnatives g nerated 
in th - Outreach Progr<1m ould 
nhance the performance, r duce the 
ost r shorten the hed u l , but usu a 1-

ly with an increa · in ri k. onverse­
ly, ther w re t hnologi al and op a­
tional concepts proposed that w re 
lower in ri k but al lower in perfor­
man potential. Th e wer not uti­
lized in an archit tur but h lid n t 
be di r garded. th r c1Jt -rnativ r -
ornm nded had questionc1bl payoff 
or wer beyond the tirn c1 I of thi 
inves tigc1tion . R-pre · ntc1rive exam­
ple are c1ddr ed under th follow­
ing cat -gories: 

1) Ba kup option 

2) R l ~vc1nt oncepts thc1t 
hould r eive furth r con­
id ration a future y tern 

architecture tudies, re con-
ducted and technology 
matures 

3) Futuristic concept or tech­
nologie outsid th time 
cale of th Synthc i Croup 

architecture (2020) whid1 do 
not warrant sub tantial 
in estment 

Backup Options 

Chemfral Propulsion 
hemi cil propuL ion for ar tran -

fer vehi ks provides a backup ·yst m 
to nuclear thermal ro ket . iv n the 
lower performcinc of chemical 
propulsion for the Mc1rs mission, the 
primary rea on for considerin it i to 
provide an option if the high sp ific­
impulse nu lear th rmal propul ion 

prion do not b com available. 
hemical propulsion offers at b t 

half the spe ific impulse available 
from r1 nuclear th rmal rocket; c1 a 
re ult, a Mars mi ion u ing it will 
r quire much mor fuel. Th 1 wer 
spe ific impulse of ch mi cil propul-

i n s stems can be omcwhc1t miti­
gated by u ing long ta -time (1,000 
da total mi sion duration cla ) trn­
j ctorie fr m the tmt, rath ~r than 
just for the later mi ss ions (, pre­
f rr d for the ba line pproa h). 
Thi lead t lower E rth orbit ma s 
which arc significantly reduced from 
the 00 day las missions (but till 50 
to 100% gr ater mass to low arth 
orbit than for the comparable nuclear 
thermal ro ket mission) . Tradeoffs 
with regard to departure dates, ellipti­
ca I orbit. around Mars, and reduc­
tions in dry mass become mu h more 
critical in attempting to develop rea­
s nable total stem mass for chem­
i al propul ion missions. 

Nuclear Electric Propulsion 
uclear electric propul ion wc1 eri­

ou ly con idered for the Mor cargo 
vehicle. Lt high specific impu..l e was 
very attracti e for this mission just c1s 
it low thrust made it less attractive 
for the piloted mi ion. One con id­
eration that was given to th nu lear 
electric propulsion technology was 
thc1t it mig ht easily evolv from the 
urf ce nuclear power plant that will 

have to b developed. I lowever, 
when on idering only th Mar 
In itial p •rational apability and 
Next Operational apability, it wa · 
de ided t ba line the nu I c1r ther­
mal rocket. 

Within the 2020 timefrr me, an 
option exists to u e nucleM el ctric 
propulsion on later lunar missions to 
shuttle rnrgo back ,md forth bch-veen 
low Earth orbit and low lune r orbit or 
L, g range tran it. The deci ion to 

ercisc this option i deferred until 
the nuclear urface power develop­
ment is well Lmderway and ar hitec­
tural de i ion re ult in sufficient 
d mand for shuttling cargo. 

Aerobrake Tedmology 
Aerobrake are device which u e 
atmosph ric dra instead of propul-
ion tem thrust to modif the 

v locity ,md trajectory of a space v hi­
de. (When aerobraking is u ed for 



dir ct re-entry, the term aerodescent 
is used; this type of technology has 
been demonstrated on the Space 
Shuttle, Apollo, and Department of 
Defense re-entry vehicles.) Aerocap­
ture is the term used when aero­
brakes are utilized to capture a transit 
vehicle into a planetary orbit. This 
technology was used by ASA in the 
Report of the 90-Dny Study 011 H11111a11 

Explomtio11 of t/Je Moo,, and Mnrs, for 
both Mar rbital insertion and for 
Earth orbit insertion following lunar 
or Martian 1nissions. The main 
advantage of aerocapture is the signif­
icant reduction in propellant required 
as compared to a Mars orbit insertion 
using all propulsive braking. How­
ever, there are some major disadvan­
tages associated with aerobrakes. 

The desired short transit times for 
Mars missions result in high entry 
velocities (greater than 13 krn/s) which 
severely stress the aeroshell design. 
Entry velocities at Mars are much 
greater than Apollo entry speeds. As 
the entry velocity increa es, the entry 
corridor for aerocapture shrinks, ther­
mal and structural loads increase and 
precise navigation requirements 
become more demanding. 

Present a roshell designs utilize 
low lift-to-drng ratios to increase sta­
bility and decrease aerodynamic heat­
ing. These designs impose severe 
constraints on spacecraft design. The 
spacecraft must fit into the wake cone 
to minimize damage from convective 
heating and must be protected from 
radiative heating. The spacecraft 
structure must a lso be designed to 
attach to the aeroshell and be 
strengthened to absorb d celeration 
loads. The aerothermodynamic of 
the wake flows cannot be accura tely 
predicted at present, so the design 
process must include subs tantial 
hypersonic testing. The deceleration 
profile must be tailored to the crew 
and stmctured limits, which dictates a 
complex active flight control system 
for the aeroshell-spacecraft vehicle. 

The existing Deep Space Network 
is not sufficiently accurate for pre-

capture navigation updates. As a 
result, either Mars navigation sa tel­
lites or surface beacons would be 
required. In addition, unknown Mars 
atmospherics could adversely affect 
the aeroshell and flight control system 
design. Atmospheric density could 
vary by a factor of two or three and is 
unknown at ahnospheric entry unless 
there are weather satellites at Mars. 
Further, the extent of possible dust 
storm erosion on the thermal protec­
tion system is not well known. 
Finally, if propulsive braking propel­
lant is eliminated by using aerocap­
ture, it will not be available for contin­
gency trans-Earth injection burns in 
the event of a mission abort. 

In addition to the myriad problems 
that aerobrakes will encounter at 
Mars, extensive on-orbit assembly is 
required using either extravehicular 
activity or robotics. The thermal and 
stntctural integrity of the assembled 
structure, as well as center of mass, 
cannot be easily verified . 

NASA's current Aeroa sis ted 
Flight Experiment will provide useful 
teclmology data that can have poten­
tial aerobrake applications for Earth 
entry and may have application for 
Mars precursor missions, in cas s 
where the enti re vehicle would be 
a embl d and integrated on the 
ground before launch. This utiliza­
tion of an aerobrake cou ld save the 
program from manifesting the mis­
sion on a heavy lift launch vehicle, 
allowing it to be flown on a smaller 
expendable launch vehicle. 

Relevant Concepts 

Early Trip to Mars- Nuclear 
The Mars Explorat ion architecture 
baselines its first piloted flight to Mars 
in 2014. An aggressive Mars option 
exists using an accelerated nuclear 
thermal rocket development program 
that would move this date up by six 
years to 2008. Because of the synodic 
relationship between the Earth and 
Mars, this is the last window prior to 
2014 that should be considered. Such 
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Figure 1 

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

Lagrange Point Assembly 
Instead of staging directly from low 
Earth orbit to Mars, another recom­
mendation is to use the Earth-Moon 
LJ Lagra nge point, as shown in 
Figure 2, as an assembly node. This 
approad1 is especially a ttractive i£ in 
si tu lunar fu el becomes available, 
which would lower the requirement 
fo r Earth to orbit transportation of 
fuel. 

Mars-bound vehicles d eparting 
from the L1 Lagrange point require 

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

Some disadvantages include a 
more severe radiation environment, 
thermal considerations due to a con­
tinuous sunUght, and increased total 
mission mass. Use of in s itu fuels 
wou ld necessitate a lunar infrashuc­
ture of LLnknown complexity. The use 

NUCLEAR THERMAL ROCKET DEVELOPMENT 

SYSTEMS ENGINEERING & 
CONCEPT DEVELOPMENT 

TECHNOLOGY INNOVATION 

ENGINE DESIGN 

FACILITIES 

Fuel Design & Qualification 

Engine Testing 

ENGINE DEVELOPMENT 
TESTING 

QUALIFICATION & VALI DATION 
Fuel 
Engine 
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EARTH-MOON LAGRANGE POINTS 

Leading 
Equilateral Point 

(L4) 

\ Moon's Orbital 
\ Motion 

Trans-Earth 
Lagrange Point 

(L3) 

Cis-Lunar 
Lagrange Point 

(L1) 

MOON'S ORBIT PLANE 

L 1 - 57731 km from Moon 
L2 - 64166 km from Moon 
L3 - 381327 km from Earth 

Trailing 
Equilateral Point 

(LS) 

L4 & LS - 384400 km from Earth and Moon 

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

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

mission mass and on the accessibility 
of various landing sites. 

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

Trans- Lunar 
Lagrange Point 

(L2) 

Figure 2 
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low circular orbits; a delta-V of 1.2 
km/scan be saved from each propul­
sive mai1euver burn. This advantage 
is reduced somewhat by the extra 
maneuvers discussed below, yet sti ll 
allows typical reductions in low Earth 
orbit mass of 15% for nuclear propul­
sion and 30% for chemical. 

The incentive to use circulaT orbits 
stems from their operational simplici­
ty. The orientation of parking orbits 
must be carefu lly matched to the 
d esired iJ1terplanetary trajectories; 
hopefully, a single orbit satisfies both 
the entry and exit conditions. This is 
generally possible for ciJ"cular orbits 
since only their plane matters. But for 
elliptical orbits, both the plane and 
the apsidaJ (major axis) orientations 
must be matched. This often cairnot 
be done, so the entry orbit mus t be 
shifted to prepa re for d eparture. 
Access to and from the surface is also 

m()re restricted when using elliptical 
orbits. The ascent vehicle needs more 
fuel, and the orbit's apsida l latitude 
must match that of the surface site. 
These extra-orbital and ascent maneu­
vers compl ica te th e mission a nd 
somewhat reduce the potential mass 
savings. 

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

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

ELLIPTICAL vs. CIRCULAR MARS ORBIT COMPARISON 

Approach 7~•0~ 

Approach 

}Clo~ 

500 km Circular 
Parking Orbit 

250 km x 1 Sol* 
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· 1 Sol= Period of one Martian day 



to a number of applications. A few 
examples are: use of a tether to gener­
ate electrici ty, use o f a tether to 
exchange momentum from one object 
to another, tethering an orbi tal body 
to a higher or lower orbit, or to pick 
up objects near a sUiface such as the 
Moon. Tether designs are theoretical 
at this point and lack flight verifica­
tion. Operations are, however, be­
lieved to be very cornplcx. A tether 
experiment on the Space Shuttle is 
sdK'<iu.led in the near future and may 
help predict their utili ty for the Space 
Exploration Initiative. 

Futuristic Concepts 

Cyd ers 
Earth-Mars cycl ing transfers are inter­
planetary trajectories which allow 
vehicles to return repeatedly to the 
vicinity o f these planets by using 
gravity assists. TI1e cycling transfer 
vehicle would be reusable over many 
missions, allowing the crew to go sep­
aratcl y from cargo via a hyperbolic 
rendezvous between hig h-speed 
" taxi" and the cycling transfer vehicle. 

The cycler concept requires an 
infrash·ucture investment beyond that 
contained in the Mars phase of all 
fou r architectures; the in frastructure 
investment to enable the cycling con­
cept becomes a viable option only 
with a higher mission rate. 

Gemini X1J Teflwrerl Age1111 
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Technology requirements have 
been addressed in seven func­
tion,11 areas. Subsequent sec­

tions will discuss each of the function­
al areas in terms of requirements, the 
options available, baseline decisions 
and recommendations for develop­
ment programs. The phys iologica l 
aspects of the Initiative which a-oss 
several functional areas are covered in 
the Life Sciences chapter. The seven 
fu nctional areas are: 

1) Propu lsion 

2) Power 

3) Extravehicular Activity 

4) Life Support 

5) Planetary Surface Systems 

6) Spacecraft 

7) Com.JJ1wucations, Control 
,md Navigation 

Chemical System Characteristics 

Cryogenic Storable 
(Specific Impulse) (Specific Impulse) 

LOX/LH2 (375s) N2O4/RP-1 (262s) 
LOX/RP-1 (281s) N2O4/N2H4 (279s} 

Liquid 
LOX/UDMH (295s) N2O4'UDMH (273s} 

F2/H2 (393s) CIF3/N2H4 (280s} 

F2IN2H4 (344s) CIF3/UDMH (266s} 

F2/UDMH (328s) 

Solid N/A NH3CIO4/Polybutadiene (290s) 

Hybrid LOX/HTPB (299s) NH3CIO4/Polybutadiene (290s) 
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Propulsion 

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

The Earth-to-orbit systems have 
lugh thrust and large payload capaci­
ty requirements with a minimum of 
150 metric tons and with designed 
grow th to 250 m etric tons to low 
Earth orbit. I 

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

The three most important parame­
ters that affect propulsion require­
ments for human Mars missions are 
h·ansit time, initial mass to low Earth 
orbit, and latmch window opportwu­
ties. 

Options 
In the time period of interest, propul­
sion can be supplied using chemical, 
nuclear thermal and nuclear elech·ic. 

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



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

Current heavy lift launch vehicle 
concepts are concentrating on liquid 
oxygen-liquid hyd rogen for main 
booster eng ines, toget her with 
adva nced solid rocket motors for 
liftoff augmentation. Experience has 
shown that large liquid hydrogen and 
oxygen engines have been expensive 
to develop and operate. A liquid oxy­
gen-hyd rogen propellant is not an 
ath·active option for the first stage of a 
heavy lift launch vehicle because of 
the large tank volume and the sa fety 
concerns of using hydrogen below an 
a ltitude of 100,000 feet .2 A new 
launch vehicle capability will need to 
be developed for both th e Space 
Explo ration lnitiative and other 
Depa rtmen t of Defense and NASA 
space launch requirements; alternate 
propulsion system concepts should 
be considered for these applications. 

The Apollo Saturn V law1ch vehi­
cle program developed the F-1 liquid 
oxygen-kerosene (RP-1) powered 
booster eng ine, show n in Figure 1, 
which delivered 1.5 million pounds 
of thrust at sea level. Flight reliability 
was demonstrated to be 100%. 
Although it was never flown, an 
upgraded version delivered 1.8 mil­
lion pounds of thrnst at sea level. The 
potential exists for a heavy lift launch 
vehicle booster to support the Space 
Exploration Initiative using proven 
a nd reliable technology. The use of 
F-1 engines as a first stage and strap­
on propulsion stage of a new heavy 
lift launch vehicle is extremely attrac­
tive from cost, schedule and safety 
viewpoints. Using F-ls for booster 
engines, coupled with liquid oxygen­
hydrogen upper s tage engines 
(upgraded J-2s or space transporta­
tion main engines), could result in 
establishing heavy lift launch vehicle 
capabilities by 1998. The Soviet 
Union, which currently has heavy lift 

ca pabilities of approximately 100 
metric tons to low Earth orbit, has 
re lied o n liquid oxygen-kerosene 
technology (Ro-·170 engine) for the 
booster stages w ith liquid oxygen­
hydrogen for the upper stages. 

ln addition, the National Aero­
space Plane program has made signif­
icant progress in materials and sys­
tem technology in the last five years. 
Propulsion and material teclmologies 
from the Nationa l Aerospace Plane 
prog ram have led to the Strategic 
Defense Initiative Office single-stage-

Figure 1: 
Apollo Sat um V 

F-1 £11gi11e 
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to-orbit concept. The Nationa l 
Aerospace Plane program should be 
vigorously pursued. The single-stage­
to-orbit concept shouJd be carried for­
ward to demonstrate concept feasibil­
ity. Both of these efforts could hold 
promise for a cost effective personnel 
launch system to low Earth orbit. 

Nuclear Systems. The nuclear ther­
mal rocket is a device which uses a 
nuclear reactor to heat propellant to 
high temperatures. The propellant is 
then expanded by a supersonic noz­
zle to produce thrust much in the 
same manner as a conventional rocket 
motor, as shown in Figure 2. How­
ever, since the nuclear thennal rocket 
cm\ use a low molecular weight pro­
pellant (usually H2), heated to high 
temperatures, substantial increases in 

NUCLEAR THERMAL ROCKET 
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Propellant tank 
(Liquid Hydrogen) 

Coolant line 

performance over chemical systems 
are possible. 

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

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

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



While the development of nuclec1r 
lectric thrusters i moderntely well 

c1dvan eel, the rnc1in issue in the tech­
nology stc1tu s of these systems is the 
lc1ck of pace-quc1Jified nuclec1r power 
s stems in the l to 5 MW rnngc. A 
robust tc hnology program to de cl­
op multi-megawatt nuclear sy terns 
for both surface and space appl ication 
could re uJt in the u e of nuclear elec­
tric propulsion fo r Mars rnrgo mis­
s ions. The major adwmtage of thes 

ystern i the very low prop Ha nt 
r quir ments fo r interplanetary mis­
s ion . This directly trnnslat s into a 
ost savings due to a decreas in the 

a mount of propellant ne -ded in low 
Earth orbit. 

Promising nuclea r electric thruster 
include ion and magnetoplasmady­
na mi engin es. Io n engin e u ea 
n bl ga uch a Xenon or Argon a 
a propellant. Ion systems hav sp cif­
ic impul e c1pproc1ching 10,000 
a nd , but thi benefit i offset by a low 
thru ·t I 'vel. Magn topla madynamjc 
thru ters hav~ demonstrated high 
performance with ·pecific impul e 
ranging from 3,000 to 6,000 seconds. 

BaseHne 
hemirnl - tern , such as liquid x -

gen - h drogen or liquid oxygen­
kero enc (RP- I), are the primary high 
thrust terns for Earth-to-orbit op r­
ation c1 nd lunc1r mis ions. 

For low thrust mi ss ions uch c1s 
lunc1r c1 c nt and descent, tornble liq­
uid y te m c1re utilized (nitrog n 
tetro ide-un ynunet ric dimethylhy­
drn7.ine, tc.). Numerou stornble pro­
pellc1nt ystem hc1ve den1onstrated 
the necessary tl1rottling for asc nt and 
descent c1ppli ations. Hi g h perfor­
mance syst ms such c1s liquid o ygen­
hydrogen n ed to demonstrate long 
term torability. 

Param tri c st udi e for piloted 
ar tran fer missi ns h w th at 

IPmical propul ion is c1n undesirable 
option ince the initial mass to low 
Earth rbit r quir ment xceed 1,100 
metrjc ton in addition to providin 
limited launch opportunities and 

requi ring longer trans it times. The 
piloted Mar trnn f r vehicle u e a 
nuclear thermal rocket propu ls ion 
system vvith a high thrust to '"'eight 
rntio (c1 pproc1ching chemirnl propul-
ion y tern ). The initial ars cargo 

mi i n ,,viii also u the c1mc high 
thru st-to-we ig ht nu tea r the rmc1l 
rocket propul ion sy te rn and pro­
vide further inflight verification prior 
to the piloted flight. Follow on cargo 
miss ion may use nuclea r lectric 
propulsion. 

ar term Earth-to-orbit and lunar 
rn rg transf r will use a c nvcntionc1l 
cryogeni c chemical propul ion sy -
ten1. 

Development Program s 
Propelfant management in ze i-
ty hc1s vern l techn logy p 1 

and is u which need t b r d, 
such as tank taging and wl to 
u e wet or di tran fer. To I e 
timetc1ble for returning to the Moon, 
handling experimei d be om-
pleted b 1999 and, e, be initi-
a ted on. It mu t b s· t 
a lthough no n w p 
and all propellc1nt mc1nc1 
ar · ering problem 
d c1tion · will be t 

d d c lopment in hcmi­
cal propulsion technologies, such as 
the large pintle-controlled injecto r 
c1 nd the liquid / liquid plc1telet inj ctor 
concept, hold promi e for r ductions 
in cost w ithout major pcrf rma nce 
p naltie . 

In order to pr vide a flj ht quali­
fied nucl ar therma l rocket for the 
2014 Mar m ission , an aggre sive 
development program must be initic1t­
cd. 

Testin of a n integrated nuclec1r 
thennc1I rocket presents a challenging 
en g ineering and politica l prob! m . 
TI1 safety i ue regarding peration 
are prin ipally concerned with acci­
dental r l ase of radioactive mat ria l. 
L cation of p tentia l D parbn nt f 
En rgy ground t t ites ar v r iso­
la ted and th amount of rc1 dioa tivc 

Nuclear Thermal Rocket 
Performance Goals 

• Engine specific impulse 2!: 
925 s 

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

• Start/stop cycles ~ 10 

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

The issue of using a nuclear rocket 
in a flight test is more complex. Social 
a nd political perceptions, not just 
technical realities, are involved. 
Design of an engine is such that 
under normal operating conditions, 
there is virtually no radioactivity in 
the exhaust· stream, as all fission prod­
ucts are contained within the fuel par­
ticles. There is a minimum radiation 
risk prior to the time the reactor is run 
for the first time, which occurs at 
trans-Mars injection, leaving Earth 
orbit. Thus, while the reactor is on the 
law1eh pad, it contains only the natu­
ral radioactivity levels associated with 
the rn,'lnium fuel. 

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

The amom1t of radioactive material 
in the rocket engine prior to the nucle­
ar engine's start would be orders of 
magnitude less than rad ioisotope 
thermoelectric generators which have 
already been safely laLmd,ed (most 
recently, Ulysses). The issue of meet­
ing all the necessary safety ai1d envi­
ron mental standards will be a sub­
stantial challenge. The program must 
be dedicated to this aspect if the tech­
nology is to gain public acceptance. 

Power 

Requirements 
The fu nctional electrical power 
requirements are shown in Table 2. 
Transportation to the Moon requires 
power for abou t seven days for the 
round trip in addition to time in lunar 
orbit, whereas transportation to Mars 
involves trip times on the order of a 
year plus orbital and surface opera­
tions of up to two years. In cases 
where solar flux is very high, great 
care must be taken to control thermal 
heating. This results in continuous 
rotation of the spacecraft to spread 
the thermal load and affect orienta­
tion of solar panels and radiators. 

Surface activities needing power 
include habitats, laboratories, base 
power and vehicles. Habitats must 
have their own highly reliable power 
source for safety. Base power includes 
power for mining, in silu operations, 
fabrication, emergency power for 
habitats and power for regeneration 
of fuel cells. Habitat power must be 
highly reliable, greater than 99.5%, 
while base power can be about 95% 
reliable. Power units should be made 
operationaJ with a minimum of sup­
port activities, have lifetimes compati­
ble with the base, be serviceable and, 
if nuclear, be refuelable and dispos­
able. Evolutionary system designs are 
preferable to specific point designs 
without growth potential. 

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



Functions 

Transportation 
Spacecraft 

Piloted 

Cargo 

Lander 

Electric propulsion 

Surface Activities 

POWER REQUIREMENTS 

Mars Power Moon Power 

to 20 kw to 30 kw 

5 kw 5 kw 

20 kw 20 kw 

to 5 Mw to 5 Mw 

Day only 20 kw 
HabitaVlab 

Initial Operational Capability to 30 kw to 50 kw 
100 kw Next Operational Capabili ty 50 kw 

Base Power 
Initial Operational Capability to 100 kw to 100 kw 

to 1 Mw Next Operational Capability to 800 kw 
Rovers 

Unloader/Construction 240 kw-hr 240 kw-hr 

1900 kw-hr 
4800 kw-hr 

100 kw-hr 

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

Unpressurized 100 kw-hr 

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

tovoltaic energy, radioisotope decay 
or nuclear fission reactors. 

Batteries that could be considered 
for energy storage include the current 
generation nickel-cadmium and nick­
el-hydrogen and also the develop­
ment of sodium-sulfur. Their current 
performance for space-qualified sys­
tems is 20 W-hr /kg with projected 
perfom1ance by the year 2000 of 100 
W-hr /kg or greater. 

Regenerative fuel cells currently 
deliver 250 W-hr/kg. By the year 
2000, this could be improved to 
1 kW-hr /kg for regenerative fu I cell 
and two to three times this for non­
regenerative fuel cells. Regeneration 
elements includ electrolyzers and 
refrigerators to reconvert the water 
from the fue l cells back to liquid 
hydrogen and oxygen. 

Photovoltaic arrays currently 
deliver approximately 21 W /kg in 
sunlight at 1 astronomical unit (93 
million miles); by the year 2000, the 
goal is to exceed 200 W /kg. 

Photovoltaic systems with energy 
storage continue to be the primary 
power system for Earth orbital opera­
tions. System performance using bat­
teries is on the order of 3 W /kg; by 
the year 2000, projected improve­
ments should achieve 10 W /kg. For 
continuous lunar surface operations 
with two weeks of night using fuel 
cells, current technology is 0.7 W /kg, 
which includes fuel. This can be 
improved to about 3 W /kg; by the 
year 2000 using th improved olar 
arrays and regenerative fuel cells. If 
locally produced oxygen is available, 
the weight of the fuel transported 

Suggested Technology 

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

Fuel cells {Moon) 
Photovoltaics {Mars) 

Fuel cells (w/wo photovoltaics) 

Nuclear 

Photovoltaics 

Photovoltaics or nuclear ( 1) 
Nuclear 

Nuclear 
Nuclear 

Fuel cells (2) 

Fuel cells (2) 
Fuel cells (2) 
Fuel cells (2) 
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from Earth can be significant ly 
reduced . For Mars power systems, 
the solar flux is less than half that at 
Earth, but the nights are comparable 
in length to those on Earth, lowering 
the energy storage requirement with 
respect to the Moon. For continuous 
loads at Mars, power density using 
today's fuel ce ll s is 3 W /kg. Ad­
vanced tedrnology by the year 2000 
could increase this to 27 W /kg. Dust 
storms will reduce photovoltaic per­
fom,ance on Mars. 

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

U.S. space nuclear fission power 
plants are currently w1der develop­
ment. The SP-100 Program is devel­
oping the technology for 10s to 100s 
of kW using manitun nih·ide fuel in a 
liquid metal-cooled reactor. It in­
cludes thermoelectric converters for 
the regime below 100 kW and Ran­
kine or Brayton dynamic cycles for 
the higher power regime. The goal is 
to demonstrate 25 W /kg at 100 kW. 
In addi tion, the United States has 
been demonstrating thermionic fuel 
element dev ices, while the Sovie t 
Union has flig ht tested thermionic 

reactors in space for up to a year and 
has projected three-year lifetimes in 
ground testing. Thermionic reactors 
can be demonstrated by the year 2000 
as an alternate or complementary 
teclu1ology to SP-100. Performance is 
similar; however, thermionic power 
system radia tors will be four to six 
times smaller as a result of the heat 
rejection temperature being 200°K 
higher and the efficiency two to three 
times greater. 

Nuclear fission power plants for 
electric propulsion are not currently 
under development; these had been 
s tudied as pa rt of the Nuclear 
Multi megawatt Power Progra m. 
Performance projections are better 
than 100 W /kg at 2.5 MW (two units 
would be used for 5 MW spacecraft). 
H igher rad iator temperatu res are 
needed than in the SP-100 regime; 
many candidates exis t, including 
Rankine cycles, Brayton cycles, and 
thermionic reactors. 

Power beaming is a tedu,Dlogy to 
distribute power to remote sites from 
the generation source. Either radio 
frequency generators or lasers could 
be used. By the year 2000, radio fre­
quency generators a.re projected to be 
about 60 % efficient and lasers near 
20%. However, laser systems requjre 
smaller receivers that are relatively 
lightweight c1 nd easier to install in 
space appl irn tions. The cost of 
installed power is projected to be 
about hc1lf that of locnlly generated 
power if one considers that the source 
vvill be available free from some other 
application, such as nuclear propul­
sion. 

Spacecraft power fo r lu nar mis­
sions is determined by the duration of 
the trip. For systems sized for seven 
days of opera tion, energy storage 
devices c1re the logical power options. 
Fuel cells are preferred over batteries 
because of the projected mass sav­
ings. In addi tion, fuel cells can be 
modularized to provide redundancy 
in case of malfunctions. 

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



lifetime are so lar photovoltaic sys­
tems and nuclear power. Both options 
depend on futur dev lopments. 
Advanced photovoltaic systems are 
being developed so this option will be 
available. With th recommended 
nucl ar option, a demonstration tech­
nology competition hould be pur­
sued between SP-100 and thermionic 
reactors prior to selecting the flight 
system. In either case, an extremely 
reliable power system is needed. 

For Mars cargo missions, the 
required power levels are sufficiently 
low that the lighter photovoltaic 
power systems are favored over 
nuclear power systems. 

For the landers, mission duration is 
measured in hours. Energy storage in 
the form of fuel cells is favored 
because of their light weight and 
because they will also be utilized for 
lunar spacecraft. The fuel cells could 
be supplemented by fold out photo­
voltaic arrays to increase their opera­
tional time. 

For electric propulsion cargo mis­
sions, both lightweight solar arrays 
(energy storage is not needed) and 
nuclear were considered. A major dif­
ficulty with solar arrays is the large 
size, 6,000 m 2 for SMW at Mars orbit. 
Construction, costs and orientation 
problems are exceedingly formidable 
for solar photovoltaic arrays at these 
power levels. 

Moon and Mars represent different 
power system challenges. For day­
tim stays on the Moon, lightweight, 
easily deployed photovoltaic panels 
are the minimum mass option over 
nuclear or energy storage. 

For one full lunar-day stay (28 
Earth days) on the lunar surface, pho­
tovoltaic power systems with energy 
storage and nuclear systems are the 
prime candidates. For a 25 kW habitat 
load, nuclear systems as compared to 
solar photovoltaic systems will weigh 
one-fifth as much and save 8,000 kg 
on the lunar surfac . Continuous base 
power that can increase to 1 MW will 
weigh about 12,500 kg using nucl ar 

power, versu 330,000 kg using pho­
tovoltaics with nergy storage. 

For mobile surface power, dynam­
ic isotope pow r ystems, batteries, 
fuel cells and in situ methane and 
oxygen (Mars onJy) were considered. 
Since sufficient Plutonium-238 is not 
available to power all the projec ted 
rovers, an a lt rnative is needed. 
Therefore, fuel cell are th candidate 
of cl1oice, but regeneration equipment 
would be needed to reuse the water 
as oxygen and hydrogen. This can be 
done on the vehicle or at the base. 
Base power would be used as th 
energy sourc for regeneration 
though the vehicles could includ a 
roll-out sola r array for emergency 
power that can be powered from the 
Sun or by beaming from the base. 
With the validation of in situ methane 
and oxygen production on Mars, 
these fuels can be used to provide the 
capability for longer dis tances and 
higher speed rovers. 

Baseline 
For Mars, nuclear power is recom­
mended over photovoltaics due to the 
mass savings. The nuclear units will 
be developed to Mars specifications, 
and the Moon will be used to validate 
the deployment cone pt and demon­
strate safe and reliable operation. On 
Mars, having backup be tween the 
habitat and base power is necessary 
for safety, since a quick return home 
is not possible. 

udear power systems to a mega­
watt level can provide base power, 
including power for in situ resource 
processing, refueling surface vehicles, 
and emergency habitat power. These 
systems will be designed for both the 
Moon and Mars environments, with a 
specific power of greater than 100 
W /kg at 1 MW. They need to be 
deployed with a minimum of robotic 
or human operations. Lifetimes must 
be on the order of 30 years. 

Advanced regenerative fuel cells 
could provide power for lunar space­
craft, land rs, and surface vehicle , 
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with perfomlaJKe greater than 1 kW­
hr /kg. 

uclear power units (10 to 100 
kW) can provide power fo r Mars 
spacecraft and lunar and Mars surface 
habitats. These systems should have a 
specific power greater than 'IS W /kg 
a t 25 kW, reli ability greater than 
99.5%, passive conversion and no sin­
gle failure poi11ts. 

Adva nced sola r photovoltaic 
mrays, with specific powers grea ter 
than 200 W /kg, can provide power 
for spacecraft and daytime surface 
operations. 

Development Programs 
Each nuclear power system outlined 
above would require a major devel­
opment effort. To begin, the current 
SP-100 and thermionic programs 
should be restructured to meet Space 
Exploration Initiative requirements. 
Furthermore, all technology options 
should be considered. Technology 
down-selections should be based on 
demonstrated performance, safety 
and reliability. The benefits provided 
by nuclear power systems are 
extremely high and are key enablers 
for many Initiative nctivities; howev­
er, new efforts to develop space appli­
ca tions of nuclear power should be 
structured to trike advantage of 
lessons learned from the SP-1 00 pro­
gram. 

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

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

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

Extravehicular Activity 

Requirements 
Extravehicular activities will be a sig-
11.ificant part of human space explora­
tion and require a space suit that will 
enable unconstrained operations. 
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Due to the external environments, 
the suit must protect the occupant 
from vacuum, low-pressure atmo­
sphere, extremes of temperature, 
cfu1ging pa1ticles of dust, micromete­
orites, and potential chemically reac­
tive soils. The gravity levels vary from 
zero to three-eighths that of Earth. 
The suit must also be reliable, mobile, 
dextrous, comfortable, easily main­
tai nable a nd compatible wi th all 
transportation systems. 
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Options 
A number of technical issues arise 
from these requirements. Suit mass is 
constrained by the need for mobility 
and the level of gravity. Components 
for the rejection of waste heat use rad­
ically different mechanisms for opera­
tion in a vacuum versus low atmo­
spheric pressure. The need for dexter­
ity places constraints on suit pressure 
and indirectly on the breathing mix­
ture. This in tum dictates the pressure 
and breathing mixture in the space 
habitats, if prebreathing is to be elimi­
nated or minimized. Open loop life 
support yields simple engineering 
designs with lower suit masses than 
closed loop at the expense of increas­
ing the amount of consumables. Open 
loop cryogenic life support concepts 
show great promise in reducing suit 
complexity and mass. The choice 
between hard and soft suits involves 
mass, mobility and maintenance 
issues. The cli11ging lunar dust and 
reactive soil of Mars present mainte­
nance issues as well as potential 
threats from tracking such contami­
nants into the space habitats. 

Baseline 
The baseline concept is to have a sin­
gle suit for use in space, on the Moon 
and on Mars. This drives many tech­
nologies. For example, a very low 
weight approach is needed for Mars. 
Also, present multilayer suit insula­
tion loses most of its effectiveness in 
the Martian atmosphere; therefore a 
new insulation or a suitable overgar­
ment for the present insulation, is 
needed. Open loop cryogenic support 
systems have clear advantages in 
reducing suit complexity and mass 
and are baselined over dosed loop life 
support concepts. The only consum­
able in the open loop design is liquid 
oxygen, which provides both breath­
ing gas and cooling. The consumption 
rate for liquid oxygen is governed by 
heat rejection. This design works 
equally well in surrow1ding vacuum 
and in low atmospheric pressure, 
markedly reducing the mass of the 

carbon dioxide absorbing unit while 
eliminating the mass associated with 
a separate heat rejection system. For 
mobility at lowest mass, soft suits are 
baselined. A low pressure suit (less 
than 5 psi) is baselined for manual 
dexterity. (Apollo suit pressure was 
3.75 psi.) To fulfill the suit-up-and-go 
requirement, prebreathing is eliminat­
ed by specifying low pressure in the 
space habitats. 

Development Programs 
Current space suit design is not ade­
quate for the Space Exploration 
Initiative; however, the inadequacy 
stems from the suit design a11d not 
from the level of technology . The 
technologies required for the base-
1 i ned space suit are mature but 
requi r additional development . 
Glove technology requires the great­
est emphasis. 

Life Support 

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

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

Water recoven1 is critical in order to 
keep life support logistical resupply 
within reasonable limits. This func­
tion represents the greatest technical 
challenge in the area of physiochemi­
cal life support. Waste water streams 
onboard spacecraft will arise from a 
variety of sources, including space­
craft condensate, urine, hygiene water 
(from showers, laundry) and possibly 
as a byproduct of carbon dioxide 
reduction. The water recovery system 
must be capable of scrubbing organic 
and inorganic substances from the 

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

Waste management requires the pro­
cessing of a number of varied waste 
sources, the most notable being solid 
human wastes and packaging materi­
als. 

Most spacecraft have utilized open 
loop life supports systems, where all 
consumables are supplied from Earth 
and waste products are either stored 
or vented to the space envir01m1ent. 
Extended missions away from low 
Earth orbit would require a high 
degree of \jfe support system closure. 
The incorporation of closed life sup­
port systems greatly reduce the initial 
mass in low Earth orbit for extended 
missions. 

The economy of loop closure 
varies as a resu lt of the amount of the 
effluent in a given loop. For instaJ1ee, 
near-total closure of the water loop is 
required in that approxima tely 95% 
of the total waste mass is comprised 
of water from various sources. Re­
covery of oxygen from carbon dioxide 
results in substantial mass savings. 
The relative economy of recycling 
solid human wastes is dependent on 
crew size and stay times, since the 
recyclable waste per day is relatively 
small. 

Options 
The molecular sieve approach is the 
favored system from a number of 
candidates. The area in critical need of 
technology development involves 
carbon dioxide reduction. This tech­
nology has not been brought to a sig­
nificant degree of maturity in the past 
in that the open loop systems utilized 
in both the U.S. and Soviet spacecraft 
djd not require carbon dioxide regen­
eration. Competing systems typically 
employ ei ther a Bo ch reactor or a 
Sabatier reactor which vary in the 
chemical reaction proce ses. Another 
evolving technology which offers 
considerable promise is th e direct 
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electrolysis of carbon dioxide by 
mea ns of a ceramic electrode. 

Trace contamimmt control will be a 
crucial function. The presence of even 
low-level contaminants may n.-'Sult in 
s ignificant hea lth or perfo rmance 
effects. The existing technology fo r 
trace contaminant control utilizes ab­
sorbent beds in connection with a cat­
alytic oxidizer. An ancillary function 
which is critical to the overall health 
of any habitable environment is the 
system fo r monitoring ah11ospheric 
contamination. 

Several competing tedrnologies for 
dosing the water loop are available, 
includ ing a number of distillation sys­
tems such as them,oelectric integra t­
ed membrane evaporation and vapor 
compression. These would be utilized 
in conjunction with one of the filh·a­
tion technologies. The presence of 
bioregenerative sys tem s (plant 
growth) in the water loop could im­
prove the des ign of water recovery 
systems. 

The technology utilized for wnste 
management is largely driven by the 
extent of closure of the food cycle. A 
cl(}sed food loop imp lies recycling 
both human and p lant wastes. The 
relative degree of closure of this loop 
is an important factor in the design of 
a waste management s ubsystem. 
Where the effluent of a small plant 
g row th system (such as the salad 
machine) might be readily accommo­
dated, a large bioregenerative compo­
nent in a closed environment life sup­
port system would probably require a 
separate waste processing facility due 
to the different chemical processes 
needed for the specific waste sh·eams. 

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

and bioregenera ti vc) arc the mos t 
matu re application of this activi ty. 
However, limited application of these 
tccluuqucs can yield significant bene­
fits as well. Fo r exa mp le, sa lad 
machines could provide fresh vegeta­
bles, pa rtial air revitalization and 
partial water p urification, and would 
provide significant psychological and 
p hysiologica l benefits to the crew 
members. A probable applica tion for 
this capability would be on the Mars 
transfer vehicle. 

Baseline 
The requirements for life support sys­
tems on lunar h·ansfer vehicles, lunar 
and Mars landers, or planetary rovers 
could be met by using existing tech­
nologies. This includes using open 
loop life suppor t systems with a 
molecular s ieve for carbon diox ide 
removal, absorbent beds in connec­
tion with a catalytic oxjdjzer for h·ace 
contaminant control and d istillation 
systems for closing the water loop. 

A partially closed environment,,! 
control and li fe support system has 
been baselined for permanent Moon 
and Mc1rs habitats. The Mars transfer 
vehicle will be partiaLly closed with 
recycled air and water. 

Development Programs 
The water recovery subsystem rep­
resents the greatest technical devel­
opment challenge. The development 
of these subsystems as an integral 
component of a closed ecology must 
be undertaken for systems which 
are based on physiochemica l sub­
systems or those with a bioregener­
a ti ve component. Grou nd -based 
testing ca n be used to do integrated 
testing of subsystem hard ware, with 
flight validation of the components. 

Increasing the reliability and effi­
ciency of air revitalization subsystems 
will play a critical role for exploration 
missions requiring closure of the air 
loop, both in the Mars transfer vehicle 
and in surface habitats. 

Developmen t of waste ma nage­
ment teclu1ologies is closely linkt.x! to 



closure of the food loop, and while 
implementc1tion of waste recycling is 
not envisioned until a substan tial 
lunar infrastructure is present, this 
technology is at a very low level of 
maturity. Progra ms focused on both 
small scale (salad machine) and large 
scale applications (biosphere) should 
be supported due to the long lead 
times anticipated for development of 
these technologies. 

Planetary Surface Systems 

Requirements 
Habitats are required to support 
crews on the surface of the Moon and 
Mars, from six crew members wi th 
short stay time , up to 18 crew mem­
bers for multi-year periods. The prac­
tical size of habitats and the require­
ment to transport them will dictate 
habitat de ign. 

Short term space missions ca n be 
accomplished with small crew vol-
1unes; however, long term operations 
such as described in Architecture III 
would require 30 to 100 m3 per 
inhabitant. Accordingly, overall habi­
tat size requirements range from 200 
to 1,000 m 3. 

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

The habitat mass (both direct and 
logistic needs) is one of the primary 
considerations on the mission launch 
req uirements . Therefore, habitats 
must be designed to miJ1imize both 

their initial mass as w II as the addi­
tional mass and power need ed to 
operate them. Habitats mus t be 
designed to m.inim.ize the extravehic­
ular activity effort required for con­
struction, operation and maintenance. 

Options 
Habitats could be constructed using 
either rigid pressure vessels or inflat­
able structures. Radiation protection 
could be provided by either integral 
storm shelters or regolith. Physically 
eparating the outside world from the 

controlled habitat environment is not 
a fundamenta l challenge, hence the 
technology issues largely revolve 
around the habitat mass and type of 
operations. 

One of the simpler ways to limit 
the mass of a habitat is by optimizing 
its shape. Both lunar and Martian 
habi tats must serve as pressure ves­
sels, leading the designer to struc­
turally efficient shapes such as cylin­
ders, spheres, ellipsoids, or combina­
tions thereof. Flat surfaces, common 
on most Earth buildings, impose mass 
penalties for these habitats and are 
used only for interfaces. 

Two options are available to the 
habitat designer. At one extreme, a 
building block habitat is assembled 
by jo ining toge ther a number of 
smaller, individually transportable 
modules. The other option is when 
the primary structure is preassem­
bled, but then packed for transport. 
This approach includes infla tables. 
Th e choice between th ese two 
options impacts the mass and the 
installation requirement of the habi­
tat. 

The advantages to the building 
block approach are that much, if not 
all, of th e internal s tructure and 
equipment can be installed and tested 
on Earth. Another advantage comes if 
one can exploit this modularity and 
develop common habitc1t modules. 
One of the problems with this concept 
is the need to do on-site linking of 
the modules, either involving automa­
tion, telerobotics or crew extravehicular 
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surface activity. Another drawback 
involves the inefficiencies of modular­
ity and small unit size. 

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

In small, short stay habilats, the 
exit door might be (as it was in the 
Apollo lunar module) a simple pres­
sure hatch. 1-lowever, for most mis­
sions, the habitc1t should use an air­
lock in order to limit the amount of 
air lost for each entry and exit. Its size 
n1ust be selected, trading off mass 
and volume against the number of 
people. There are other functions the 
door must serve. For instance, an air­
lock cou ld be required to serve as a 
dust cleanup room for crew mem­
bers. It could also serve as the in ter­
facing node between habitat modules. 
In this case flexible inflatable airlocks 
offer installc1tion c1dvantages to a 
design that otherwise uses rigid e le­
ments. 

The life support system is another 
major factor that determines the habi­
tat mass and operating cost. The p1i­
mary issue involves the degree of clo­
sure adopted; comple te closure 
occurs when the habitat's air, water, 
and food are recycled and used multi­
ple times. Based on previous space­
rught experience, complete closure is 
an attractive option. Unfor tuna tely, 
the recycling of these materials is not 
insignificant. The mass of the equ ip­
ment needed to perform the recycling 
must be traded off against the sup­
plies needed for an open loop opera­
tion. 

Baseline 
Rigid, single element, pre-outfitted 
habitats are baselined for early Moon 
and Mars missions. However, since 
inflatable habitats can provide signifi-

76 

cant mass savings, they a re an option 
for habitat expi'lnsion. 

For habitc1ts in w hich multiple 
1igid modules are required, the mod­
ules are connected by flexib le nodes. 
These nodes may also serve as air­
locks and installa tion interfaces. In 
order to simplify transportation and 
instaUation issues, inflatable habita t 
airlocks are baselined for teclmology 
development. 

Development Programs 
Hab itat tech nologies are mature; 
therefore, a speci fie teclrnology pro­
grc1 m is not requ ired. However, as 
programs mature, some development 
may be required. 

Robots, Rovers, Mining and 
Manufacturing 

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

Resou rce characteriza tion would 
concentra te on no more than three 
near-side equatorial regions to quanti­
fy mineralogy and chemistry. Lw1ar 
surface site selection would also char­
acterize s urface topography (stereo 
visual imaging) and regolith structure 
(electromagnetic sounder) and elec­
tromagnetic noise background. Key 
varic1bles are the number of precur­
sors and s ite selection approach. 
Su rface req uirements for resource 
development include a robotic rover 
to locate resource deposits, perform 
chemical and evolved gas analyses 
and establish physical properties a t 
selected sites. 

A precursor engi neering experi­
ment stalion to perform proof of pri11-
ciple tests of these operations would 
be required to support lunar mining 
and construction activities. These mis­
sion requirements focus on the means 
to excavate, move and process lunar 
regolith fo r s hi elding and in s itu 
materials utiliza tion (propellants, 
structures, solar cells). 

Unpressurized rovers are required 
to transport both materials and crews 
25 km, a nd fo r pressurized crew 
rovers with 2 to 3 day duration and 
100 km radjus of operation. 

Robotic Orbiter and 
Surface Precursors 

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

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

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

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

• Small spacecraft with gross 
masses less than 500 kg, 
including orbital "prospec­
tors" and surface penetra­
tors 

• Autonomous systems to 
enhance Mars operation 



Mars precursors collect informa­
tion to evaluate site attributes and 
safety, chemjcal and physical proper­
ties, and possible toxic properties of 
the surface material. 111.is requires vis­
ible imaging, with detailed local site 
maps having 1 m resolution, and 
global maps with 10 to 100 m resolu­
tion. The site reconnaissance orbiter 
obtains the required data to cover 
selected sites. Once sites are selected, 
surface precursors are required to val­
idate engineering properties and per­
form in situ chemical measurements 
of toxicity. 

A robotic sample return mission 
has been suggested as a precursor to 
human missions to Mars. Although 
there are some concerns regarding the 
possible toxicity to humans of the 
Martian soil, chen-1ical tests of such 
effects can most likely be performed 
remotely by carefully designed exper­
iments carried aboard a robotic rover. 
The biology experiments on the 
Viking landers fai led to reveal the 
presence of organisms wi thin the 
Martian soil. A convincing case has 
yet to be made for contamination of 
the Earth by hypothetical Martian 

organisms. Unti l furthe r data 
becomes available, it would be pru­
dent to be conservative in protecting 
for contamination. Care should be 
taken, when practical, to preclude 
contamination of the Martian envi­
ronment by Earth organisms. More­
over, the long duration of a row1d trip 
to Mars results in sufficient quanrn­
tine for the crew; infectious properties 
of Martian samples should be evident 
within such time spans. Tf humans are 
to explore Mars, the scientific case for 
a robotic Martian sample return as a 
required precursor becomes less ten­
a bJe. For these reasons, there are no 
compelling requirements for a precur­
sor robotic sample return mission. 

Mars exploration will require a 
pressurized crew rover with a 100 km 
travel radius, and a teleopera ted 
robo tic rover with 100 km radius. 
Robotic rovers must be capable of 
conducting in situ chemical and phys­
ical analyses (x-ray fl uorescence, gas 
chromatography/ mass spectrometry, 
electromagnetic sounding) and col­
lecting samples for return to the base 
camp. Rovers may be designed to 
take advantage of in situ resource uti-

L111111r Roviug Vehicle Near Stone Mou11tai11, Apollo XVl 

lization to extend their range. Robotic 
explorers are needed to extend cover­
age of the Moon and Mars surfaces. 

Telepresence is a method of per­
mitting complete human control of 
robotic explorers on p lanetary sur­
faces. The concept is to simulate reali­
ty for the hmnan operators such tha t 
they believe they arc physically pre­
sent on the surface of the Moon or 
Mars. The teleprese11ce mode in­
volves very high-definition stereo 
television, mobility and agile locomo­
tion. The techniques of teleprescnce 
and teleoperations require user­
friendly interfaces (operator exoskele­
ton for robot control) and high data 
rate communications (500 Mbps­
class). Visual sense should approach 
human vision (resolution in the center 
of 30 seconds of arc, equiva lent to 
10,000-li ne television); moreover, 
enha nci ng spectra I coverage (e.g., 
infrared bands) should also be cov­
ered by the vision system. The robots 
on the planetary surface must be 

Rover Systems 

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

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

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

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

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

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

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

Development of telepresent tech­
nologies ca n fo llow th e genera l 
technology trends of the robotics 
community. In particular, very high­
definition systems technologies 
should be incorporated into designs as 
soon as possible. Rover-based or walk­
er-based technologies for robot loco­
motion should be developed in paral­
lel and a design decision deferred 
w1til the best system can be identified. 

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

Remote sensing systems are being 
developed to support Missio n to 
Pla net fairth; therefore, integration 
i11to systems for the Space Exploration 
Initiative offers great potential. The 
robotic systems are potentially signifi­
cant extensions in both size (smaller, 
lighter) and operations from existing 
terrestrial systems; however, a signifi­
cant technical and experience base 
exists from which to begin. These sys­
tems are judged to be of medium risk. 
Software development and subsys­
tem integration appear to be the most 
difficult element in the robotic system 
applications, followed by mcichine 
design for both the luncir and Martian 
environments. 

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

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

Experimental and pilot systems for 
in situ resource utilization would 
have central processing sites with 
mobile regolith collection, al though 
experiments in mobile processing 'Ari]! 
also be conducted. Central processing 



in the early s tages a lso offers the 
opportunity to utilize waste heat a t 
the base for some process hea t 
requirements. 

Development Programs 
Orbital and surface precursors will 
benefit frrnn the technology and sen­
sors developed for Mission to Planet 
Earth. T hese prog rams sho uld be 
reviewed and their development pri­
oritized to a rchitectura l needs and 
related schedules. 

Spacecraft 

Req uirernents 
Luna r and Mars transfer vehicles 
must be desig ned for low launch 
mass/volume and minimal on-orbit 
assembly, but maximize crew safety. 
Automated rendezvous and docking 
of spacecra ft will reduce on-orbit 
assembly requirements for Mars mis­
sions. Ca rgo transfer vehicles mus t, 
by necessity, have the ability to join 
three or more vehicle segments in low 
Earth orbit. The transfer vehicles must 
provide for crew comfort, communi­
c,1 tio.ns, contro l and science needs; 
however, the balance will vary with 
mission duration. 

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

Options 
Spacecraft d esigns are limited by 
materials properties and fabrication 
methods; advances in these areas will 
enable improved spacea·aft concepts. 
Cmrent spacecraft designs are based 
on using aluminum for temperatures 
below 450°K and titanium for up to 
811 °K. Spacecraft w ill rely on ligh t 
alloys, meta ls, ceramic and polymer 
matrix composites. With these mate1i­
als, new fabrication processes such as 

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

There are two active radiation 
s hi elding concep ts: mag ne tic and 
e lectros tatic. Neither is capable of 
eliminating space radiation but could 
redu ce the dose from sola r flare 
events. Reductions in the radiation 
burden would reduce the health risk 
associated with long duration mis­
sions. 

Solar flare events can last several 
days. Passive shielding ca n provide 
protect-ion for limited volu mes; the 
mass required to shield the entire 
b·,rnsfer vehicle is prohibitive. Water 
has excellent s topping power. The 
shield can also act as a reservoir for 
the water supply. 

Automated landing, rendezvous 
and docking can be accomplished 
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with laser rangefinder or ompact 
solid sta te radar with onboard pro­
cessing and control. 

Baseline 
Spacecraft structures will use tan­
dard materials (alurninum and titani­
wn) and fabrication techniques; how­
ever, improved fabrication methods 
and advanced materials will be sub­
stituted where appropriate. 

Hybrid radio and optical systems 
will provide the long range and close 
accuracies needed for docking large 
masses. 

Water can be used as passive 
shielding for solar flare events. 

Development Programs 
The development of new material is 
required for advanced spacecraft con­
cepts. Candidate materials for 
reduced part counts and weight 
include: light alloys (aluminum-lithi­
um, intermetallics, meta l matrix com­
posites and polymer matrix compos­
ites), advanced thermal protection 
materials (ceramic matrix composites, 
carbon-carbon and spray-on foams), 
light alloys using superplastic form­
ing and diffusion bonding, metal 
matrix composites using hot pressing 
and joining, polymer composites 
using tape placement, woven ply lay­
up, pulltrusion resin injection and 
thermofomting. 

Th Space Exploration Jniti.ative 
will benefit greatly from th technolo­
gy being developed in uch programs 
as the ational A rospac Plan and 
the Strategic Defen e Initiative. The 
appropriat utilization of th t ch­
nologi s i recommend 

Communications, Control 
and Navigation 

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

For all arcbit cture , lunar op ra­
tion are plann d f r th near ide of 
the Moon. Aggregate downlink data 
rate from al l elem nt could grow to 
350 Mbp , with a mode t application 
of data compr sion. The uplink data 
requir ments could grow to an aggre­
gate fa ppr ximat ly 25 Mbp . 

Mars operations will r quire com­
munications ranges up to 1,000 times 
more distant from Eart h than th 
Moon, which resul ts in a patial sig­
na I loss that is on mill ion time 
greater. Communication networks in 
the Martian environment (either in 
Mars orbit or on the surface), will b 
required to operate autonomou ly 
from any facility on Earth for real time 
command and control decision . With 
the application of new data compres­
sion techniques, a downlink data rate 
of 20 Mbps can be achieved. Uplink 
data rates will be approximately 10 
Mbps. 

Data compression is required to 
reduce tran mis ion rates, a well as 
antenna size, weight and transmit 
power. Simply put, data compression 
is the process of sending information 
down a narrower corridor. For exam­
ple, 10 megabits of data can be down­
linked via a communications channel 
that has a 1 Mbps data rate in 10 sec­
onds. At a compression ratio of 2:1, 
the same amount of data cou ld be 
downlinked via a 0.5 Mbps channel 
in the sam amow1t of tim . Further 
advancem nt of data compression 
t chniques would reduce transmis-
ion co ts, increase relay satellite 

capacity and provid a practical 
means of delivering high data rate 
imagery. 

Options 
ommunication r quirem nts for the 

Initiative could be sa ti fied with a 
wide range of existing t chnologi s. 

Frequencies for deep spac com­
munications include the X-band capa­
bility at 8.4 GHz, Ka-band at 32 Hz 
and optical band. 

Deep space missions are supp rt­
ed today using X-band 8.4 GHz, o 



there is little to no risk involved if X­
band radio frequencies could be used. 
However, due to the high data rates 
anticipated, X-band is not a practical 
choice. 

Ka-band communications systems 
are more sensitive to weather effects 
and require more accurate antenna 
pointing. Ka-band technologies (pri­
marily power amplifiers and low 
noise receivers) will require a devel­
opment program to achieve a com­
munications system with the reliabili­
ty to support human missions. 

TI1ere are a number of key devel­
opmental challenges that must be met 
in order to realize the potential of 
optica l communications. The chal­
lenges are in the area of detectors and 
detector arrays; long-life, high-power 
laser sources; accurate telescope 
pointing; spacecraft stabilization sys­
t ms; and acquisition and tracking 
technologies. Optical communications 
systems are also severely restricted by 
environmental conditions. 

Antenna systems will have more 
demanding pointing requirements as 
frequencies increase. Current antenna 
systems that support extremely high 
frequencies are either parabolic dishes 
or phased array antennas. Phased 
array antennas replace the traditional 
dish antennas with a large number of 
antenna elements. Pointing is accom­
plished electronically via adjustment 
of phase shifters associated with each 
element. Depending on the mission 
application, a hybrid of both systems 
could provide for autonomous acqui­
sition and tracking. 

Multi-beam antennas are similar to 
phased array antennas, but with anten­
na lements located at the feed of a tra­
ditional reflector antenna. The advan­
tage of using multi-beam antennas is 
that they provide greater operational 
flexibility. For example, the lunar base 
could communicate directly to Earth 
with one beam, to an orbiting spacecraft 
with a second beam and to a rover on 
the lunar surface simultaneously. 
Developing multi-beam antennas 
would involve little risk and has consid-

erable potential application for commer­
cial use. 

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

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

Expert systems are currently used 
for medical diagnostics. Humans 
update the expert system's database, 
input symptoms of the problem and 
suggest potential solutions to be eval­
uated by the expert system. Some risk 
is involved with developing expert 
systems of this type since th ir use 
has not had widespread operational 
validation. 

Earth-based navigation, onboard 
navigation, and Moon/Mars-based 
navigation systems are all required 
for supporting interplanetary mis­
sions. 

Earth-based navigation is currently 
used for planetary exploration. 
Radiometric data from tracking sta­
tions, optical data and Doppler data 
from spacecraft-to-spacecraft are pro­
cessed on Earth to obtain spacecraft 
orientation and position. However, 
this method cannot adequately sup­
port Space Exploration Initiative mis­
sions when critical real time naviga­
tion is required. 
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Spacecraft onboard systems satisfy 
the need for real time navigation dur­
ing critical operations (e.g., orbit 
insertion, landing, surface explo­
ration, ascent, rendezvous and dock­
ing). 

A Mars-based navigation network 
would be used for precise, real time 
position determination. This system 
would work with a Mars-centered 
inertial coordinate system or a sur­
face-fixed coordinate system. The ori­
gin could be located at the primary 
la nd ing site, thus eliJninating sources 
of erro r associa ted w ith an Ea rth­
based system. 

Baseline 
Because of th e communications 
time delay between the Earth and 
Mars, h ybrid artificia l intelligence 

or neural n etwork systems may be 
used for making real time com­
mand and control decisions, per­
forming acqu is ition and tracking, 
o ptimiz in g resource utilization, 
conducting teleoperations, control­
ling ex tra ve hicula r activi ty, and 
monitoring cons umables and sys­
tem hea lth and performance. 

X-band wiJI be used for the Eaxth­
to-space upli11k, Ka-band for a ll inter­
space and dow n lin ks a nd op tica l 
communica tions for later space- to­
space liJ,ks. 

Lunar missions can be supported 
using antennas smaller than 34 m, but 
34 m antennas are needed for Earth­
Mars communications. These anten­
nas would need to have a multi-bea m 
capability and incorporate rnono]jthic 



microwave integrated circuits as oon 
as that technology becomes available. 

Earth-based navigation will b the 
primary means of providing position 
information in the lunar environment. 

Radiometric navigation alone do s 
not provide the timelin s or accuracy 
required for critical operation in th 
Martian environment. Improved iner­
tial measurement units, transponders, 
navigation computers and ranging 
devices, spacecraft onboard process­
ing and radiometries will provide the 
accuracies required to support Mars 
missions. 

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

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

The development of laser transmit­
te rs and low noise detectors are 
r quired to make poss ible optical 
communications for deep space appli­
cations. Thi technology is at the 
br adboard phas . 

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

Data compression will be nece -
sary to reduce the data storage 
requirements and the transmission 
demands on the communications sy -
tern. 

Compres ion schemes ar being 
aggressiv ly pursued by a number of 
telecommunications companie . An 
effort is required to pace-qualify 
hardware decoders and other associ­
ated data compr s ion equipment. 

avigation systems will rely on 
the d evelopment of transponders 
with 10 m accuracies and onboard 
sensors including inertial measure­
ment units, altimeters and computers. 
These technologies are in the proof­
of-concept stage. 

Information management systems 
will rely on the development of 
expert systems, neural networks and 
data compression techniques. This 
teclmology is in the concept/ applica­
tion formulation phase. 

Summary 
As a result of the review of the seven 
functional areas and Life Sciences, 14 
areas of technology emphasis have 
been identified that require effort 
essential for enhancing the Space 
Exploration Initiative. These include: 

1) Heavy lift launch with a min-
imum capability of 150 met-
ric tons with designed 
growth to 250 metric tons 

2) uclear thermal propulsion 

3) Nuclear electric surface 
power to megawatt levels 

4) Extravehicular activity uit 

5) Cryogenic tran fer and long-
tem, storage 

6) Automated rendezvous and 
docking of large ma 

7) Zero gravity countermea-
sures 

8) Radiation effects and shield-
ing 

9) T elerobotics 

10) Go ed loop life support sys­
tems 

11) Human factor for Jong dura­
tion space missions 

12) Light weight structural mate­
rial and fabrication 

13) udear electric propulsion 
for follow-on cargo missions 

14) In situ resource evaluation 
and processing 

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

This nation had both of these capa­
bilities in the early 1970s. In addition 
to these two areas, the 12 other tech­
nologies listed, if successfully devel­
oped, offer the potential for vastly 
enhancing the exploration of the 
Moon and Mars. This listing identifies 
the critical technologies needed to 
support the four architectures out­
lined by the Synthesis Group's report. 

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

2 ASA, Johnson Space Center, Code XE mem­
orandum dated January 11 , 1991, "Preliminary 
Heavy Lift Launch Vehicle (HLLV) Require­
ments fo r the Space Exploration Initiative," 

orman H . Chaffee. 
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ORGANIZATION AND 

ACQUISITION 

MANAGEMENT 

The Space Exploration Ini tia tive 
repr ents a major management chal-
1 ng a well as a significa nt techno­
logica l challenge to this country. The 
Space Exploration Initiative is grea ter 
in scop and more demand ing than 
the Apollo program of the 1960s and 
l 970s. It wi ll require a method of 
managem nt that will allow crisp and 
timely deci ion making. 

Vice Pre ident Quayle asked that 
w inve tigate options to accomplish 
our explora tion goals fas ter, cheaper, 
af rand better. It is usually assumed 

that n w technology is required to 
ach i v such goals. Experience has 
h wn that managem nt and acquisi­

ti n approaches can have a great an 
impact on pr gram succes a t hno­
logica l achi v m n t . The manag -
m n t cha ll ng i to rganiz the 
lnjtiativ to a n w tanda rd of xc I­
lene , mp loying inn ovativ t ch­
n iques fo r en u ring fficiency a nd 
effectiv n . Th Spac Expl ration 
lnitiativ will involve a numb r of 
government deparhnent in addition 
to ASA. In upp rt of fficient man­
agement, th acqui ition proc dure 
m ploy d by the Initiative hould be 

str am.lin d. 
Th l nitiativ requires the very 

be t from Am rica to prov ide th 
y t m n ed d to take human to 

the Moo n and Mar and af ly 
return th m to Ea rth. 

The capab ility exist withi n th 
combined resources of the govern­
ment, ind u try and th e academic 
community to accomp lish the Space 

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

Ronald Reaga11 
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Exploration Tnitiativ . Th oncept of 
multi-ag ncy participation i sup­
ported by the Pr sidential Space 
Policy Dir c t iv i sued by the 

ational pace ounciJ in a m mo­
randum dated February 21, 1990: 

"The program will requ ire th 
effort of severa l agenci 

ASA will be the principal 
implementing agency. he 
D parhn nt of Defense and the 
D parhn ent of Energy will also 
have major roles in the conduct 
oft d1nology development and 
concept d finition. 11,e ational 
Spac Counci l will coordinate 
th d v lopm nt of an imple­
m ntation trat gy for th 
[Spac I Exploration In itiative by 
the thr ag nci . To facilitat 
coord inati n, th D partm nt of 
Energy will b add d as a for­
mal memb r of the National 
pac ouncil." 

I-Ii tory provides some ba i for 
what constitutes ffective trategie in 
major aerospace and other high ted1-
nology programs. The Synthesis 
Group reviewed numerous reports of 
successful and unsucces ful pro­
grams, and studied various acqui i­
tion improvemen ts and key factor 
that helped reduce the cost of the 
mo t successful aerospace program . 
Co ting models often reflect these fac­
tor by mpl ying co t growth algo­
rithms bas d upon inefficient man­
agem nt pra tice a nd d creasing 
productivity. It is th refore e sential 
that any proposed ma nagement 
tructur s add ress the elimination of 
u h ineffici n t practic . The pro­

posed managem nt structure is based 
on th se tud ies and the goals out­
Lined by the Vic Pr id nt. 

National Program Office 

Organization 
As the Space Exploration Initiative 
is national in scope and involve 
significant resources of not ju ton 
but many Government agen ies, a 



National Program Office should be 
established by Executive Order. 

The program office would be 
staffed with ASA, Department of 
Defense and Department of Energy 
personnel working directly for the 
National Program Office. Other gov­
ernment departments and agencies 
wou ld be added as the Initiative 
matures. 

The National Program Office will 
become the instrument for ASA's 
Associate Administrator for Explora­
tion to exercise responsibilities with 
respect to the Space Exploration 
Initiative program. In addition to his 
responsibilities for both robotic and 
manned exploration of the Moon and 
Mars and the humans-in-space por­
tion of life sciences, the Associate 
Administrator would be appointed 
the National Program Director for the 
Space Exploration Initiative. As the 
Initiative increases in scope, it may 
require this position be assigned 
responsibilities commensurate with a 
Deputy Administrator. 

Interagency Interfaces 
The ational Program Director will 
be given authority over all projects 
and development areas necessary for 
executing the Space Exploration 
Initiative. It is necessary that the 
advanced technologies required by 
the Space Exploration Initiative be 
within the purview of the ational 
Program Director. Basic research and 
technology development will contin­
ue to be performed by lead agencies. 

Because of the Space Exploration 
Initiative's broad scope and multi­
agency involvement, effective man­
agement is needed. The Advisory 
Committee on the Future of the U.S. 
Space Program recommended the for­
mation of an Executive Committee of 
the National Space Council. The pro­
posed committee, with the addition of 
the Secretary of Energy, could pro­
vide a needed commitment to tech­
nology development and ensure 
intra-agency development priority 
and budgeting. Technology needs 

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

NASA Interfaces 
Since the Space Exploration Initiative 
will become the centerpiece of the 
national space program, it is appro­
priate that the Associat Admini­
strator for Exploration be given 
greater authority and responsibility 
than currently exist within the 
Associate Administrator structure. 
This official will utilize the expertise 
of a number of NASA centers, as 
appropriate, as well as other govern­
ment laboratories and the academic 
community. As the activities of the 
Space Exploration Initiative increase 
in scope, in keeping with the current 
organizational concept, it would 
probably become necessary to realign 
centers under the As ociate Admini­
strator for Exploration. However, 
with widely varying activities at the 
centers in support of more than one 
Associate Administrator, a manage­
ment structure with the field centers 
reporting directly to the Administra­
tor might be more efficient and better 
suited to the decade of the 90s. 

Responsibilities and Technical 
Functions 
Program management must address 
such functions as systems architecture 
planning and requirements control. 
The responsibilities at the headquar­
ters level are to identify key program 
requirements and review the imple­
mentation of programs, but not exe­
cute the activities. Such detailed 
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design and development is best 
accomplished at the field levels. 

The National Program Office 
should develop a technology plan to 
identify researd1 priorities. This plan 
would identify key teclU1ologies to be 
initiated. The technology plan would 
form a basis upon which interagency 
commitment for technology develop­
ment would be established. In add i­
tion, the plan would establish a five­
year teclmology vision. 

Consolidating federa l resources, 
where appropriate, and guarding 
against the effects of insti tutional 
agi ng and development of bureau­
cratic culture, will be key in deriving 
the plan. 

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

Staff Functions 
Staff func tions, su ch as program 
control, procurement and legal, will 
provid e the capabi li ty to prepare 
consolidated budgets and provide 
advice o n acquisition stream lining 
a nd procurement management. 
Both procurement and legal fu nc­
tions are usuaJly not dedicated to 
an orga nization. The autonomous 
natu re of the procurement system, 
coupled with the com mercia l and 
international opportunities, are per­
suasive arguments for including 
these disciplines as dedicated 
resources. 

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

Field Level Support 
Both from a program management 
and cost efficiency standpoint, it is 
essentia l that streamlined manage­
ment mechanisms are in place for the 
Space Exploration In itiative. Field 
support is key to the success of the 
Space Exploration fnitiative. 

W11ile the National Program Office 
headquarters staff would be involved 
in requirements definition and pro­
gram review and coord ination, the 
field level organizations are the focal 
points for specific project design and 
development. As a part of the National 
Program Office, system engineering 
and integration would be done in the 
field, as the fie ld centers have the 
depth and technical expertise not 
readily available a t headq uarters. 
Streamlined cha1mels of conu1rnnica­
tion, including project authorization, 
requirements, schedules, reporting 
and fu nding, are critical. The Space 
Exploration Initiative field center pro­
ject officers would report directly to 
the respective program manager at 
the National Program Office. Work at 
the field level would be based upon a 
contract-like agreement whereby the 
institutional line of command would 
be responsible for meeting the needs 
of the various projects l1oused in its 
facilities in an efficient manner. 

Procurement and Acquisition 
Issues 

Numerous studies of the federal pro­
curement process, such as the 
President's Blue Ribbon Commission 
on Defense Management Report, 
ind icate a need for improvement 
which wilJ lead to cost and time cffi­
ci encies and s till maintain the 
integiity of the procurement system. 
As was noted by the Advisory 
Conunittee on the Future of the U.S. 
Space Program, since 1965 the pro­
curement process has been impacted 
by at least 125 public laws, Executive 
Orders, Office of Mrmagement and 
Budget ci rculars and Office of 
Federal Procurement Policy letters. 



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

Review of federal and NASA pro­
curement regu lations reveals tha t 
there are over 200 clauses and provi­
s ions app li cab le to a large dollar 
value cost-type contract. The impact 
of these regulations and policies is felt 
not only cit the prime con tract level, 
but flows down to even the lowes t 
tier subcontract. Private industry is 
often discouraged from doing busi­
ness with the federa l government 
bernuse of the complex and time--con­
suming procurement system and 
associated costs. 

In w1dertaking the Space Explora­
tion Initiative, NASA should be 
authorized to tailor the existing pro­
curement system and devise new pro­
cedures to fit the needs of this major 
new T_njtiat:ive. Working with private 
industry mid other nations is critical 
to the success of the Space Explora­
tion fnitiative, and it should not be 
s tymied by an overly cumbersome 
procurement process. 

There are opportunities presently 
within the authority of NASA to 
streamline some of its functions. For 
exc1mple, the expanded use of broad 
agency announcements for research 
and teclmology requirements can be 
implemented under current authority 
and will improve the efficiency of the 
acquisition process. 

Streamlined procedures, cente1ing 
on an autonomous procuTement sys­
tem for the Space Exploration Initia­
tive under the authority of the Space 
Act, should be implemented. Such a 
system would entail the delegation by 
the NASA Administrator of Head 
Contracting Activity authority to the 
National Program Office. Currently, 
the major NASA fi eld centers have 
been provided head contracting activ­
ity delegations with a $25 million fun­
i ta tion of s ignature and approval 
c1uthority. Th.is limitation should not 
be :in,posed for the Space Exploration 
[nitic1tive, but other checks and bal-

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

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

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

Back lo the F11111re 
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would b proc ssed through that 
ind ividual in a normal maimer. 

As an add iti nal m an t trearn­
line and maximize procur m nt effi­
ciency, ngr i nal auth ri za tion 
of a pi lot te t acqui ition program 
s hould be g ra n ted for the Spac 
Exploration fnitiative similar to the 
approval granted to the Departm nt 
of Def n e for a limited number of its 
programs under Section 809 of Public 
Law 101-510. Under that procedure, 
the Department of Dei n e pilot pro­
grams are condu cted in accordance 
with standard commercial industria l 
practices and allow the Department 
of Defense to waive specified pro­
curem ent provision . A s imilar pilot 
program for the Space Exploration 
Initiative would place greater r liance 
on exis tin g and proven acquisition 
and management systems. 

The e procurement proc dures 
would b applicable to the Space 
Exploration Initiative project offi es at 

ASA fi eld centers and other partici­
pating f dera I agencies' project 
office , a well a the ationa l 
Program Offic . 

International Opportunities 

The opportunity for a numb r of 
int rnational cooperative v nture 
will xi t, and th comp! xity and 

ns i t ivity of thi function wil l 
r quir prof s ional taff support. 
Options for cooperative participa­
tion with other spacefaring nations 

re und e r consideration. Coop­
ration could well include flying life 
cience ex periments or medical 

equipment, and po ibly fly ing U.S. 
crew membe r on the Soviet Mir 
Space tation to facilitate the early 
gathering of long duration flight 
data. Involving wider participation 
from agencies and nation interest­
ed in space, the program office can 

es tabli h plan for the d v lopment 
of c mm n, international databa 
for plan tary information to facili­
tat th futur xchang of informa­
tion obtain d from pr cu r or mi -
ions. 

Commercial Opportunities 

ommercial potential ab und within 
the framework of the Space Explora­
tion Initiative. Launch service , con1-
munica tions ateUi te , robotics, pro­
duction of materials in space for use 
in pace and on the Earth, and elec­
tronics technology are a few. These 
activitie may provid sources of long 
term Space Exploration Initiative rev­
enu e beyond the federal budget. 
Opportunities for private citizen and 
commercial sector invesh11ent should 
be examined along with opportunj­
ties for state and local investment. 

Plans should be developed for the 
federal government to transition areas 
of potential commercialization into 
real comm rcial v ntu r . Th Syn­
th i Gr up'· archi t ctur form the 
f undation t identify fa iliti. , r­
vic activiti and proc es which 
can be conunercialized. 

Because of its broad scope of te h­
n o logy and peration, th e pa 
Exp! ration ln.itiativ p r ent myriad 
new pp rtuniti f r c mm rcializa­
tion. Th h uld be explored with 
indu try during the early phases of 
the Initiative and be developed to 
their full es t potential. Joint govern­
ment and ind us try conferences 
should be conducted at the earliest 
opportunity following the approva l 
of Space Exploration Tnitiativ fund­
ing. TI1e e conferences would provide 
an essen tial forum for identifying 
areas of commercial interest. Further 
program planning would th n be abl 
to integrate th commercial involv -
ment. Thi might take th form of 



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

Implementation 

Wi th the mul ti-agency nature of the 
National Program Office, an Execu­
tive Order should be prepared and 
issued to cite the basic charter of the 
organization, the leadership role of 
NASA, and the cooperative rela­
t ionship among va ri ou s govern­
men tal d epartments and a~encies. 
The Executive Order should clearly 
enumerate the staffi ng, budgeti ng, 
and reporting re lationships and 
responsibilities of the affected agen­
cies. 

A fo11n1cy info Tnumrrow 
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Operational Assumptions 

• Operations capabilities and concepts 
evolve over the life of the program 

• Mars operations are structured to ben­
efit from the lessons learned from the 
Moon operations 

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

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

• A radiation hazard program establish­
es the guidelines for long duration 
spaceflight 

• Planetary quarantine requirements are 
established for forward and backward 
contamination issues 

• Long term crew health issues, both 
physiologlcal and psychological, will be 
resolved 

• Guidelines for maintaining crew health 
and performance in space and plane­
tary surface environments are estab­
lished 

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

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

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

• Abort capability is ass'ured throughout 
all phases of the Space Exploration 
Initiative 

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

• Necessary communication, navigation 
and data handling systems evolve 
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Elements common to all mchitec­
tures ar operations, communi­
Cc tions, navigation and fa ilities. 

pecific operations might differ be­
cause of the varying requirements of an 
, rdutecture or operational capability. 

Operations 

The operations activity addre ses 
is ue r lated to planning, training, 
launch and mis ion control of lunar 
and artian missions. This include 
1nission upport th roughout all phas­
e , a d fined by the four ar hitec­
ture . 

Philosophy 
The op rational philosophy is ba ed 
upon en uring simple m, nagement 
and technical int rface . Operational 
ontrol i pla eel at the location (do -

est to th required action ) having 
adequate information and situation 
awar n to mak decisions. During 
a Mar mi sion, for example, with 
communication round trip delays of 
up to 40 minutes, rmmy critica l pera­
tional de i ions will be made by the 
crew. 

Reliability, redundancy, si mplicity 
and m dularity must be incorporated 
in th tructure and design of sys­
tems. A thorough test and evaluation 
program, along with a proof of c n­
cept and validation phas , i a l 
es ntial nd should b · imp! ment d 
throughout the Space ExpJorat i n 
lnitiativ . perati ns upport must 
begin early in the dev lopm nt tage 
and operational c nsid -rations hould 
be incorporat d in th planning and 
d sign pha cs to r du c operationt1l 
risks and co t over th program life­
time. 

Operations Concepts 
An operations concept ha been 
dev lop -d for each architectu re. The 
op ration requirements conunon to 
aJ l archite tu res are: 

• ommand and control assign­
ed to the crew as appropriate 

• 

• 

• 

• 

On-orbit test and verification 

o single person surfoce 
operation 

anual override of critical 
automi'lted syst ms 

Graceful sy tem d -gradation 

Th pha e of imp! menti'Jtion of et1cl1 
recommended archit ctur - Initial 
Operational apab ility a nd ext 
Op rational cipability - aff ct the 
overall operations a tivity. At each 
phase, op rations ar a s ed by the 
mission ommander, ba cd on mi -
ion pl;uming ,md available ·upport. 

Precursor mj ion provide many 
of the upport elements. Precur or 
includ mi ion for logi tics, com­
munications, meteorological e peri­
ments and other requirements for the 
support of piloted mi sion . Specific 
precursor mi ions will be used for 
initi I landin site sel ction to ensure 
that activities can be planned. 

All selected sites on a planetary 
surfac~ must be certified for human 
sa fety . Permanent si te se lec tion is 
accomplished only afte r hum an 
exploration of the designated . ite . 
Robotics and telerobotics p rform 
ommanded tasks a nd enhanc, 

human pre enc in pac . 

Launch Control 
Laun h ontrol is responsible for all 
a ti vi ties required to u pport the 
lnun h of oil · pac vehicle . hese 
a tivit i in Jud e facilities support, 
tra n port of I men ts, processing, 
te ting and checkout of vehi les and 
supporting clement . 

Mission Control 
Advance in technology and autono­
my grea tl y enhance op rntions as 
well a - improve their flexibi lity and 
efficiency. Mi sion control operation 
clement includ : 

• ommand and ontrol 



• Sy tern trend monitorin 
and assistance to the crew 

• Opera tions planning and 
science upport 

• Support of software, yst ms 
and equipment anoma]jcs 

lnflight Operations 
The dura tion of the a rs mi 
r quires a n innova tive a pproa h to 
providing er w support. Both th e 
rew and onboard system mu t have 

the ca pabili ty to monitor and conh·ol 
a ll sa f ty-c rit ica l fun tion during 
norma l a nd con tingen y op ra tions 
without 0 round suppo rt. lnfli g h t 
operation ar : 

• Maneuvering pa e raft 
- Flight ontrol and guid an e 
- R ndezvous and do king 

• Profi ien y b·a ining 

• aintenanc 

• aviga tion 

• Syst m monitoring 

• Lif scien e 

• A tronorny 

Transfer Operation 
De cent opera tions to the planet sur­
face require precise la nding na viga­
ti o n and d scent co n t rol to a 
predetermined site. As ent from the 
planet surface requires precise navi­
ga tion, conb·ol, rendezv us and dock­
in g . De cent a nd a ce nt ve hi le 
opera tions w i ll be automa ted to th 
ma imum d egree possible w ith th 
crew having the abi li ty to intervene 
manually. 

Surface Operations 
A s tru ct ured rew o rgani za tion is 
required to oordina te a nd accom­
pli h planning, mission obj tives and 
other du ti . While mi ion planning 

is accomplished on arth, day-to-day 
acti vity plarming i conducted by the 
crew on th pla netary urface. It is 
a nti cipa ted tha t surface opera tion 
will take place in y I · that would 
not correspond to nom,al Earth op r­
a tions. The e plan are g nera ted for 
short duration ta ks of on t ·evera l 
day a nd in Jud e all w rk pla n in 
upp rt of th mi, sion obj ti ve . 

Th mis ion obj ti c provid ed 
from rth ar modifi d a n c ar 
based on hedul d upd a t s. The 
crew will have the fl exibili ty and the 
autonomy n c ary to ond u t th ' ir 
ow n a ti v iti es a nd ched uling. 
Routine op ra tion a nd hort t rm 
go I a re based on th ex pediti on 
mil tone o r n,i ion objc tive a 
modified b th mi ion omrmmd r. 

y Ii pa ttern f e tabl ished opera­
tion i also utilized form st c ctivi ties, 
in luding period s for ma intena n e, 
hou ekccping, r t and rea·ea tion. 

n cs ential component of explo­
ra tion i xtrav hicul c1 r a ti vity. A 
minimum f two a tronaut w ill b 
required for ach a ti ity for a f ty 
co n id e ra ti on a nd the ba w ill 
a lway b occupied during the e peri­
od ·. Fl xibl 1eduling and mi ion 
onb·ol ar - k y t u c sful urface 

operation . The astronauts must have 
c1 mu ch c1 ut nom y a p o s ibl to 
d termi.n their wn pac and tyle. 
Although er w w ill work w ithin a 
genera l explora tion plan, the ac tua l 
traverses and surfaces a ti vity wi ll 
not be pl a nned on rig id timelin -s. 
Flexible surface operations are es n­
tia l if ignifi ant di coveries ar to b 
mad e a nd the nece sa ry foll ow-up 
invc ligation a re to b carried out. 
Surface opera tions a lso includ e the 
suppor t of ite facili tie a nd surfa e 
vehicl . 

Maintenance 
Sy t m de ign i kept a ·imple a 
p ible t p rmit mi i n obje tive 
to be complet d in a afe c nd timely 
manner. Reliabl de ign and mulh­
p 1 e le e ls of pa ra ll e l r d und a nt 
y te m w ith low ma intenance re-

Operational Priorities 

• To ensure the safety and 
health of the crew 

• To maintain integrity of the 
functional systems 

• To accomplish the mission 
objectives 

Operations Organization 

• Training 

• Readiness verification 

• Launch and recovery sup­
port 

• Command and control 

• Mission planning, manage­
ment and execution 

• Integration and coordina­
tion of all mission objec­
tives and segments 

• Integrated logistics sup­
port 

• Systems monitoring and 
support 
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- l'ERA TIONS AND fACILfrtE -
Training 

Preflight 

• Leadership training 

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

• Simulation concepts for 
field and part task training 

• Contingency training for 
failure models and emer­
gencies 

lnflight 

• Systems training 

• Part task training 

• Periodic emergency train­
ing 

• Simulation for Mars opera­
tions 

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

Mission Control and Support 

• Integrated throughout all 
phases 

Ground Support and Facilities 

• Integrated throughout all 
phases 
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quiremcnts must be staJ1dard. Spares 
are only required for certain designat­
ed critical items. No system should 
be designed to preclude repair or 
maintenance assessments . Also, 
improved maintenance concepts 
must be developed for support of 
facilities and vehicles during long 
term surface operations. 

Training 
The ash·onauts needed to support the 
hmar and Mars missions will require 
a variety of skills . Piloting skills will 
be a prerequisite for performing the 
various space man cu vers and tasks 
associated with the landings on the 
Moon and Mars, the ascents, ren­
dezvous and <lockings. The lunar 
and Mars surface activities will 
require crews well trained in extrave­
hicular activity; mission specialist 
astronauts with science skills, such as 
geology and life sciences; as well as 
mission specialists with engineering 
and constn1ction skills. 

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

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

A training plan provides a struc­
tured and systematic process for all 
miss ion iJ1erements. The Mars mis­
sions require new approaches to 
inflight proficiency training. The 
capability for the crew to conduct 
ascent, descent and tra nsfer simula­
tions using the cockpit of the transfer 
vehicle for the simu lation enhances 
the ability to train for Mars operations. 

Communications and 
Information Systems Support 

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



requires reliability, consistent with 
human spaceflight, capable of insuring 
support to all key mission elements. 

An important objective of the 
Space Exploration Initiative is to dis­
seminate information to the public. 
This includes involvement of educa­
tional institutions at all levels. High 
definition video as well as other 
image data is widely used in achieving 
this objective. Thus, communication 
bandwidths are sized to accommo­
date these requirements. 

ASA already has a significant 
capability for tracking and data acqui­
sition, data distribution and infor­
mation processing. NASA plans 
significant upgrades to some of these 
systems to support future programs 
such as the Mission to Planet Earth. It 
is very importa11t that data system 
standards be selected which are con­
sistent with all the systems support­
ing other civil space missions. 

The NASA Tracking and Data 
Relay Satellite System and the in­
frastructure used to support Earth 
orbiting missions are expected to be 
modified to support the launch and 
near-Earth support of all Space 
Exploration Initiative missions. 

Moon Communications 
The operationa l segments of the 
architectures include hardware and 
crews located on the near side of the 
Moon with an activity area of up to 
l 00 km from the land ing site. The 
data types anticipated to be used in 
this area include audio, video, image, 
science and engineering telemetry, 
and radiometric data for navigation. 

Based on accessibility, risk and an 
expected lower implementation cost, 
Earth-based antennas are baselined to 
meet the lunar commW1ications re­
quirements. This approach assumes 
the installation of two 34 m anten­
nas at each of the existing Deep Space 
Network locations at Goldstone, 
California; Madrid, Spain; and 
Canberra, Australia. Each antenna 
could support one uplink and four 
downlinks. 

If it is assumed that one antenna is 
used to provide near-continuous sup­
port to the main base, then the outly­
ing elements and in-transit spacecraft 
need to share the link resources of the 
other antenna. This configuration 
does not provide continuous visibility 
of the Moon and gaps in coverage of 
approximately 30 to 60 minutes occur 
each day in certain lunar phases. This 
is deemed to be acceptable for the 
proposed architectures, but these 
gaps could be eliminated by addition­
al ground terrni11als. 

Lunar urface communication 
between element within a 10 km 
radius around the main base are pro­
vided by a surface terminal also pro­
viding the communications connection 
to the Earth stations. Communica­
tions between the main base and ele­
ments outside the 10 km radius mu t 
be through the Earth stations. 

Communications between the 
Earth stations and mission support 
locations on Earth are provided by 
existing networks, modified as re­
quired, to accommodate lunar mis­
sion requirements. 

Mars Communications 
Providing communications for the 
Martian missi -:rns is considerably 
more challenging than for lunar mis­
sions. Mars can be as much as 1,000 
times more dista11t from Earth than 
the Moon, which results in a spatial 
signal loss one million times greater. 
In addition, Mars rotates at about the 
same rate as tl1e Earth, puttu1g surface 
locations out of direct touch for over 
12 hours at a time. 

The architectures developed for 
M~r~ propose the following types of 
ffi1SS1011S: 

• Site reconnaissance orbiters 

• Mars global network 

• Cargo flights supporting 
human missions 

• Human mission 

93 



01'1R\110,S:S .\~ll F .\( 11 ITIL - -

Figure 1 

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

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

wou ld provide a data rate of 10 
Mbps. For cost and red undancy rea­
sons, four 34 m antennas were chosen 
to provide the equivalent aperture of 
a 70 m d ish. This configuration will 
requ ire the addition of four 34 m 
antennas at each Deep Space Network 
location. 

X-band would be used for the for­
ward link, since that technology exists 
i n the Deep Space Network and 
meets the data requirements with 
growth to approximately 10 Mbps. It 
is expected that all local Mars posi­
tions would use K-band for inter-ele­
ment conu1mnications. 

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

G iven the communication delay 
times and the requ irement for mis­
sion control to be largely a function 
performed by the crew, the local com­
munications system at Mars wiJI also 
be rather complex and should operate 
automa tically, having only minimal 
interaction with Earth terrninals. This 
represents perhaps the greatest chal­
lenge in implementing the conunwli­
cations infrastructure for the Mars 
nlissions. The relay satellites at Mars 
must automatically perform onboard 
signal acquisition, tracking, handover, 
etc. Figure 1 illustrates both the lunar 
a nd Martian communications net­
works. 

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

• Emoutc 

• Orbital operation 

• Landing 

• Surface operation 

• Ascent 

• Rendezvous and docking 

• Earth entry and landing 

Planetary missions are currently sup­
ported by the Earth-based navigation 
capability of NASA's Deep Space 
Network. This system provides sta te 
vector information by processing 
Deep Space Network tracking data 
and onboard optical data at a central 
navigation cente r. For the Space 
Exploration Initiative program, it is 
expected that a navigation center will 
be established as part of a central con­
trol facility which will be supported 
by an upgraded Deep Space Network 
system. Based 1.1pon the lunar mis-

s ions contain ed in the proposed 
architectures that confine surface 
operations to the near s ide, it is 
expected that an Earth-based system 
ca n meet the navigation require­
ments. T he navigation cente r will 
provide state vector updates to the 
spacecraft onboard inertial systems 
and position information for surface 
elements. 

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

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

Facilities 

The architectures outlined require tl1e 
support of a subs tantial number of 
Earth-based facilities. Since the Space 
Exploration lilitiative touches virtual­
ly every scientific field and engineer­
ing discipline, there is a need of a like 
range of facilities, from a simple track 
for testing rovers to a highly sopllisti­
ca ted facility for d eveloping long 
tern1 blood storage capabilities, and 
related technologies . Many of these 
facilities presently exis t thrnughout 
industry, government and academia, 

Suroeyol' 177 n11d Aslro11n11t with L1111ar 
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though some will require modifica­
tion. New facilities are also required. 

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

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

Launch Facilities 
To support the Space Exploration 
Initiative operations at the Kennedy 
Space Center, a minimum of two 
launch pads will be required to sup­
port an additional launch rate of eight 
to 12 launches per year for the Mars 
mission. This assumes continued use 
of existing pads to support law1ehes 
for the Space Shuttle and expendable 
launch vehicles. Four transporters 
and two new vertical assembly build­
ing cells, or a new building, would be 
needed for the parallel processing of 
two heavy lift launch vehicles. 

Nuclear Test Facilities 
Facility requirements associated with 
nuclear techno logy d evelopme nt 
include reactors for testing fuel ele-

ment concepts, assembly facilities for 
developing reactors, and integrated 
ground testing facilities. Much of the 
reactor development activity can take 
place within existing governmental or 
commercial nuclear research facilities. 
Multiple facilities may be necessary to 
support the parallel development of 
both nuclear power and nuclea r 
propulsion systems. 

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

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

The one facility in the U.S. capable 
of provid ing s imulated heavy ele­
ment radiations of appropria te ener­
gies, the Berkeley Bevalac, will be 
deconrn1issioned for nuclear physics 
in 1992. A new facility, the Brook­
haven Booster, presently under con­
struction, will be commissioned in 
1994. 

Closed Loop Life Support System 
Test Facility 
The development of a closed life sup­
port sys tem for Moon and Mars 
habitats represents a significant tech­
nologica l cha llen ge to the Space 
Exploration Initiative. A facility is 
required to test and verify subsystem 
and integrated system technologies 



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

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

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

The central control center must 
have a supporting communications 
infrastrncture, allowing communica­
tion wi th the launch control center, 
vehicles on the pad, vehicles in low 
Earth orbit, other supporting ground 
control centers and installations, vehi­
cles enroute to the Moon or Mars and 
surface facilities on the Moon or Mars. 
In addition, the control center must be 
capable of tying in with simulators to 
simulate mission scena1ios. The expe­
riences gained from Apollo and the 
Space Shu ttle clearly emphasize the 
importance and advantages of having 
the simulation facili ties a t the same 
site as the control center for logistics 
and communicntion support as well 
as for ensuring integrated crew and 

fligh t opera tions planning and train­
ing. 

Training Facilities 
High fidelity simulators are necessary 
to h·ain crews to operate together as 
teams. Although static mockups, 
computer simulations and motion 
based vehicle simulators can be used 
to augment train ing prior to flight, aU 
piloted vehicles must have an embed­
ded training simulation mode so that 
proficiency training of critical maneu­
vers for the crew can be an ongoing 
process. These allow the crew 
approaching Mars to continue ren­
dezvous and docking training and to 
conduct ascent, descent and transfer 
simulations. The crew can a lso prac­
tice ascent si mula tions in the Mars 
land er prior to d epa rture from the 
planetary surface. Rovers, likewise, 
could have a simulation mode so that 
crew members can maintain profi­
ciency on operational techniques in 
the simulation mode before venturing 
out o nto the planetary su rface . 
Computer s imu lations will a lso be 
available on board for payload and 
other proficiency training. 

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

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

Ap(JJ/o Ast ro11a11/ Geology Tmi11i11g 

97 



LIFE SCIENCES 

SJ'ilc1· SJ,11ttlc M!!dicnl Em/1111fio11s 

98 

The Space Exploration Initia tive 
represents a major evolution in 
scope when compared to any 

previous human spaceflight program. 
The Mercury program was designed 
primarily to demonstrate the feasibili­
ty of human spaceflight, and succes­
sive e fforts have progressive I y 
expand ed o ur unders tanding of 
human response to spaceflight. 

Health maintenance and med ical 
ca re w ill be cru cial to the Space 
Exploration lnitiritive. Missions to the 
Moon and Mars will expose crew 
members to reduced gravity and to 
radia tion, both potentially harmful. 
Human factors considerations are 
important for crew selection, interper­
sona l relationships, and human­
machine interfaces. These and other 
factors must be reflected in the design 
of space vehicles and missions for 
human exploration. 

Spaceflight Deconditioning 

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

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

The Cardiovascular System: This 
system undergoes a complex adapta­
tion which includes both functional 
and struc tural changes. Primary 
opern tiona l concerns involve low 
blood pressure and abnormal heart 
rhythm. 

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

The Neurological System: The neu­
rologica l system undergoes an adap­
ta tion which results in a number of 
concerns. Space motion sickness c<1n 
occur early in flig ht and can be a 
problem until the body adapts to zero 
gravity. 

T1te Hematological, lmnumological 
and Endocrine Systems: Anemia a11d 
immune system dysfunction need to 
be studied further to tmderstand the 
long term medical impHcations. The 
hrnrnrn endocrine system, affected in 
a multitude of ways w hi ch could 
impact crew health, requires further 
study. 

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

Another concern is the effect of 
reduced gravi ty on a crew member 



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

The effects of deconditioni11g from 
extended stays on planetary surfaces 
also needs to be better understood to 
determine if there are any adverse 
effects on crew performance during 
long missions. 

Space Radiation 

The Space Exploration Initiative pro­
gram requires unders tanding and 
management of space radiation haz­
a rds . A multidisciplinary radiation 
issues research program involving 
solar physics, nuclear physics, radio­
biology, and probability risk assess­
ment wilJ have a major influence on 
spacecraft design, habitats and mis­
s ion planning. Such a program 
should be able to qualitatively and 
quantitatively detennine the energy, 
particle type, ru,d reaction mecl1anism 
dependencies necessary for biological 
and mechanical space radiation risk 
assessment. Generation of additional 
physics da ta characterizing galactic 
cosmic radiation, solar particle even ts, 
and solar dynamics will enable the 
development of reliable pred ictive 
models of the radiation enviromnent. 

Uncertainties in these radiation 
effects on cells, tissue and small organ­
isms could be reduced by s imula­
tio n s usi ng the Bevalac at the 
Berkeley Radiation Laboratory or 
the Brookhaven Boos te r Faci lity. 
Radiation shie lding requirements 
should be established with an inter­
agency effort between NASA, the 
Department of En ergy, and the 
Department of Defense. Ground and 
space-based facilities and program.s 
must be started now to be in place and 
fully op era tional by 1995. An 
expanded ground based simulation 
program will be used as a basis for 
radiation envirornnent and shielding 
models; however, space experiments 
will be needed for validation. 

Medical Care 

With in the U.S. space program, 
inflig ht medical illness has resulted 
onJy i_n mjnor mission impacts. ln 
contrast, tbe Soviet space program, 
where missions are often lengthy, has 
been impacted by inflight medical 
contingencies. Their contingencies 
resulted in e ither a mission abort or 
replanning on several occasions. 
While predic ting the likelihood o f 
medical illness or injury inflight is dif­
ficul t, it is reasonable to asswne tha t 
medical contingencies will probably 
occur in the course of an ambitious 
and sus tained exploration program. 

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

Given that crew illness or injury 
has the potential to impact mission 
objectives and crew productivity, an 
adequate medical ca re ca pabil ity 
should be provided for all phases of 
the exploration program. Computer-

Sclnr Enrptiou Pliotogrnplied frwn Skylnb 
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based medical and compact diagnos­
tic systems, extended life phasmaceL1-
ticals, blood substitutes (or freeze­
dried blood) are needed for the Mars 
missions. 

Life Support Systems 

Conducting operations in space 
requires that provisions be made for 
protecting people from its hostile 
environment. Hum an phys iology 
possesses a remarkable degree of 
adaptability, but humans ca n only 
survive in an environment character­
ized by rather narrow thermal ,ind 
a tmospheric Jim.its. The mc1 te ri a Is 
needed to sustain life can either be 
brought from Earth or, with the right 
technology, created in place from 
wastes or in s itu resources. This 
tradeoff between logistical resupply, 
regeneration and m,mufacturing is 
embod ied by the concept of loop clo­
sure. 

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

The cost of resupplying open loop 
liJe support systems for the conduct 
of extended duration missions or 
operations away from the support 
systems of Ba rth may lead to closed 
loop li£e support systems becoming a 
requirement. In o rd er to limit the 
requirement for li£e support consum­
e1 blcs, certain componen ts of the 
we1ste stream must be recycled. 

TI1e basic subsystem functions trn­
di ti ona 11 y included iJ1 Ufe suppo rt 
include the following: 

• Temperature e1nd humidity 
control 

• Ahnosphere conb·ol and 
supply 

• Atmosphere revitalization 

• Water reclamation and 
management 

• Waste processing 

• Fire detection and suppres­
s ion 

These acti vities form the basis of 
the Envirorunental Control and Li£e 
Support System. Other life support 
functions which mus t be addressed 
include food supplies, system control, 
and local resource utilization. 

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

The ma in drawback outs id e of 
unknown, long term physiological 
effects, is reduced cooling and heat 
dissipation. While a reduced pres­
sure, oxygen-enriched atmosphere 
results in concentra tions of oxygen 
which are equivalent to sea level 
ahnosphere, the body is subject to a 



total pressure which is approximately 
one-third of that on Earth. Although 
the Skylab missions have demonstr.1t­
ed the feasibility of working in 
reduced pressure for up to 84 days, a 
number of physiological changes 
have been documented. 

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

The development of life support 
systems with high efficiency and 
reliability represents the area of 
greatest technical emphasis in the 
life sciences area. A developmental 
program should focus on both sub­
system and integrated system tech­
nologies, as well as a core research 
program to evalu<1te applicable physi­
cal-chemical processes. 

H uman Factors 

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

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

Specific human factors issues 
include: 

• Habitat design, including 
usable volume and space 
allocation 

• Human-machine interfaces 

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

• Environmental and physical 
considerations such as light­
ing and ventilation 

A<tro11m1/ Lnt11fi11R EquiJlml'III n11 L1111nr /~01~•r, Apollo XVI 
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Conclusions 

Cumulative experience from both the 
U.S. and Soviet space programs has 
resulted in an initial characterization 
of the human response to spaceflight. 
Exploration missions present numer­
ous challenges relative to previous 
programs. 

Spac Station Freedom can r pre­
sent the transition wi thin the U.S. 
pace effort to a su tained pre ence in 

low Earth orbit. Planning for xplo­
ration missions has identified a pac 
station as th primary zero grnvity 
platform for condu ting lif cien e 
inv stigations. Thi orbita l te t bed 
would provide first g n ration apa­
bil ities, particularly spaceflight decon­
ditioning countermea ure , th d vel­
opment of medical procedur s and 
fac iliti e , and th development of 
lo ed li fe upport ys tems. The 

Report of th Advisory ornmittc on 
the Futur of th U.S. Space Program 
rec mmend d that "the ju tifying 

bjectiv s of Space Station Freedom 
h uld b reduced to two: primarily 

life ci nee , and secondarily micro­
gravity experimentation." If this rec­
omm ndation is implemented, then 
th pac tation would b utilized to 
r lve th life cience issues critical 
t a Mar mission. However, program 
r vi ws in the past two years have 
resulted in restructuring and delaying 
the space station. These programmat­
ic changes call into qu stion the avail­
ability of Life science data i11 a tim ly 
mam1er. 

Missions to the Moon can be initi­
ated without resolving many of th 
life ·cienc questions that must b 
resolved for the Mars mission. All of 
the architectures require lunar activity 
prior to initiating a piloted Mar mi -
sion. It i therefor logical to con ·ider 
the con pt of utilizing tl1e Moon a a 
preparatory environm nt for a Mar 
mi ion to integrate a number of key 
life cience and op rati nal require­
m nts. Th r i a compelling argu­
ment for the d ployment of a fir t­
generation Mar tran f r veh icle 

(crew compartment) in lunar orbit. 
This zero gravity test bed would 
allow development and va lidation of 
key life support technolo ies and 
human factors design, and would 
function as a platform for onducting 
essential biomedical investigation 
into spac flight d onditioning. 
Additional rationale for a a rs 
tra1 fer vehid in lunar orbit include 
va lidation of radiation shield ing pr 

i ion developed for Mar xcur­
ion a11d conduct of radiobiologi al 

exp riments to refined e- Hect 
models. 

Th use of tl1e ar transfer v hi­
cl , in onju nction with a urface 
mpla ement on the Moon, w uld 

all w mi ion-critical tudie into the 
phy i logical effect of fractional 
Earth-no,mal gravitational exposures 
follow ing extended zero gravity 
tays. Thi objective ca n be accom­

pli hed with a high degree of opera­
tiona l fidelity on the Moon, and the 
ready access to zero gravity or frac­
tional gravity would permit a rapid 
accumulation of data. Simulations of 
Mars gravity on the lunar surface, 
using a weighted spacesuit, wouJd 
allow refinement of gravity-re pons " 
curves. 

The Mars transfer vehicle wou ld 
have a number of other key mj sion 
in addition to lif i nc ac ti vi tie , 
including simulation of ar mi -
sions complete with xcur ion to the 
Martian (lunar) urface and r turn, 
th u of an rbital platf rm for 
lunar or a tronomica l b rv, tions, 
and a. a t t b d for other e sential 
Mar tran fer v hi e! ub y tem 
developm nt. 

This approa h, wh i h int grates 
veral k y life science requi rement 

with o th r explorat ion objective , 
s hou ld take advantage of exi ting 
as et , pecifically th Shuttle a11d th 
Soviet Mir space tation, to initiate 
an early start on key life science 
i ue . The Shuttle is an ideal plat­
form for developing and testing zero 
gravity cow1tenneasures and validat­
ing life upport sy tem hardware. An 



aggressive grou nd-based research 
effort wi!J be a critical element, lever­
aging the effectiveness of inflight 
investigations. 

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

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

Skylab Bicycle Ergomefer 
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EDUCATION 

"The Space Exploration hutia­
tive is the cornerstone of my 
admin istration's far-reach ing 
plan for investing in America's 
future. . . Our space program 
will help rekindle public inter­
est in science and mathematics, 
and revita lize an area of our 
educational system . .. " 

President George Busl, 

i'r.'-'1dmt H11,I, nt SJ!f1CC Camp 
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In the United States today, mow1t­
ing evidence shows a significant 
decline in the quality of education 

in science and related fields, including 
mathematics, engineering and technol­
ogy. 'In a recent Columbia University 
Teachers' College s tudy, Americ<1n 
s tudents rnnked in !<1st place among 
16 countries in overall performc1 nce in 
science. 

Since 1986, fewer Ame1ican college 
students a re earning degrees in sci­
ence and engineering, a trend which 
is projected to continue through the 
end of the ccnturv. The National 
Scien ce Boc1 rd es tima tes that the 
demand for scientists and engineers 
will increase by <1bout 34% dwing the 
next decade, w hile the total number 
being trained w ill increase by only 
8.5%. Therefore, the country w il l 
need scie ntis ts and en g ineers in 
greater proportion to the number of 
g raduates. Moreover, these estimates 
do not include the anticipated needs of 
the Space Exploration fnitiative. 

Poor student pe1formance, project­
ed work force shortages and public 
scientific illiteracy c1re drawing atten­
tion to the need for rejuvenation c1 nd 
reform in the Amer ican educationa l 
system. Speaking before the nation's 
governors in 1989, President Bus h 
articul c1 ted six goals for American 
education. A major goal was that U.S. 
s tudents should be number one in 
math and science in the world by the 
year 2000. 

The Role of the Space 
Exploration Initiative in 
American Education 

The Initiative has much to offer 
A1nerica n educational efforts, ,md a t 
the same time, the lnitiative depends 
on effective education for success. 

The excitement of s pace explo­
ration continues to capture the imagi­
nation of you ng people, as it did 
during the Apollo era. The Space 



Expl ration Initiative provides a way 
to excit the mind of the nation's stu­
dents, attracting them to the study of 
mathematics and science; it also pro­
vid a vision for the future, giving 
focus and application for mathemat­
ics and scienc studies. Additionally, 
the new discoveries from the Space 
Exploration Initiative will lead to new 
dev lopments in science. In much the 
same way, the technical requirements 
of the Space Exploration Initiative will 
spur new ngineering and tedmology 
developments. Finally, the Space 
Exploration Initiative will foster new 
information management and com­
munications technologies which will 
bring the excitement of di covery and 
exploration directly to the classroom. 

The Space Exploration Initiative 
depends on the success of the science, 
mathematics, engineering and t ch­
nology education initiatives now 
underway. The goals of the Space 
Exploration Initiative cannot be 
achieved without talented individuals 
to solve the technical challenges. ew 
technologies cannot be implemented 
without a teclmically competent work 
force to build, maintain and operate 
them. A well-prepared work force 
houJd be considered as necessary to 

the fulfillment of the Space Explora­
tion Initiative as any technical chal­
lenge. 

The Benefits 

Historically, well-educated, technical­
ly sophisticated nations have led the 
world, providing the best standards 
of living and opportunities for their 
people. Improving mathematics, sci­
ence, engineering and technology 
education in the United States will 
impact all areas of American life. In 
the broadest sense, more Americans 
would have an improved under­
s tanding of the universe and 
mankind's place in it. But the benefits 
are also practical: improving the level 
of science education would provide 
for the development of a technically 
competent work force. In tum, tomor-

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

The Education Process 

To provide for the scientists, engi­
neers and technicians of the future, 
the challenge is twofold: first, to 
attract yow1g students to mathemat­
ics and science, and second, to keep 
them from leaving the field. The chal­
lenge and solutions differ by age 
groups, and the education program 
should be tailored to meet a vari ty of 
needs. 

From kindergarten through the 
econd year of college, the Space 

Exploration Initiative provide inter­
est and enthusiasm for yow1g mind , 
drawing them into the pipeline and 
giving them a set of goals to focus 
th ir tudies. The invesh11ent is long 
term, providing for a larger pool of 
talent from which the Spac Explora­
tion Initiative can draw its future 
workers. 

Beyond th ond year of college, 
the relationship betw en the Space 
Exploration Initiative and education 
becomes more direct. In the upper 
levels of undergraduate training 
and in graduate school, research is 
the primary means for education. 
University research for Space 
Exploration Initiative-related subjects 
will serve to train graduate students. 
At the same time, U1eir research will 
produce the scientific ideas and tech­
nological developments on whicl1 the 
Space Exploration Initiative is built. 

Future students will need to appre­
ciate and select career opportunities 
in science and technology. Many dif­
ferent factors may contribute to a 
decision to enter a career in science 
and technology. At the pre-college 
level, career goals are often set by per­
sonal interest, which can be fo tered 
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b a good ed u a tio n. [nd d , th 
maj rity f ci nti t and ngin r 
t day had d ided to go into th fi -Id 
b fore the end of high d,o I. ln add i­
tion, career guidanc and un ling 
an have , deciding influen . t 

importantly, however, career h ice 
are determined by the a ailabili ty of 
job . he pace E ploration lniti, ti ve 
promi es a grea t opportw'lity for the 
employment of future cienti ts and 
engineers. 

In reality, many of the young ci­
en tist and eng ineers w ill have 
careers outside th Space Exploration 
Initiative. They w iJI have b n fited 
from th impr vement to the v rail 
ma thematic , cience, eng in ering 
and technology training r suiting 
from the lnitiati e, and the couJ1try 
will benefi t wherever they choo to 
work. 

The Education Program 

The ational Program Office f r the 
Space E ploration initia tive must 
a ti vely support ASA' effort to: 

Foster participation from all sec­
tors of societr;. By coordinating the 
efforts of federal, state and local gov­
ernments with the privat sector and 
a ademia, duplication of effort ca n be 
av ided and the effi ient use of avail­
a bl re our wi ll put upp rt 
w h r it i mo t n - d d. TI, pace 
Exploration Initiati e i a multi-agen-
y program and hould draw upon 

th r our _ of all g vernm nt par­
ticip, nts. arJy e ry rga niza tion 

r group an xp t t b nefit from 
th Spa e Explora ti n lnitiativ and 
it programs. 

Leverage resources. The declin of 
America n science education is a prob­
lem of na tional scop . either ASA 
nor a ny o th r ing le gov rnmen t 
agency can b xpected to solely up­
port it rejuvenation. Howev r, th 
Space Exploration Initiative organiza­
tion could provide both the in pira­
tional leadership and provide seeds of 

upport to fo t r ed uca tion, I a tivi­
ti in any giv n mmuni ty. With a 
minimal exp nditur of fund , local 
ed ucation ffort an b ma imized 
by drawing n I a l bu in scs and 
indu try, lo a l univ rsiti and col­
l ge , and I al organization for sup­
port, materials and manpower. 

Prov ide support for under-repre­
sented minorities . A r cent sh1dy 
hows that 6 % of the work fo rce in 

the yea r 2000 will be made up of 
women and minoritie . he changing 
d mographics of the labor force 
demand tha t a mean be found to 
attract w1d r-r presented minori ti 
to careers in s ien an d en ine ring. 
Sp ial effort will hav to be put forth 
to under tand the unique n eds of 
th e minoriti . 

Make connections to non-technical 
fields . The Space Exploration Jnitia­
ti v is an end eavor for the entire 
nation, n t just for cienti ts and ngi­
neers. The oals and activities of pace 
explora tion should be present d in 
their larg r contexts. Placing th 
Sp ace Exp loration Initi ative in a 
broad perspective can develop a deep­
er understanding of the role of space 
e ploration in American society and 
fost r appreciation aJ1d participation 
fr m all sectors of Am rican o i ty. 

Kindergarten th.rough Second Year 
of College Initiative 
The kindcrga rt n through econd 

ar f co ll g du ation pr gram 
f r th pac Explorati n Jniti ti e 
hould b d v I p d and ad mini -

t · r d in clo - partnership with other 
federal i11itiative . 

Th Educa ti n and Human Re­
sou rces Committee of the Federal 

oordinating Council for Scienc , 
Engineerin and Ted111ology rec ntly 
pr ented an interagency budg t for 
m athematic , science, ngineering 
a nd technology ed ucation. Along 
with thi coordinated budget and pri­
ori ties for the fu tur , their report 
includes a comprehensiv inventory 



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

The Space Exploration Initiative 
education program should actively 
participate in the activiti es of the 
Federal Coo rd inati ng Council for 
Science, Engineering and Tedmology 
Committee on Education and Human 
Resources. The Space Exploration 
Initiative serves as a catalyst for this 
education reform. These efforts 
include teacher preparation, curricu­
lum reform, research and develop­
ment o n teaching a nd lea rning, 
materials generation, evaluation, dis­
semination and technical assistance. 
The Space Exploration Initiative pro­
gram should not attempt to duplicate 
these efforts. 

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

Specifically, the kindergarten 
through second year of co11ege educa­
tion program should: 

Con.tract for the development of 
classroom materials. Separate materi­
als should be developed to draw the 
connection between space exploration 
and traditional mathematics and sci­
ences, and emphasize the uniqu e 
aspects of exploration which do not 
strictly fall under mc1thematics and 
science, includi ng robotics, teclmolo­
gies, living in space, problem solving 
and the role of exploration in history. 

Conduct supplemental teacher 
workshops to provide innovative 
ways to demonstrate the impc1ct of 
the Space Exploration Initiative on 
motivating students into science and 
mathematics. 

Expand the means to maximize tl,c 
usefulness of space communications 
technologies, such as television 
broadcast providing coverage of 
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NASA activ ities (NASA Select), to 
directly communicate space activities 
to the clc1ssroom. This includes both 
backgrow1d ma terials and live class­
room-in-space activities. 

Foster relationships w ith nou-gov­
em mental organizations such 11s the 
National Parent-Teacher Association, 
professional societies, business organi­
zations, etc., and participate in their 
educational activities by providi ng 
materials, speakers and guidance. 

Provide incentives for school matl,e­
matics and science competitions. For 
example, NASA cou ld provide for 
trips to a launch of the Space Shuttle 
at Kennedy Space Center for local sci­
ence/ mathematics contest win ners 
from around the country . Such 
rewards could spm·k significant inter­
<c'S t for li ttle investment. 

University Research 

From the formc1tion of N ASA until 
the m.id -60s, there was a concerted 
program aimed at sup porti ng basic 
research a t the nation's colleges and 
universities. Th.is progran1 succeeded 
in producing young scien tists and 
engineers who mc1de significant con­
tr ibu tions to space programs of the 
next 25 years. It also formed a strong 
alliance between NASA and the aca­
demic community and p rovided a 
broad base of support for space explo­
ration. As NASA funding for univer­
sity .research decreased in the late 60s 
and 70s, the number of people choos­
ing to study science and engineering 
also decreased. 

Support during this period consist­
ed of contracts, grants and fellow­
ships designed to provide sustained 
s uppor t to basic resea rch teams. 
Included in the gra nts were capital 
fu nds for buildings and equipment to 
rebuild an aging un.iversity infrastruc­
ture. 

The Space Exploration 
Initiative University Program 

Excellence in research is the goal of 
the Space Exploration Initia ti ve un i­
versity program. 'n1is progra m should 
be revitalized as it was for Apollo and 
should again include contracts, grants, 
fellowships and cooperatives to sup­
port basic resea rch. As the Space 
Exploration Initiative ma tures, the 
resea rch objectives will change to 
match the needs of the Initiative. From 
basic independen t research tlu·ough 
specific project suppor t, the Space 
Explora tion ln.itiative university pro­
gram m us t participate with other 
na tiona l programs to intellectually 
s ti mu la te a nd inspire our young 
researchers - prod ucing scientists 
and engineers to meet nat.ion.il needs. 

Classroom know ledge m ust be 
combined with practical apphcation, 
th rough laboratory projects and/or 
work in various govenm1ent agencies 
and industry to provide the educa­
tional foundation for this exce!Jence. 

Regenernting and augmenting prc­
viousl y s uccessful univers ity pro­
grams, to include adequate fu nding 
and support, are key to implementa­
t.ion. 

Specifica lly, the un iversity pro­
gram must recogn i7,e the need for a 
long term commitment to provide the 
teclmically txiucated work force need­
ed to support the Space Explorntion 
Initia tive and national technology 
progress. The long term plan should: 

Sponsor l1asic research ill targeted 
areas through A nnouncements of 
Opportun it y. A con t inua l peer 
review p rocess will maxim ize the 
return, encouraging the continm,tion 
of prom.ising research, while termi­
nating that wh.ich is less promising. 
This process insu res participation 
from the widest possible group of the 
un.iversities and researchers. 



Support should include the pur­
chase of equipment. To provide for 
the most profitable res arch, universi­
ties must have ace ss to modern 
equipment. Furth r, linkage between 
universiti , government agencie 
and national labora tories can n1axi­
mize facility use while providing 
access to equipmen t and technical 
personnel to the universities. 

Coordinate university activities 
with government laboratories and 
industry. Through exchange pro­
grams, such as cooperative programs, 
internships, research grants, project 
contracts, and the centers of excel­
lence, students gain practical experi­
ence and foster potential future 
employment opportunities. 

Support must be long term, based 
on satisfactory pe1forma11ce. The 
Space Exploration Initiative is a long 
term program which requires long 
term commitment. In particular, the 
Space Exploration Initiative Wliversi­
ty program must recognize the 
importance of commitment to gradu­
ate students attempting to complete 
their degrees. 

The Role of Industry 

The Spc'lce Exp loration Initi ative 
should support cooperative education 
programs and internships to place 
students in industry early in their 
h·aining. The Initiative can foster these 
activities by requiring key govern­
ment grants and contracts to include 
provision for such intern hips and 
cooperatives. Simi larly, the Space 
Exploration Initiative should provide 
incentive for industry to support and 
participate in local educational pro­
grams and activities. 

Industry can play an important 
role in reaching and d v loping stu­
dents and guiding them into car ers 
in scienc and engineering. Industry 

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

Informal Education and 
Public Outreach 

Beyond the classroom, a wide range 
of informal pace-r lat d materi­
a ls, activitie and organizations 
exi t. With the growth of the Space 
Exploration Initiative and increased 
public participation, additional inter­
est will be generated in these activi­
ties. 

Informal educational opportunities 
include: 

Space Organizations. Over the past 
decades, numerous space-focused 
organizations have formed, including 
grassroo ts organizations, camps, 
museums and activity centers. 
Examples includ the Challenger 
Center for Space Science Education, 
the U.S. Space Camp, the U.S. Spac 
Foundation, the ational Space 
Society, the Planetary Society, the 
Young Astronauts and the Astronaut 
Memorial Foundation. These organi­
zations provide opportunities for par­
ticipatory learning. 

Educational Media. Educational 
television networks, available 
through cab! and atell it tran mis-
ion, repre en t an important infor­

mal educationa l resourc , r'°adily 
available for public vi wing. ASA 
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Select t l v1 10 11 foil s into this ca te­
g ry and r pre ents a vastly under­
uti li z d r ource. 

Entertainment M edia. Beyond the 
educa ti o na l media, ente rta inment 
m dia uch as movie and television 
provid a powerful mea ns to spark 
th public' imagina tion and generate 
inter t in pace ndeavor . 

Informational Data.bases . A num­
ber of in fo rma tiona l databases are 
ava ilabl to indi viduals by computer 
and modem conn ction. Public sys­
tem , uch a ASA-LINK, p rated 
by the Mar hall pace Flight Center, 
and Space- t, op ra t d by th U.S. 
Space F unda ti on, a r exa mple of 
this resource. fn addition, c mmercial 
and privc1te I ch·onic bulletin boards 
prov id e te hnica l informat ion, fi le­
sharing and m s age exchange capa­
biliti thr ughout th nation. 

Publi awa r ne and appreciation 
of space activities is imp rtant to the 
Space Exp lo rat io n Init iat ive. The 

ational Pr gram Offi an support 
the informal educati n activities by: 

1) JJ1erea ing public awareness 
of th many educati nal 
opporh.nti ties ava ilable and 
providing information on 
how they ca n b read ily 
ace ed 

2) Supp rting th program 
and activi ties of pace-o,ient­
ed int re t group by provid ­
ing material , guidanc- and 
pea k rs 

3) Provid ing h rt term eed 
mon y in th fom, f ma II 
grants to new inf rmal du­
ca tion ini tia tive , to encour­
age the dev lopm nt of 
activities in I ca l ommun.i­
ties 

All of these repre ent p t ntial 
opportunities to expand th ~ int r t 
and awareness of America n of a ll 
age in the scien es and techni ca l 
areas of endeavor, and t emp ha ize 
the many ways in w hich a n < cti v 
s pace e p lora tion p rog r, m o n­
tributes to the general ad vancement 
of om sodety. 



11 
••• I think you have to go to the Moon and to Mai:s, because we need to get smarter faster and 

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

John Young, August 17, 1990 

Gemini m, Gemini X 
Apollo X, Apollo XVI 

STS--1, STS--9 
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RECOMMENDATIONS 

"Far better it is to dare mighty 
tirings, to win glorious triumphs, 
even though checkered wiU1 fail­
ures, than to rank with those 
poor spirits who neither enjoy 
nor suffer much, because they 
live in the gray twilight that 
knows not victory nor defeat." 

Tlteodore Roosevelt 

112 

Specific recommendati n ar 
provid d for the ff cti v imple­
menta tion of th pac Explora­

tion Initiative. 

R E ,\ I\IC DATIO 1 

Estab/isl1 within NASA a long 
range strategic plnn for tile nation's 
civil space program, with tl,e Space 
Exploration Initiative as its ce11ter­
piece. 

the jewel represented by the 
vi ion of a seeming( unattainable 
goal, the technologie engend red, 
and the motivation provided to 
our nation's scientist and engi­
neers, it laboratorie ' and indus­
trie , its tudent and it itizens. 
Hence that the Mi io n from 
Planet Earth be e tabli hed with 
th long term goa l of human 
exploration of Mars, underpinned 
by an effort to produce signifi ant 
advances in pace tran portation 
and pac lif cience ." I 

A trategic plan will provide decision 
points to al low flexibility during th . 
life of the program, concentrate man­
agement activities of diverse depart­
ments, provide budget guidelines and 
identif teclu10logy pathways. The 
plan mu t b ba ed on a detailed gov­
ernmental ( ASA, th D partm nt of 
Defen e, the Department of Energ ) 
analy i of th Synthesi Group's four 
architc tures. Thi analysi should 
re ult in further refinement to gain 
suffi ient detail to support relative 
co tiJ1g of the architectures. Existing 
and planned programs should be 
r view d for their contributions to 
this plan. lndu try effort hould be 
limit d to tudying I ment of the 
architecture . s the trategic plan's 
centerpiece, th pac xploration 
Initiative complem nts the goa ls of 
Mission to Plan t Earth.2 

R ECO 1 !END no 2 

Establisl, a National Program 
Office by Executive Order. 

This organization would includ e 
Deparh11cnt of D f n and Depart­
ment f Energy personnel working 
directly for th ational Program 
Office. With the multi-agency nature 
of th' ational Program Office, an 
E e utivc Ord r hould b issu d to 
it the ba ic barter of the organiza­

tion, th lead r hip role of ASA, 
and th coop rative r latio nship 
among ariou governmental depart­
ment and agencies. The Executive 
Order hould !early enumerate the 
the staffing, budg ting and reporting 
r •lationship and respon ibilities of 
the affected agencies. 

Appoi11t NASA's Associate Ad111i11i­
s tra tor for Exploration as tlle 
Program Director for the atio11al 
Program Office. 

Thi i requir d to nsure clean Jines 
of managem nt authority over a 
larg , omplex program while simul­
ta ne usly providing a focus for 

ASA' supportin g program ele-

R t:COM 11:: DATI0 1 4 

Establish a 11ew, aggressive acquisi­
tion strategy for tlie Space Ex­
ploration Initiative. 

The Spac Expl rati n lnitiati v 
should standardize acqui iti n rul 
for the agencies executi ng th 
Initiative's variou project . Th mo t 
stream lined processes availabl 
should be adopted for thnt tandard. 
TI1e Space Explora tion lnitiativ is ·o 



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

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

The Space Exploration Initiative 
launch requirement is a minimum 
of 150 metric tons of lift, with 
designed growth to 250 metric tons. 
Using Apollo Saturn VF-ls for 
booster engines, coupled with liq­
uid oxygen-hydrogen upper stage 
engines (upgraded Saturn J-2s or 
space transportation main engines), 
could result in establishing a heavy 
lift launch capability by 1998.2 

R ECOMME OATIO 6 

Initiate a nuclear thermal rocket 
technologtJ development program. 

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

R ECOMME T IO 7 

Initiate a space nuclear power tech­
nologtJ development program based 
on the Space Exploration Initiative 
requirements. 

Th program must concentrate on 
safe, reliable systems to a megawatt 
or greater level. These nuclear power 
ystems will be required for use on 

the Moon before use on the Mar mis­
sion. 

R E OMMENDATIO 8 

Conduct focused life sciences experi­
ments. 

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

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

The Initiativ will require scientists, 
ngineers and technician for its exe­

cution. It is a source of interest and 
expectation to those considering sci­
ence and engineering careers. The 
Space Exploration Initiative can con-

tribut directly to undergraduate and 
graduate education in engineering 
and science by re-invigorating a uni­
ver ity re earch program in support 
of th Exploration Initiative as was 
done during the Apollo program of 
the 1960s and early 1970s. 

R E OMME OATJON 10 

Continue and expand the Outt·eacl1 
Program. 

The Outreach Program has erved a 
very useful purpose in the Synthesi 
Group's deliberations. The ideas 
from the Outreach Program will be 
turned over to NASA with the recom­
mendation that they review them 
periodically. The Outreach Program 
generated not only ideas but also 
greater intere t in the Space Explora­
tion Initiative. Both features should 
be emphasized. The database hould 
be refreshed with further outreach 
solicitations, perhaps every two years, 
and with increasing focus to specific 
program goals. The Space Exploration 
Initiative touches virtually every scien­
tific field and engineering discipHne. 
The Outreach Program should be 
extended to include all other entities 
that are affected by the program in 
addition to the aerospace industry. 
An informed public is vita l to the 
Space Exploration Initiative, which 
will require a sustained commitment 
of the nation's resources. 

1 111e Advisory Committee on the Future of the 
U.S. Space Program. 

2 These recommendations are consistent with 
and expand upon thClSe made by the Ad visory 
Committee on the Future of the U.S. Space 
Program. 
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from the U.S. Air Force in April 1990, 
after almo t 34 years of service. His 
last active duty position was Vice 
Commander, Air Force Systems 
Command. Just prior to that, he 
served as Vice Commander-in-Chief 
of the Military Airlift Command. 
Command positions held include 
Chief of the Joint U.S. Military 
Training Mission to Saudi Arabia, Air 
Force Military Training Center at 
Lackland Air Force Base, Texas, and 
the 80th Flying Training Wing. He is 
a test pilot who was an instructor at 
the Test Pilot School for three years. 
His combat experience included 100 
missions over North Vietnam in the 
F-105 in 1967-68. General Armstrong 
is a U.S. Naval Academy graduate 



with a masters d gr in astronautical 
e ngineering and ins trumenta tion 
from the University of Michigan. 

John L. Mclucas 
Dr. Mclucas ha s a disti ngui shed 
record of public and private service. 
He has served a S cre tary and 
Und ersecreta ry of th Air Fore , 
Federal Aviati n Adm ini tration 
Administrator, Deputy Director of 
Defense R search and Engine ring, 
and Assistant Seer tary G neral of the 

orth Atlantic Treaty Organization 
for Science. H has serv d a 
Chairman of the ASA Advisory 
Council and the Air Fore Studi 
Board and as a m mber of the 
Defense Science Board and the Air 
Force Scientific Advisory Board. In 
the private sector, Dr. Mclucas has 
been Vice President and President of 
HRB-Singer, Pre ident of MITR E, 
Executive Vice President of COM­
SA T, and President of COMSAT 
General and COMSAT World Sys­
tems. He i a m mber of many corpo­
rate boards. He has receiv d many 
professiona l honors, including the 
American Institute of Aeronautics 
and Astronautics Reed and Goddard 
award s. He is a m emb r of the 
Council of the ational Academ.y of 
Engine ring. 

Leon T. SiJver 
Dr. Silver is a professor of Resource 
Geology at California Institute of 
Techology. Following service with 
the U.S. avy, Dr. Silver ha divided 
his professional efforts between the 
U.S. Geological Survey and California 
Institute of Techology. H ha per­
formed xtensiv re earch in many 
facets of geology. He is a member f 
the ational Academy of Sciences, 
the National Resea rch Council 
Governing Board and the American 
Academy of Arts and Sciences. Dr. 
Silver has served as a Member and 
Chairman of the Department of 
Energy Science Advisory Council, 
President of the Geological Society of 
America and is a recipient of many 

awards and commendations for pro­
fess ional excellence . He played a 
major role in instructing and training 
the Apollo astronauts in lunar geolo­
gy and exploration. 

Senior Members 

James A. Abrahamson 
Lieutenant General Abrahamson, 
USAF (R t.), is the Executive Vice 
President for Corporate Development 
of the Hughe Aircraft Company. 
After a 33-y ar Air Force career, h 
retired in 1989 while s rving as the 
first Strategic D fense Initiative diTec­
tor, where he provided policy diTec­
tion and sup rvi d key research and 
d v lopm nt prog ra ms a nd th 
acquisition proce s. Prior to that, he 
served as Associate Administrator for 
NASA's Spac Transportation System 
and was r spon ible for the Spac 
Shuttle program. He also directed the 
F-16 con ortium for th e orth 
Atlantic Treaty Organization co-pro­
d uction of this aircraft. He is a 
Ma achus tt lnstitu te of Technol­
ogy graduate with a B.S. in aeronauti­
ca l engi neeri ng and an M.S. in the 
sa me field from th e University of 
Oklahoma. He was the 1986 recipi­
ent of the Goddard Trophy. 

Edward C. "Pete" Aldridge, Jr. 
Mr. Aldridg is cu rrently Pr sident, 
McDonnell Do ug las Electronic 
Systems Company, in McLea n, 
Virginia . Prior to this position, Mr. 
Aldridge wa Secretary o f the Air 
Force from 1986-1988. He joined the 
Reagan Administration in 1981 as the 
Unders cretary of the Ai r Fore . One 
of his key responsibiliti s wa coordi­
nating th Air Force and national 
security space activitie . He has h Id 
numerous management posi tions in 
government (Office of the Secretary of 
Defense, Office of Management and 
Budget) and the aerospace industry 
(System Planning Corporation, LTV 
Corporation and Doug las Aircraft 
Company). Mr. Aldridge wa an 
ad visor on th e Strategic Arms 

Limitation Ta lks in 1970-1972. He 
holds a B.S. degree in aeronautical 
e ngineerin g from Texas A&M 
Uni vers ity and an M.S. degree in 
aeronautical engineering from the 
Georgia Institute of Technology. 

David C. Black 
Dr. Black received a Ph.D. in physics 
from the University of Mitmesota. He 
is currently Director of the Lu nar and 
Planetary lns titu te. le is a recog­
nized authority in the search for and 
tudy of other planetary systems. H is 

care r includes service as Chief of the 
Theoretical Studies Branch, Chairman 
of the Basic Research Council, Chief 
Scientist for Space Research at ASA 
Ame Research Center and ASA 
Chief Scien ti st for Space Station. He 
has accomplished pioneering experi­
.rnen tal re earch in theoretica l astro­
physics and planetaiy science. 

Eugene E. Covert 
After r c iving B.S. and M.S. degrees 
at the University of Minnesota, Dr. 
Covert received his doctorate from 
th e Massachusetts Institu te of 
Technology in 1958. He has had a 
continuing association with the 
Massachusetts Institute of Tech­
nology Department of Aeronautics 
and Astronautics as a professor and 
head of the d epartment. He has 
erved as the Chief Scientist of the Air 

Force, Director of th European Office 
of Research and Development, mem­
ber and Chairman of the Air Fore 
Scientific Advisory Board and a m m­
ber of the Presid ntial Commission 
on th e Space Shuttle Challenger 
A cident. He serves on the boards of 
several corporations. He i a member 
of th Nationa l Academy of Engi­
ne ring, the Roya l A ronautical 
Society, the ew York Academy of 
Science and the American Association 
for th e Advancement of Scie n e. 
Dr. Covert i the recipient of many 
honors, including th e Air Force 
Exceptional Civilian S rvice Award, 
the ASA Public Service Award and 
the Yon Karman Medal. 
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Donald L. Cromer 
Lieutenant General Cromer, a 1959 
U.S. Naval Academy graduate, was 
commissioned in the Air Force. He 
served in a series of missile organiza­
tions and space-related assignments. 
In 1986, he became the Commander 
of the Space and Missile Tes t 
Organization at Vandenberg Air 
Force Base. He was responsible for 
the management of test, launch and 
on-orbit control activities of Air Force 
space ai1d ballistic missile systems. 
He was also responsible for Western 
and Eastern Space and Missile 
Centers and the Consolidated Space 
Test Center at Onizuka Air Force 
Base. Lieutenant General Cromer 
became commander of the Space 
Systems Division, Air Force Systems 
Command in June 1988. He wears 
the Master Missile and Master Space 
badges. Among his military decora­
tions are the Distinguished Service 
Medal and the Legion of Merit with 
oak leaf cluster. 

Maxime A. Faget 
Dr. Faget is the Chief Executive 
Officer of Space Industries, Inc., and is 
involved with the design and devel­
opment of industrial space facilities. 
During a 35-year career with NACA 
and NASA, Dr. Faget served in engi­
neering and managerial positions in 
manned spacecraft programs. He 
conceived th Proj ct Mercury one­
man spacecraft a nd Gemini and 
Apollo configurations and the design 
of a completely reusable spacecraft 
that lead to the Space Shuttle. Dr. 
Faget is an author, the holder of many 
pace-related patents and the recipi­

en t of many awards and honors, 
includ ing the American Society of 
M chanical Engineers Gold Medal 
and two ASA Distinguished Service 
A wards. He is a member of the 

ational Space Hall of Fame. 

Joseph G. Gavin, Jr. 
Mr. Gavin is a Senior Management 
Consultant for Grumman Corpora­
tion. Previously he served as 
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President and Chairman of the 
Executive Committee of Grumman. 
Earlier, he was Chief of the Grumman 
Missile and Space Engineering 
Program and Director of the Apollo 
Lunar Module Program, for which he 
received the ASA Distinguished 
Public Service Medal. He was the 
Aerospace Educational Council "Man 
of the Year" in 1968. He is a member 
of the National Academy of Engi­
neering, the American Astronautical 
Society and the American Association 
for the Advancement of Science. 

Michael D. Griffin 
Dr. Griffin is th e Deputy for 
Technology of the Strategic Defens 
Initiative Organization. He holds six 
degrees in physics, electrical engi­
neering, aerospace engineering and 
business administration from Johns 
Hopkins University, Catholic Univer­
sity, the University of Maryland, 
the University of Southern California 
and Loyola College of Maryland . He 
has worked in spacecraft design and 
mi s ion operations at Computer 
Sciences Corporation, Jet Propulsion 
Laboratory, Johns Hopkin Applied 
Physics Laboratory and the Strategic 
Defense Initiative Organization. He i 
a r eci pient of the Department of 
Defense Distingui hed Public Service 
Award and the American Institute of 
Aeronautics and Astronautics Space 
Systems A ward for his work on the 
Strategic Defense Initiative Organi­
zation Delta 180 space intercept mis­
sion. Dr. Griffin has been an adjw1et 
professor at the University of 
Maryland, Johns Hopkins University 
and George Washington University, 
offering courses in a trodynamics, 
spacecraft design and applied mathe­
matics. He is a registered profession­
al engineer in Maryland and 
California and the co-author, with J. 
R. French, of the textbook Space 
Vehicle Design. 

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

law office in Washington, D.C. His 
areas of specialization are corporate 
legal matters and commercial and 
international financial transactions. 
Following experience with the 
Securities and Exchange Commission 
and with We tinghou e Electric 
Corporation, Mr. Crimes ha , ince 
1981, devoted himself to the private 
practice of law. He repre ents major 
high-technology companie in the 
United States and abroad. He ha 
repre ented joint ventures with par­
ticular emphasis on tructuring non­
conventional finance (commoditi s 
countertrade) transactions for export 
of hi g h technology goods to the 
d eve loping world . Mr. Grimes 
attended th University of Idaho (B.A. 
1965, J.D. 1967) where he was editor 
of th Idaho Law Review. 

Henry J. Hatch 
Lieutenant General Hatch, U.S. Army 
Corps of Engineers, is a 1957 graduate 
of the U.S. Military Academy. He 
also holds an M.S. in geodetic science 
from Ohio State. He is a graduate of 
the Army Command and General 
Staff College and the Army War 
College. Through a variety of signifi­
cant command and staff assignments, 
Lieutenant General Hatch rose to the 
command of the U.S. Army Corps of 
Engineers in 1988. He has served in 
Korea, Vietnam and Europe. He also 
served on the faculty at the U .S. 
Military Academy. H has earned the 
Ranger, Master Parachutist and Army 
Air Assault Badges. Among his mili­
tary decorations are the Distinguished 
Service Medal and the Legion of Merit. 

Bastian "Buz" Hello 
A 1948 mechanical aer nautical engi­
neering graduate of the Univ r ity of 
Maryland, Mr. H llo retired in 1988 
as the Corporate Senior Vice 
Pre ident of Rockwell International 
Corporation. His industry experience 
spans the P-5M Patrol Seaplane; the 
Air Force Prim Lifting Body; Saturn­
Apollo launch operations; the Space 
Shuttle; B-1 re earch, development 



and test; and corpora te relations with 
all branches of the federal govern­
ment. He is a memb r of several U.S. 
political and international profe ion­
al associations and i a pa t pr i­
den t of the American In titute of 
Aeronautics and Astronautics. He i 
the recipient of numerous honor , 
two ASA Public Service Awards 
and the NASA Distinguished Public 
Service A ward. 

George W. Jeffs 
Mr. Jeffs received B.S. an d M.S. 
degrees in aeronautical engineering 
from the University of Washington 
and is a veteran of 44 yea rs service 
with Rockw ell International. H is 
duties have i1wolved many key space 
e ffor ts: Apollo Chief Eng ineer; 
NAVSTAR Global Positioning Sys­
tem; research, development and 
production of high performance air­
craft a nd all as pects of the Space 
Shuttle system (integra tion and oper­
ations, orbiter and main engine devel­
opme nt); i'l nd severa l advanced 
surveillance, communica tions and 
technology programs. He is a mem­
ber of several professional a ocia­
tions a nd th e reci pi ent of many 
honors, including membership in the 
Ni'ltiona l Academy of Engineering, 
two ASA Dis tin guis hed Service 
Medals and the Presidential Medal of 
Freedom. 

Christopher C. Kraft, Jr. 
From 1945 until 1982, Mr. Kraft had 
a distinguished career u1 government. 
While with ASA, he made signifi­
ca nt contributions to aeronautical 
flight research. He was the Johnson 
Space Center Director for ten years. 
He was a m e mber of the original 
Space Tas k Group es tabli s hed to 
manage Proj ct Mercury. He wa a 
prime contributor to the dev lopm nt 
of many basic nussion and flight con­
tro l techniqu for mann d s pace 
flight. He wa Flight Dir ctor of all 
Mercury mi ions and many Gemini 
mission . He dir ct d the design and 
im plementation of th e Mission 

Control C nter in Houston. He i the 
r ipient of many honors and awards, 
including the Presid ential NASA 
Out tanding Lead r hip Medal and 
four ASA Distinguished Service 
Medals. 

Thomas S. Moorman, Jr. 
Lieu t nant General Moorman is the 
Command er of the Air For e Spac 
Command . A graduate of Dartmouth 
Coll ge, he was commi s ioncd 
through the Reserve Officer Training 
Corps progra m as a dis tingui hed 
g rad u ate in 1962. He served in 
assignments of increased responsibili­
ty in the intelligence and space field . 
In October 1987, Lieutenant General 
Moorman became Director of Space 
and Strategic Defense Initiative 
Programs, Office of the Assistant 
Secretary of the Air Force for 
Acquisition. He al o represented the 
Air Force in the Strategic Defense 
Initiative program and served as spe­
cial assistant for the Strategic Defense 
Initiative to the Vice Commander for 
Air Force Systems Command . The 
Distinguished Service Medal and the 
Legion of Merit with Oak Leaf Cluster 
arc among rus military decora tion . 

Charles A. Ordahl 
Mr. Ordah l is Vice Pr sident of 
McDonnell Douglas Space Systems 
Company. An electrica l engineer 
from the University of North Dakota, 
he ha s he ld numerou s executive 
positions related to space. He has 
ex tensive experience in commercial 
launch endeavors both in the United 
States and abroad. With McD01rnell 
Dougla s, his responsibilities have 
encompassed Space Transportation, 
Spa e Station and now th e Space 
Exploration Initiative. H is a mem­
ber of many prof ional as ociation . 

Bernard A. Schriever 
G n ~ral Schriev r retired from the Air 
F rce in 1966 aft r 33 yea r of ervicc. 
After a di tinguished wartime career, 
h was as ig ned many scientific 
duties. He received a B.S. degree 

from Texas A&M u1 1931 and a M.A. 
degree in aeronautical engi neering 
from Stanford in 1942. After the war, 
he was Chief of the Scientific Lia ison 
Section, Headqu a rters USAF. He 
commanded the Air Force Ballistic 
Missile Division and the Air Re. 3 arch 
and Development Command . He 
wa responsible for research a nd 
development on Atlas, Titan, Thor 
and Minutem a n ballisti mi ssi les. 
Concurr ntly, he provided launch 
si tes, tracking facilities and ground 
support equipment nece sa ry fo r 
d eployment. Since his reti rement, 
General Schriever has been a consul­
tant to government and industry on 
technology and management. He has 
served on numero u co mmissions 
and received many awards, including 
the 1980 induction into the Aviation 
Hall of Fame and the 1986 Forrestal 
Award. 

Joseph F. Shea 
A retired Se1uor Vice President of the 
Raytheon Company, Dr. Shea is an 
adjunct professor of Aeronautics and 
Astronautic a t the Massachusetts 
Institute of Technology. His academ­
ic and industry experience include 
many engineering and space accom­
pli hments. Among his conh·ibutions 
in the field of paceflight were service 
as ASA Deputy Director of Manned 
Space Flight and Apo ll o Program 
Manager. He also served as th e 
General Motors manag r of the Titan 
Inertial Guidance program. He has 
served on the ASA Advisory 
Council, the Defense Scienc Board 
and the ational Resea rch Coun ii. 
He is a me mber of the ational 
Academy of Engi neeri ng a nd is 
President of the American Institute of 
Aeronautics and Astronautics. 

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

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

James R. Thompson, Jr. 
J. R. Thompson has been the Deputy 
Administrator of ASA since July 

A-6 

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

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

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

Space Experience Legacies 

Guidelines 

1) Establish crew safety as the 
number one priority. 

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

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

4) Ensure that the Administration 
and the Congress clearly 
understand the technical and 
programmatic risks and realis­
tic ro;;ts of the Space Exploration 
Initiative. 

5) Mandate simple interfaces 
between subsystems and mod­
ules. 
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6) Make maximum use of modu­
larity over the life of the pro­
gram to maintain flexibility. 
Successive missions should 
build on the capabilities 
established by prior ones. 
Provide the capability to incor­
porate new technology as 
required. 

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

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

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

10) Focus technology develop­
ment toward programmatic 
needs. 

11) Mininu.ze or eliminate on-orbit 
assembly requiring extravehic­
ular activity. 

12) Minimize mass to low Earth 
orbit to reduce cost. 

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

14) Hire good people, then trust 
them. 

Pitfalls 

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

2) Trying to achieve a constituen­
cy by promising too much to 
too many and "low balling" 
the technical and financial 
risks. 

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

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

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

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

7) Not saying "we were wrong" 
when we were wrong. 



There are desired activities that 
can be accomplished on plane­
tary surfaces and a number of 

ways to implement those activities. 
To follow a logical pattern for the pre­
sentation of a diverse set of architec­
tures, the Synthesis Group concentrat­
ed on the major topical activities to be 
performed on the planetary surfaces 
prior to defining the transportation 
system to read1 those surfaces. Areas 
of planetary activity are referred to as 
waypoints, and are further defined by 
incremental degrees of capabili ty. 
Ead1 degree of capability is a signifi­
cant achievement. 

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

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

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

The Moon is a fairly well-known 
environment because of its proximity 
to Earth and the experience gained 
from accomplishing six very success­
ful lunar landings. The waypoints, 
therefore, emphasize lw1ar activities. 
The activities on the Moon provide a 
firm basis of experience to provide 
and plan confidently for a broader 
range of activities. Mars, however, is a 
more remote and lesser known envi­
ronment. Consequently, the initial 
activities on Mars will be exploration, 
to gain the necessary knowledge and 
w1derstandi11g for further activities. 

Moon Waypoints 

• Lunar Exploration 

• Preparation for Mars 

• Habitation 

• Lunar Based 
Observation 

• Fuels 

• Energy to Earth 

Asteroids Waypoint 

Mars Waypoint 
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The Exploration Waypoint starts 

with the exploration of the 
Moon as a planetary body by 

performing planetary geoscience, 
characterizing resources, making 
maps, characterizing the environ­
ment and evaluating human perfor­
mance. 

Waypoint Objective 

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

Precursors 
• Lunar Polar Orbiter 
• Global Network 
• Surface Rover 

Initial Operational 
Capability 
• 6 Crew Members (One in Orbit) 
• 14 Days on Surface 
• Characterize Environment 
• Geological Reconnaissance 
• Detailed Mapping and Analysis 
• Rover Excursions 
• Deploy Lunar Telepresence 

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

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

LUNAR EXPLORATION 

Benefits 
• Understand Lunar Origin and Evolution 
• Inventory of Lunar Resources 
• Opportunities for New Discoveries 
• Sustained Human Presence 

to be made regarding exploration 
plans as the program goes forward. 

Another important aspect of the 
waypoint construction is the capacity 
for real time modification of explo­
ration in response to new discoveries 
or changing conditions and require­
ments. From a purely scientific per­
spective, lunar exploration provides 
an important window into the history 
and processes of our Solar System. 

Widespread dissemination of the 
knowledge produced through explo­
ration will be an integral part of the 
waypoint construction. Techniques 
and interfaces have been included to 
significantly enhance the educational 
return from this waypoint's activities. 
Such return is manifested not only 
through traditional interfaces (e.g., 
schools and universities), but also 
through telecommunications teclmolo-

Next Operational 
Capability 
• 6 to 12 Crew Members 
• 45 Days on Surface 
• Live in Habitat 
• Increase Telerobotic Capability 

• 50 to 100 km Rover Radius 
• Expanded Exploration 

• Public Participation 

Full Operational 
Capability 

• 18 to 30 Crew Members 
• 1 to 2 Years on Surface 
• Establish Base Camps 

• Expanded Telerobotics 

• Global Access 



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

Discussion 

Mission definition is crucial in imple­
m nting the Lw1ar Exploration Way­
point. The issue is whether to 
establish a fixed outpost, gradually 
bujlding up to a permanent base, or 
to conduct separate, multiple mis­
sions to different sites. Each option 
has specific advantages: a fixed out­
po t rapidly builds up infrastructure 
while multiple sites greatly increase 
the scientific return of the waypoint. 
If the primary reason for going to the 
Moon is exp:oration, then multiple 
sites might be preferred. However, in 
combination with other equally 
emphasized activities, a fixed outpost 
might be more attractive. 

Extended access to multiple sites is 
a key requirement in conducting sur­
face exploration. This is best accom­
plished by a crew using a pressurized 
rover. The pressurized rover is an 
essential part of geologic exploration 
and provides a means of traveling to 
distant sites but also exploring while 
traversing the terrain. Surprising and 
significant discoveries could be made 
in this way. 

"Telepresence" robots can conduct 
some geologic field work. While such 
a teclmique might greatly enhance the 
scientific return, the details of how 
such robots might work with people 
remain to be developed. Operators 
for these telepresence robots need 
near-insta,1t radio contact with the 
robots. This may be marginally 
obtainable by having the controllers 
on the Earth, but operators on or near 
the Moon have a near-zero time lag 
for robotic teleoperations. An opera­
tor located at an Earth/Moon 
Lagrange point (Ll), for example, 
would have complete line-of-sight 
radio access to almost the entire near 
side of the Moon. Teleoperations 
from this vantage accomplish signifi­
cant field exploration by projecting 

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

Initial Operational Capability 

The Initial Operational Capability is 
substantial, designed to build on the 
unique scientific opportunities pro­
vided by an optimum mix of robotic 
and human presence, each support­
ing the other. The waypoint can be 
implemented in several ways, each of 
which provides specific exploration 
advantages. A crew of six returns to 
the Moon. Five crew members 
descend to the surface and explore a 
carefully selected site during one 
lunar daytime (14 Earth days), with 
the sixth crew member remaining in 
orbit. During initial missions, crew 
members live out of the lander, which 
keeps the total delivered mass to the 
lunar surface small at the Initial 
Operational Capability. These mis­
sions explore the immediate vicinity 
of the selected site, returning samples, 
observations and data on the site 
geology, resources and physical envi­
ronment. Surface activities include 
geologic surface recmmaissance and 
field work, instrument package 
emplacement, detailed mapping and 
initial data analysis. Mission success 
depends largely on the ability to do 
effective, long-duration extravehicu­
lar activity. Based on experience, a 
low pressure (-5 psi), reliable, redun­
dant, rugged and flexible extravehicu­
lar activity suit is required . The 
extravehicular activity suit should 
have no prebreailie requirement. 

On the initial missions, the crew 
has the ability to traverse distances of 
up to 50 km from the lander space­
craft in a small (-5 metric ton class) 

pressuri zed rover; thi distance 
increases to 100 km n subsequent 
flights. The pressurized rover sup­
ports a nominal crew of two (three in 
an emergency) for a period of up to 
three days, <1nd is designed to protect 
the crew from solar radiation. It has 
an airlock, so that the entire rover is 
not depressurized for extravehicular 
activity. Lt has robotic manipu lators, 
for the astronauts to collect reconnai -
sance samples and emplace sma ll 
instrument packages enroute. And it 
has the ability to be telcoperated (i .e., 
driven) from the Earth or lander con­
trol center. This small, pressurized 
rover is constmcted so that its capaci­
ty and traverse range can be increased 
incrementally on successive missions. 

Flexible scheduling and mission 
control are key to successful surface 
operations. Because the task of the 
crew is to explore, they must have as 
much autonomy as possible to deter­
mine their own pace and s tyl e of 
investigation. Although crews work 
within a general exploration plan (i.e., 
pre-identified targets and their back­
ups), tl1e actual traverses and surface 
activities are not planned on rigid 
timelines, as was done during Apollo. 
Flexible surface operations are e sen­
tiaJ if significru1t discoveries are to be 
made and the necessary follow-up 
investigations carried out. 

During the course of a two-week 
visit to the Moon, a crew of two is 
able to make at least three traverses i11 

th e pressuri zed rover. The other 
remaining crew members are in­
volved in detailed field work near the 
lander site, with one crew member 
designated as the surface "mission 
director," remaining in the lander and 
operc1ting the telepresence robot. 

A key feature of the Lnitial Opera­
tional Capability i pre-deployment of 
the lunar telepresence robot. This 
robot acts as a human surrogate dur­
ing surface exploration, possessing 
much of the sensory ca pacity and 
manipulative ability of humans, 
including vi ion sensor optimized 
for geologic exploration. The tele-
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WAYPOINT: LUNAR EXPLORATION 

prese nce robot is o perated by the 
crew member in the lunar lander or 
from luna r orbit for true (no time 
delay) telepresence. The robot oper­
ates independently or in tandem with 
field crews on the Moon. 

During mission operations, da ta 
ra tes a pproaching 50 0 Mbps are 
needed for short time periods. Most 
of this data is produced by the telep­
resence robot. For surfa ce s tays of 
two weeks, severa l gigabits of data 
arc prod uced. As some of this data is 
not tim e-sensiti ve, data s torage is 
required. In addition, a return sam­
ple mass of about 200 kg per flight 
has b en estimated . Selective sample 
collection and some data analysis in 
the fi eld a sures that return sa mples 
are of high scientific value, equival nt 
to many times the amples returned 
by Apollo. 

There a re two possible ways to 
implemen t this way point's Initia l 
Operati onal Ca pability. In the firs t 
case, a site i selec ted on the Moon 
that ultimately becomes the location 
of a permanent lunar outpost or base. 
The advantage of this strategy is that 
equipment delivered to the lunar sur­
face becomes pmt of the base infras­
tru cture. Thi s a pproac h rapidl y 
ex pa nds the resou rce base o n the 
Moon and the ability to support mul­
tiple crew members. A dra wback is 
that the tota l exploration coverage is 
geog raphica lly lim ited, being con­
fin ed by th e ra nge o f th ' ur face 
rov r. We believe that many cientifi­
ca ll y cha ll ng ing site exi t on th 
Moon. 

In the second approach, missions 
go to differ nt sites on each flight. ln 
this scenario, diverse targets would be 
ho en fo r pecific two-week mis­
ions, wi th each mission carrying the 

sa me equipment complement to the 
Moon. A va riant o f thi idea i to 
deliver one pres urized rover to the 
Moo n fo r explo ra ti o n . It th e n i 
remotely operated from Earth to the 
next site, making observation and 
collec ting sa mples along the way . 
The rover i th n availab le for use at 
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the next site, where human refurbi h 
and use it to conduct an ther mi ion. 
This kind of operation is extremely 
interesting cientifically because large 
areas of the lw,ar surface are explored 
robotically, interspersed with human 
field work during crew missions. The 
drawback of this approa h is that th 
lunar infrastructure rema in · fa irly 
small, limiting the number of p 'Opie 
th outpo t can upport. 

Next Operational Capability 

The evolution of the Lunar Explora­
tion Waypo int involves increasing 
surface access, s tay times and da ta 
return . Th increa ed d a ta re turn 
invo lves no t onl y sur face cience, 
both robo ti c and human, but a lso 
improved, second-generation orbital 
science to help under tand th Moon 
and its re ources. 

For orbita l science, a lunar sa tellite 
can produc global images of moder­
a te and hig h resolutio n. Th 
images constitute the global database 
needed to support future lunar car­
tography and surface exploration. 
For studying surface physical proper­
ties, specific instruments, including 
multispectraJ imaging radar, provide 
global maps of surface physical prop­
erties and subsurface imaging. The 
need also exists for regional chemical 
and mineralogical information, both 
to und erstand lunar processes on a 
gro scale and to extend the r ult 
of the detailed human field studies to 
larger areas. 

For human surfac mis ions, the 
ext Operational Capabili ty increases 

surface access by increasing the range 
of the pressurized rover from 50 to 
l 00 km. At those d is tances, grea t 
geologic di ver ity i avail abl e fo r 
direct fie ld tudy by th crew and, 
through telepresence, by Earth-bound 
scientists and even the intere ted pub-
1 ic. Thi increa e in ra ng a n be 
accompli s hed by increas ing th e 
ca pacity o f the pre suri zed rover, 
either as a differently d igned single 
unit (to be delivered to the lunar ur-

foe ; mass -9500 kg), or by modular-
1 y ex pa nding the ca pa ity of th e 
lnjtial Op rational Capability pressur­
ized r ver. Tn thi s cond concep t, 
po w r , ha bita ti o n a nd acce ory 
modules are conne ted to th Initial 
Op rational Capability rover to om­
pri ea multipurpo e, long range sur­
face " tra in." This type of vehicle is 
ultimately expanded to allow h·aver c 
range of up to 500 km and stay times 
of everal weeks. 

Crew ize rernain at ix during the 
firs t Nex t Operatio na l Ca pabili ty, 
doubling to 12 by the second ex t 
Operational apability. The key fea ­
ture permitting grea ter exploration at 
the fi rst Next Opera tional Capability 
is the extension of stay time (40 Earth 
days) to include the lunar night. Sur­
face illumination on the lunar near side 
at night from earthshin is sufficiently 
bright (the equi va l nt of a 60-wa tt 
bulb hanging from a ceiling in a dark 
room), tha t a g rea t dea l of surface 
explo ra tio n is possible during th ' 
lunar night, probably augmented by 
artificial lighting. The net effect of the 
increase in surfac stay time is to at 
leas t double the amount of ex plo­
ration time available for human field 
work on the Moon. The majn draw­
back. to this mode of operation is the 
lack of solar power available d uring 
the lunar night. 

Ano ther way to increase ex plo­
ration productivity is to increase the 
number and capabiliti of remot ly 
op rated robots on the lunar surface. 
Robotic rover could perform long­
range surface reconnaissa11ee, both as 
a human precur or and as a way to 
retrieve in formation abou t dis tant 
sites that will not be visited by people. 
fn the firs t case, the telepresence robot 
ac ts a a crew member, working in 
conjunction w ith the surface scien­
ti t . In the second ase, separate tra­
ver es a re cond ucted to interesting 
cience it s tha t the huma n crew 

' ither cannot reach or does not have 
time to s tudy. This mod e of opera­
tion permits selected fie ld s tudy of 
ite not covered by the traver es of 



the pressurized rover. ft thus acts as 
an intermediate step between auto­
mated, robotic, geologic reconnais-
ance and full fledged human field 

stud y. If the robot a re capable of 
telepre ence operations (defined 
mo tly by high-definition s tereo 
vision and human-like manipulative 
abilities), then scientists on Earth and 
in lunar or L1 orbits actively partici­
pate in the exploration of the lunar 
surface, along with the crew on the 
Moon or independent of them. 

As the capab iliti es for surface 
exploration expand, the quantities of 
data greatly increase. This increase 
probably requires augmentation of the 
conm1Unication and data storage facil­
ities. Also, increased dissemination of 
the collected data is highly desirable. 
For example, it is possible to allow the 
general public to participate directly in 
the exploration of the lunar surface by 
transmitting the high-definition televi­
sion and teleopernted robot data chan­
nels into homes (via commercial cabl 
systems), theaters and virtual reality 
workstations at museums around tl1e 
country. Supplying informa tion 
directly to tl,e public has great poten­
tial to interest and inform them about 
the ongoing exploration of the Moon. 

Full Operational Capability 

During Full Operational Capability, 
the entire Moon is ava ilable for 
d tailed study by humans and robots. 
Globa l acce for extended period is 
a key r quirement for und rstand ing 
lunar processes and history in geo­
science field study. Global access is 
accomplished in several ways. Separ­
ate missions from Ear th orbit a re 
taged, making tl,e entire lunar globe 

continuously ace ssible. This mode 
of operation is particularly useful for 
multiple, temporary exploration mis­
sions of the Initial Operational Capa­
bility type. 

It may ultimately be possible to 
traverse grea t distances, for weeks at 
a time, thus blending into a type of 
globa l surface access. This teclrnique 

is unlikely to be used in the early 
years, ince it raises severe safety and 
logi tical problems. 

Finally, it may be that global access 
for human is only achieved by tele­
presence. In a scenario like this, only 
robot field geologists physically travel 
around the Moon, providing human 
access by telepresence sensors . 
Although this technique of global 
access is likely the easiest to imple­
ment, some provision must be made 
for robotic return for maintenance 
and sample return to an outpost, base 
or directly to Earth. 

Crews of 20 to 30 are engaged 
profitably in various exploration activ­
ities by Full Operational Capability. 
Such a large crew requires a consider­
able infrastructure, including multiple 
pressurized rovers, habitats, small 
utility vehicles, and robotic probes, 
rovers and teleoperators. A typical 
tour of duty is about one year. Most 
of the crew is stationed at th main 
lunar base, although veral small out­
posts are desirable for the conduct of 
other lunar surface activities. 

Early Milestones 

The Lunar Exploration Waypoint 
requires precursor ac ti vities that, 
combined with the initial human 
return to the Moon, provide severa l 
early milestone . The first required 
lunar precursor mission i a polar­
orbiting satellite carrying instmments 
to sense the composi tion and struc­
ture of the Moon. This mission 
shou ld provide global map of lunar 
surface cherni try, mineralogy, topog­
raphy, gravity and morphology. The 
propo d Lunar Ob erver mission, if 
appropria tely equipped, satisfies 
these requirements. The data from 
Lunar Observer is important in a 
strategic sense to: 1) conduct efficient­
ly the overall global reconnaissance of 
the Moon required by the charter of 
exploration; 2) identify sites and pro­
cesses deserving of more detailed 
investigation by either machines or 
people; and 3) characterize the 

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

In addition to global reconnais­
sance from orbit, several types of sur­
face missions have been identified. 
For reconnaissance, a global network 
of geophysical instruments would 
provide important information on the 
physical and chemicaJ make-up of the 
solid Moon. At least eight sta tions 
emplaced equidistant from each other 
create a global network tha t permits 
dear examination of moonquake foci, 
detennines the mean lunar h at flow 
to high precision, and measure local 
magnetic field . Such an instnunent 
network allows us to understand the 
composition and them,al characteris­
tics of the lunar interior. 

For local site tudies, a urface rover 
deployed at a pre-d signat d human 
exploration site conduct an important 
"pre-reconnaissance" of the outpost 
site. The teleoperated rover traverses 
the future exploration site, making in 
situ ch mical and min ralogic mea­
surements, imaging the surface and 
ubsurface, and colJect:ing samples (to 

be returned to Earth later by the crew). 
The knowledge and samples gained 
provide a much mor comprehensive 
and detailed understanding of th sit 
than wou ld otherwi e occur, thus 
permitting both an expansion of 
exploration knowledge as well as 
maximizing the effectiveness of sub­
sequent human exploration. This 
rover is a relatively rudimentary type 
of teleoperated robot (under virtually 
complete Ea rth-based control) or a 
much more capable telepresence 
robot, which is then available for use 
by the crew when they arrive on the 
Moon. 

Additional precursor mis ion 
may also be undertaken, but the set 
described here addresses the mo t 
pressing explora tion goals. All of 
these missions occur very early in a 
Space Exploration Ini tiative program 
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Enabling Technologies 

• Small Pressurized Rover 

• Advanced Power Supply 

• Extravehicular Activity Sult 

• Radiation Shielding 

• Teleoperaled Robolics 
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and constitute highly visible, scientifi­
cally productive early milestones. 

Enabling Technologies and 
Processes 

The small pressurized rover delivered 
at Initial Operational Capability is a 
key enabling technology for the 
Exploration Waypoint. It is envi­
sioned that a preliminary design will 
incorporate an extended unpressur­
ized rover chassis, onto which an 
inflatable crew module is attached. 
Rover pressurization is $ 5 psi for 
numerous considerations. This de­
sign permits considerable mass sav­
ings, yet still permits extended human 
traverses. The extended traverse 
range of this rover (50 km radius for 
the first flight with a capability to be 
extended up to 100 km with proper 
safeguards and testing) requires an 
advanced form of power supply; 
advances in rechargeable fuel cells 
should permit us to operate on these 
scales of distance. 

In a similar vein, our surface activi­
ties are heavily dependent on exten­
sive extravehicular activity and 
surface exploration. Relfable, redun­
dant, rugged and flexible extravehicu­
lar activity suits are an absolute 
necessity for mission success. Radi-

ation shielding for lunar inhabitants is 
also required. This problem is partic­
ularly acute for the crew members 
who conduct the extended traverse 
(who live out of the pressurized 
rover) and for all crew members at 
Initial Operational Capability (when 
the lander doubles as the lunar sur­
face habitat) . The technologies 
required to use life support consum­
ables as shielding (e.g., water "jacket­
ing" of living areas) and use of local 
resources (e.g., regolith shielding) 
must be developed and understood. 

Extensive use of robotics augments 
human exploration. The techniques 
of robotic teleoperations (including 
the incorporation of artificial intelli­
gence routines) and telepresence must 
be developed. Most of the unknowns 
in telerobotics are in the hwnan fac­
tors area. How much time delay can 
be tolerated before telepresence 
begins to break down? What kinds of 
visual display systems are needed? Is 
stereo vision and high definition (i.e., 
greater than 5,000 lines) necessary, or 
are those a luxury? What kinds of 
manipulator systems are required? 
VirtuaJJy all of these questions require 
much more study before the 
machines that will explore the planets 
in tandem with people can be built. 



The Preparation Waypoint repre­
sents the activities on the lw1ar 
surface which use the Moon as 

preparation for future missions to 
Mars. 

Waypoint Objective 

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

• Unique reduced gravity 
environment 

Precursors 
• Cargo Flight 

- Habitat 
- Power Supply 
- Cryotank Experiment 
- Solar Flare Warning 

• PIioted Flight 
- 6 Crew Members 

(One in Orbit) 
- 14 Days on Surface 
- Live in Lander 
- Set Up Habitat 

Initial Operational 
Capability 
• Piloted Flight 

- 6 Crew Members 
(One in Orbit) 

- 14 Days on Surface 
- Test Cryo Equipment 
- Identify Second Site 

• Harsh extraterrestrial 
environment 

• Psychological realism of 
operations 

• Close proximity to Earth 

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

Discussion 

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

PREPARATION FOR MARS 

Benefits 
• Systems, Equipment and Procedures Verification 

• Generate Life Science Data 

• Reduce Risk for Mars Mission 

• AVPOINT: PREPARATION rDR M AR 

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

Mars Mission Analogs 

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

Next Operational 
Capability 
• Cargo Flight 

- Nuclear Power 
- Pressurized Rover 

• Piloted Flight 
- 6 Crew Members 
- 45 to 60 Days on Surface 
- Exploration 
- Validate Systems 
- Science Activities 

Full Operational 
Capability 
• Cargo Flight 

- Mars Cargo Simulation 

• First Piloted Flight 
- 6 Crew Members 
- 120 Days in Lunar Orbit 
- 30 Days on Surface 
- Rover Excursions 
- Support Second Crew 

During Simulation 

• Second Piloted Flight 
- 6 Crew Members 
- 90 Days on Surface 
- Life Science Experiments 
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test site. The Moon provides a w,ique 
database for life science and opera­
tionaJ verification in a reduced gravi­
ty environment, combined with the 
psychological reaJism of operations at 
a harsh extraterrestrial location. 

In addition, by preceding the 
Moon simulation activities with 
orbital activities, the Mars transit 
operation, equipment and human fac­
tor issues a re also verified. After a 
designated time in orbit, the crew 
travels directly to the lunar surface to 
conduct the Mars simulation activi­
tie . TI1is allows determination of the 
human adaptation capability in a 
reduced gravity environment after an 
extended time in zero gravity. 

Parameter 

Temperature Extremes 

Length of Year 

Rotation 

Gravity 

Surface Pressure 

Atmosphere 

Dust 

Climate 

Surface 

Storms 

Communications Delay 

Mars Extravehicular Activity 
Simulation 

Mars Geology 

Mars Psychological 
Real ism 

Mars Systems Test 
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Site Selection 

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

Cryotank Experiment 

A major uncertainty in Mars missions 
is the ability to tore super-cold cryo­
gen fuel over long period with min­
imum boil-off. A long duration test on 
the Moon or in lunar orbit provides a 
unique environment to fieldtest cryo­
g nic storag designs utilizing active 
refr ig ration. Such a sys tem also 
n.hances other lunar operation by 

providing a reliable backup source of 
hydrogen. 

ANALOG COMPARISONS 

Mars Moon Analog 

-143°C to 17°C -173°C to 127°C 

687 days 28 days 

1.026 days 28 days 

0.38 0.17 

0.006 bar. None 

CO2 None 

Blowing Clinging 

Seasons None 

Soil Regolith 

Dust None 

Up to 38 minutes Two seconds 

- Possible 

- Relevant 

- Relevant 

- Total integration: crew, 
systems and operations 

Initial Operational Capability 

The Initial Operationa l Capability 
develops operational concepts for 
future Mars exploration. The Initial 
Operational Capabili ty is reached 
aft r two mis ion to t up systems. 
Ta ks include th installation of solar 
flar warning equipment, emplace­
ment of a long-term cryotank verifica­
tion test and exploration to select the 
next landing sit . 

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

Tnble 1 

Antarctic Analog 

-50°C 

365 days 

6 months 

1.00 

1.0 to 0.56 bar. 

O2N2 

Snow blowing 

Seasons 

Desert 

Snow 

None 

Not possible 

May not be relevant 

Lacks realism 

Limited 



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

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

Next Operational Capability 

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

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

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

PREPARATION FOR MARS 

Full Operational Capability 

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

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

Mars Western Hemisphere Moon Near Side 

3. Polar Dune Field 
(Sand/Dust 

Wind Deposits) 

2. Viking Landrer-1 Site 
(Rough, Blocky) 

S. Channels 
(Riverbed Deposits) 

1. Cratered Terrain 
(Regollth) 

3. Rima Bode 5. Rima Hadley 3. Sulpicius Gallus 

" ,-~" ~~ . i f?l.(\ 
~ '· '}:, \'~ ·t~r 'i •• > 

5. Allies near Gambart .l-~: .' ·_\ 1J-;:;; . Rima Hyginus 
. '-.t"t-,,,~ 

6. Vallis Marlnerls 
(Canyons) 2. Tycho Crater 1. " Highlands" site 
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operations in 2008 c1t a site within 100 
km of the Initial Operational Capa­
biUty landing site. All the systems and 
equipment are deployed and remotely 
operated just as they will be on Mars. 

The equipment delivered on the 
cargo flight undergoes a year-long 
operational validation test. A mission 
with a crew of six is flown in 2009. 
The crew tays in lunar orbit for a 
period of 120 day , a time compara­
ble to a shortened Earth-to-Mars tran­
sit, and then descends to the surface 
to stay an additional 30 days. They 
accomplish all the activities a socia t d 
with the Mars mission during their 
stay, verifying procedures and opera­
tions critical to successful completion 
of the first Mars mission. The vehicles 
and systems flown, as much as practi­
cal, are the same vehicle and systems 
to be taken to Mars. 

For example, the lunar orbiting 
vehicle is the Mars Transfer V hide. 
The use of this vehicle allows for real­
istic mission-critical evaluations of the 
performanc of th sy terns and the 
crew with a high degree of opera­
tional fidelity. It a lso provides an 
opportunity to develop the proce­
dures and techniques for having the 
crew in orbit accomplish meaningful 

cience using telerobotic systems on 
the lunar surface. Techniques and 
procedures developed in lw1ar orbit 
directly apply to utilization in Mars 
orbit. These operations can be accom­
plished without the time delays inher­
ent in Earth operations of such sys­
tems on either the Moon or Mars. 

While this flight of 150 days is in 
progress, a second piloted mission is 
flown by anoth r six-memb r er w 
that descends and lands at the origi­
nal Initial Operational Capability site 
with no delay in lunar orbit. Their 
m i ion i planned to have them in 
place on th lunar surface when the 
150-day crew lands. Three of the crew 
members drive to the Mars rehearsal 
ite in a rover and provide assistance 

to the Mars rehearsal crew after they 
land. The rehearsal crew is weighted 
after landing to verify their adapta­
tion to the three-eighths gravity envi­
ronment of Mars. The crew in place at 
the site assists in performing neces­
sary life science experiments and pro­
tocols. They stay on the Moon after 
the rehearsal crew departs, verifying 
equipment operations up to a total 
mission duration of approximately 90 
days. 

The advantage of conducting the 
last two phases simultaneously is that 
the crew already on the lunar surface 
serves as a safety net, if necessary, to 
assist the dress rehearsal crew arriv­
ing at the lunar surface from lunar 
orbit. The effect of a long period in 
zero gravity and the resulting deterio­
ration of body systems is an 
unknown factor for predicting crew 
p rformance on a planetary surface. 
Th uccessful completion of this 
pha e of lunar operation con titut 
the achievement of Lunar ext 
Operational Capability-2, The Mars 
Dr ss Rehearsal. 

Early Milestones 

Early milestones include the return of 
humans to the lunar surface by the 
year 2005 . Other early milestones 
include setting up a habitat, operating 
on the lunar surface for a 14 Earth­
day initial stay, determining human 
performance and qualifying of hard­
ware for future Mars missions. 

The Preparation Waypoint uses 
the Moon to provide operational veri­
fication of Martian equipment, sys­
tems and procedures. In addition, the 
physiological and psychologica l 

PREPARATION SITE SELECTION 

Mars Site Moon Site 

1 . Impact-produced cratered terrain (regolith) 1 . Any highlands site 

2. Bedrock and rough, blocky su rfaces (lava plains) 2. Melt "pond" north of King Crater 
Viking Lander-1 landing site, Chryse Planita (far side) Floor of Tycho 

3. Sand/dust eolian deposits; dunes and duricrust 3. Rima Bode; Sulpicius Gallus 

4. Ice and permafrost terrains (polar ice caps) 4. No known analog 

5. Fluvial (ancient riverbed) deposits 5. Rima Hadley; Rilles near Gambart 

6. Canyonland terrain (Vall is Marineris) 6. Vallis Schroteri; Rima Hyginus 
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issues concerning Mars missions are 
addressed. Lunar missions can also 
be combined with orbital activities as 
a byproduct to completely simulate 
the long duration, z ro gravity transit 
to Mars, followed by activities on the 
reduced gravity surface. These activi­
ties will provide a database on human 
physiology and performance. From a 
total mission perspective, the Moon is 
the best Mars analog available. 

Enabling Technologies 

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

use of liquid hydrogen, the most diffi­
cult cryogen to keep for long periods. 
The long duration of human flights to 
Mars requires the developm nt of 
radiation protection for people. Such 
prot tion includes not only shielding 
the spacecraft and habitats from nor­
mal galactic cosmic ray , but a system 
to provide early warning of solar flare 
events and the provision of storm 
shelters for human occupancy during 
such events. Closing the life support 
loop is highly desirable, but complete 
closure is not required to go to Mars. 
Researcl1 should continue on life sup­
port system closure to reduce laLmch 
weight as much as possible, with 
emphasis on closing the oxygen and 
water loops. Finally, significant oper­
ations on both the Moon and on Mars 
require reliable and robust surface 
power systems. We believe this dic­
tates the need for nuclear reactors on 
planetary surfaces for long term 
human presence. 

Enabling Technologies 

• Cryogenic refrigeration 
necessary for storage 
over long missions 

• Heavy lift launch 
capability 

• Solar flare warning 
system 

• Nuclear surface power for 
long term operations 

• Maximize closed loop life 
support to reduce mission 
weight and test system 
reliability 
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- AYPOINT: HADITATIO -
The Habitation Waypoint inves­

tigates the technologies and the 
progression of activities that 

support humans in sustained opera­
tions on the lunar surface. 

Waypoint Objective 

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

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

Precursors 
• Solar Flare Detection Satellite 

• Communications/Navigation 
Systems 

• Photovoltaic Power 

• Habitat and Unloader 

Initial Operational 
Capability 
• 6 Crew Members 

• 30 Days on Surface 

• Telerobotics and Surface 
Excavations 

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

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

Discussion 

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

HABITATION 

Benefits 
• Undersland Requirements to Live Beyond Earth 
• Validate Structures and Operations 

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

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

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

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

Next Operational 
Capability 
• 6 to 12 Crew Members 

• 6 to 12 Months on Surface 

• Construction with Lunar 
Materials 

• Small Scale Farming 

Full Operational 
Capability 
• 18 to 24 Crew Members 

• 2 Years on Surface 

• Expanded Operations 

• Oxygen Recovery 

• Volatiles Recovery 

• Partial Closure Life Support 



support and life sciences. An airlock 
provides the capability for astronauts 
to continue to work with.in the habitat 
during ingress/ egress by other crew 
members. The amount and type of 
airlock usage for lunar operations 
need to be defined. Visual options 
include windows, periscopes and 
video displays. Life science issues 
related to habitat design deal with 
shielding, life support and human 
factors. 

Beyond micrometeorite protection, 
the habitat must be shielded to pro­
tect the crew from radiation. The 
structure can use lunar regolith either 
underground or above ground. An 
unshielded habitat would requi re 
some kind of storm shelter to protect 
against the eff cts of olar flares and 
define limits on exposure to galactic 
cosmic radiation. Also, the issue of 
closed lif support systems versus 
op n life upport systems greatly 
affects the design and mass of the 
habitat and storage sheds. Human 
operations continue to expand in an 
incr mental capability to increase 
their independ nee from Earth. In 
the process of accomplishing this 
activity, the lifeline from Earth 
becomes more of a communication 
line than a logistic lifeline, enabling 
humans on both planets to share each 
other's experiences. 

Initial Operational Capability 

This waypoint is built to demonstrate 
the ability of humans to live and per­
form productive tasks in the lunar 
environment. As such, the tasks and 
equipment are developed in succes­
sive steps, leading from the basic sur­
vival needs of food and shelter and 
progressing toward fuller capabilities. 
The Initial Operational Capability 
allows a small crew to stay for short 
periods in a confined space, but reaf­
firms the basic lessons learned in the 
Apollo program. ew materials will 
allow significant advancement in 
equipment from the pioneering 

efforts of the past. These materials 
must be proven in small scale tests 
prior to the commitment of humans 
in large numbers and for longer peri­
ods. 

Work performed is centered first 
on the tasks needed to construct the 
initial habitat and airlock with sup­
porting power and shielding. These 
tasks also serve a secondary purpose 
of allowing the crew to learn how to 
work with the tool provided. They 
are the steppingstones to further 
capabilities on the Moon as well as 
beginning the lessons for eventual 
Mars operations. In order to include 
the public in the space experience, 
many of the activities are transmitted 
to Earth, where high-definition televi­
sion allows students and the general 
public to view day-to-day action. 

A pr -d ployed cargo mission 
includes a communications package, 
initial power capability and moving 
equipment to handle bulk material. 
This capability is met by the landing 
and activation of a pre sure vessel 
habitat onto the lunar surface. This 
habitat houses a crew of six and will 
serve as the cent r for future construc­
tion op rations. This construction 
wi ll be don by a combination of 
telerobotic a nd crew surface opera­
tions. 

The initial capability is character­
ized by austere living conditions . 
Included is full closure (95-100%) in 
air systems, partial closure (30-50%) 
for water systems and no closure in 
food and waste systems. Limited 
space is dedicated to medical care and 
health monitoring as well as exercise 
facilities. If future habitats use in situ 
resources to supplement these partial­
ly closed systems, demonstration pro­
grams for recovery of air and water 
from in situ re ou rce utilization 
should be initiated arly in the pro­
gram. 

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

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

Expansion during this phase in­
volves placement and mating of addi­
tional airlocks plus pressure vessels 
for habitation, laboratory and storage. 
Approximately 30 metric tons of 
lunar surface delivery capacity are 
required. The introduction of a 
power capability that does not require 
large energy storage for lunar night 
(i.e., a con tinuous nuclear-driven 
power generator) and a construc­
tible/ expandabl habita t package 
mark the movement toward the ext 
Operational Capability. 

Next Operational Capability 

The ext Operational Capability is 
marked by the evolution from mating 
of multiple Earth-derived pressure 
vessels to the construction of expand­
able or inflatable structures. The con­
cept for the next capability level is 
that equal or greater habitation vol­
ume will be made available for less 
mass. This need involves more 
sophisticated and complex construc­
tion practices than have been devel­
oped earlier. Crew surface operations 
for the assembly of habitat compo­
nents will be extensive. The introduc­
tion of more capable airlock opera­
tions is necessary to support the 
increased crew egress frequency and 
a larger resupply requir ment. 

Crew size will grow to 12 for unin­
terrupted stays of six to 12 month , 
with an appropriate resupply rate. 
Because of the increase in the amount 
of consumables that will be needed, 
improvements in th efficiency of 
water recycling should approach 70 
to 80%. In addition, the waste man­
agement cycle should approach par­
tial closure. To achieve this, consider­
ation must be given to the processing 
of waste stored during previous mis­
sions. Food cycles will remain open 
wit!, continued demonstration of clo­
sure programs like "salad machine" 
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technology and potential "elemental 
supplem nt " diets. 

Larger crew size and longer stays 
will require increased personal living 
space. This will focus on life science 
is u uch as crew health, environ­
menta l monitoring, human factors 
and other biomedical issues. For 
longer missions, radiation and micro­
meteorite protection would likely 
incorporate a hybrid system of bulk 
regolith and structural design. 

Full Operational Capability 

This level utilizes combinations of the 
habitat structures and routine surface 
operations to validate full-time lunar 
presence. In this phase, local re­
sources allow the recovery of volatiles 
from lunar materials necessary to 
support the infrastructure. This 
includes recovering oxygen for both 
the abnosphere of the habitat and for 
use as a propellent. The crew size 
increase to 20 to 24 for continuous 
stays of up to two years, with appro­
priate resupply. Waste closure is tar­
geted at 95-100%, but the food cycle 
remains open, a lthough with ad­
vances toward partial closure in 
demonstration programs. 

Early Milestones 

Earth-based testing validates subsys­
tem designs. This is done in environ­
ments which can best simulate lunar 
conditions. Early launches begin with 
small scale operations in order to try 
operational techniques for movement, 
construction and basic elements of 
human survival in space. 

TI1e first steps toward implement­
ing this waypoint consist of relatively 
large scale testing in Earth simulation 
facilitites and some small scale testing 
on the Moon. TI1e Earth-based phase 
tests the design of the habitat, proto-
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type mechanisms of payload unload­
ing, and concepts of substrate excava­
tion (including pyrotechnics) for habi­
tat emplacement. Lw1ar operations in 
this phase are at the bench scale and 
concept level. Testing involves rego­
lith and substrate characterization, 
movement of loose regolith, and test­
ing of the prototype construction 
equipment. 

Full scale lunar operations consist 
of both a cargo and piloted flight . 
The cargo vehicle contains the pres­
sure vessel habitat, airlock, power 
system, rover, and some initial food 
production test equipment. The pilot­
ed flight delivers the crew to the sur­
face; once there, they conduct surface 
operations that emphasize living and 
working on the Moon. This consists 
of mobility tests (both for the rover 
and people) and construction opera­
tions. Task evaluation in construction 
will entail site preparation, installa­
tion of the power system and some 
initial, experimental food production. 

Enabling Technologies and 
Processes 

A number of technologies and pro­
cesses underlie the Habitation 
Waypoint. Some of these relate 
specifically to habitat design, while 
others relate to activities or processes 
for handling, protecting or maintain­
ing the habitat. 

A number of required technologies 
and processes underlie the Habitation 
Waypoint. A safe and reliable airlock, 
closure of the life support loop 
(including waste management and 
food production) and excavation and 
construction techniques are required 
to emplace and operate the lunar 
habitat. Human safety for long-dura­
tion stays on the Moon require radia­
tion protection; specific technology 
requirements include development of 

I 

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

Enabling Technologies 

• Airlock 

• Closed loop life support 
system 

• Excavation and construc­
tion techniques 

• Radiation protection and 
shielding 

• Medical facilities 

• Telepresence robotics 



Waypoint Objective 

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

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

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

Benefits of the Moon 

TI1e effectiveness of the Moon as a site 
for astronomical observations was 
examined to determine whether or 
not the Moon was the only location to 
emplace an instrument, a highly 
desirable location to emplace an 
instrument, or simply an optional 
location to emplace an instrument. 
Reasons to use the Moon include: 

• The existence of a vacuum on 
the Moon with a dark sky 
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• TI1e size and stability of the 
lunar surface for large baseline 
instrumentation 

• Partial cosmic ray protection 

• A near-cryogenic temperature 
enviromnent 

• Low gravity to reduce instru­
ment suppart mass 

• Slow rotation to reveal the 
entire sky 

• Distance from Earth and its elec­
tromagnetic environment 

LUNAR BASED OBSERVATION 

Precursors 
• 6 Crew Members (One in Orbit) 

• 12 Days on Surface 

• Environmental Survey 

• Magnetosphere Observatory 

• Telescopes 

Initial Operational 
Capability 
• 6 Crew Members 

• 40 to 60 Days on Surface 

• 4m Telescope 

Benefits 
• Long-Term Multi-Spectral Observation 

• Capability to Expand to Far-Side and Remote Sites 

• Significant new Knowledge of Astronomy, Space 
Physics, and Planetary Science 

Next Operational 
Capability 
• 6 Crew Members 

• 40 to 60 Days on Surface 

• Low Frequency Array 

• Cosmic Ray Detector 

• Interferometers 

• Telescopes 

• Expand 4 m Telescope 
to 16 m 

Full Operational 
Capability 
• 6 Crew Members 

• Long Duration Missions 

• Cosmic Ray Detectors 

• X-Aay Telescopes 

• Gamma Ray Telescopes 
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Limitations of the Moon 

Fc1ctors tha t mc1ke the Moon a less 
optimum place for observation in­
clude the logistic of getting instru­
ments to the lunar urface, limits to 
extravehicular act ivi ty operations, 
effects of lunar dust on equipment, 
and the unique engineering environ­
ment. 

Limitations of Earth Orbit 

Once above the Earth's atmosphere, 
virtually the same sky exists for 
observational purposes. However, 
some of the reasons that make this 
option less desirnble are: debris in 
low-Earth orbit; gas ionization and 
atmospheric drag, obscuring multi­
spectral radiation from Earth; rapid 
thermc1l gradients experienced 
because of the Earth's shielding of 
so lar flux; stability problem for 
pointing and tracking; and physical 
blocking of targets by the Earth. 

Initial Operational Capability 

The objective of the Initial Operation­
al Capabili ty is to take advantage of 
the lunar surface in estab lishing a 
nmdest observational capability. TI1is 
will be a satisfactory accomplishment 
if no other instrwnents ar deployed. 
The in trument required to meet 
lnitic1l Operc1tional Capabi lity provide 
a better understand ing of the em­
p lacement, operations and mainte­
nance of lu1rn r based instruments. 
This provides the ba ·is for deciding 
on options for emplacing larger, more 
complex in tnunents requiring exten-
ive human support. 

Th Initial Operationa l Capability 
requires at least one 10 to 12 day mis­
sion by five astronauts (one astronaut 
remains in lunar orbit) to an equatori­
al site within a few degrees of a 
limb. Using both piloted and robot­
ic rovers, the astronauts will survey 
the surface and the top few meters of 
the regolith over an area of opproxi­
mately 10 m2. 
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The instrument set for the Initia l 
Operational Capability consists of: 

1) E11viro11111e11tnl Survey lllstn11ne11t: 
This is the initic1l portable instru­
ment delivered to the lunar sur­
face to provide data for future 
construction purposes. The sta­
tion is envisioned as a suite of 
small instruments to measure 
basic engin ering data (radia­
tion, temperature, eismic infor­
mc1tion, galactic cosmic rays, 
micrometeor flux, etc.). Moss is 
estimated as 100 kg with a 
power requirement of 10 We 
and 1 kbps data rate. 

2) Mng11ctosphcric Observatory: This 
is a space physics portable pack­
age deployed by a crew mem­
ber. It can be easily occommo­
dated in arly missions because 
of it small mass. The purpose 
of the instrument is to study the 
solar wind and it interaction 
wi th the Earth's magnetosphere. 
The ob ervatory is envisioned to 
include a magnetometer, solar 
wind det ctor, and photon and 
n utra l atom imaging instru­
ments. The onticipated mass is 
10 kg with a power requirement 
of 30 We and a 1 kbps data rate. 

3) Operntio11s Test Telescope: This 
will be a smc1ll, 1 m cla s optica l 
telescope p laced on the luna r 
surface during one of th initial 
survey missions. ft is a simple 
telescope with a scanning capa­
bility. The unit is envisioned to 
acqui re targets selected by an 
Emth control station, track them, 
and transmit images back to th 
Earth station. The image sensor 
will b a cooled, large-format 
charge coupled diode array; the 
entire system is estimated to 
have a mass of 300 kg, with o 
100 We power requirement and 
a 2 Mbps data rate. 

4) Trn11sit Telescope: The 2 m lw1ar 
transit telescope is a robotically 
mplaced system that provides 

an all-sky survey in the ultravio­
let, visible and infrared ranges. 
The telescope is fixed so that the 
slow lunar rotation will allow 
integration times of hours. The 
Moon's rotation supplies one 
oxis of motion. A large mosaic­
charged coupled diode array 
sensor is used as a shift r gi ter 
at the proper rate to compensc1te 
for the rotation, allowing long 
integration times. A reflective 
sunscreen shields the tele cope 
from Sun and Earth light and 
allows the d tectors to be pas­
sively cooled down to 100°K. 
An estimated tota l it system 
mass is 1.3 metric tons, wi th a 
400 We pow r requirement and 
i'I 30 Mbps data rate. 

Next Operational Capability 

The emplacement of more ophisti­
cated instn1ments r quire the pres­
ence of astronauts to ossemble and 
check them out. Support for the 
ostronauts will be provided by a per­
manent habitat. Surface mobility will 
require an w1pressurized rover and 
some form of teleoperated deploy­
ment capabili ty. Subsequen t em­
p lc1cement of instruments, which 
significantly increase opera tiona I 
capability, is defined as Next Opera­
tiona l Capabilities 1, 2, 3. These next 
opera tional capabilities require more 
astronaut activity and the capability 
of transferring heavy componen ts 
from cargo landers to their deploy­
ment/ assembly points. This will be 
enabled by the estab lishment of a 
habitat that supports six astronauts 
for a period of 40 to 60 days and the 
provision of a robotic equipment 
mover. 

Next Operational CapabilihJ-1. The 
first Next Operational Capabi lity 
establishes th infrastructure on the 
lunar urfac for building up a com-



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

Next Operational CapabilihJ-2, The 
second ext Operational Capabi lity 
takes advantage of the Moon's unique 
stable-surface, interferometric mea­
surements. Also, due to the Moon's 
low plasma frequency and near 
absence of a magnetic field, a low fre­
quency array and cosmic ray detector 
are set up. The low frequency array 
studies div rse phenomena in the 
fie ld s of extraga lactic astronomy, 
galactic astronomy, and Solar System 
science, including mapping the auro­
ral radiation around the Earth. Since 
this frequency range is not well 
explored, the most important scientif­
ic results may be from the discovery 
of new classes of objects and phenom­
ena. The system is envisioned as 19 
stations located in a "T" formation 
with three arms, each 36 km long. 
Each s tation has two 10 m dipoles 
with a receiver and a digitizer. 
System mass is estimated as 1 metric 
ton, with a power requirement of 100 
We and a data rate of 32 kbps. 

The low energy cosmk ray detec­
tor, which allows the study of the 
physical processes responsible for 
forming cl1ernicaI elements, relies on 
detailed measurements of the relative 
abundance of all the elements and 
their isotopes. Galactic cosmk radia­
tion, consisting of atomic nuclei that 
have been accelerated to relativistic 
speeds, is uniquely important because 
it carries fresh matter from super­
novae and other galactic bodies. The 
Moon has both a very small magnetic 
field and no ahnosphere, thus provid­
ing the ideal location to conduct the e 
measurements. The detector is envi­
sioned as a cylindrical ion chamber, 
2.5 m in diameter and 4 m tall. Its 
mass is estimated as 3 metric tons 
with a power requirement of 500 We 
and a 10 kbps data rate. 

The submillimeter interferometer 
examines astronomical objects at sub­
millimeter wavelengths and at spatial 
resolutions many orders of magni­
tude better than is capable from 
Earth. It also observes compact galac­
tic sources over a wide frequency 
range, part of which is blocked by the 
Earth's atmosphere. The interferome­
ter is envisioned as a 5 m diameter 
antenna on the lunar surface. The ini­
tial ba eline is on the order of 50 m, 
later growing to 10 km as the final 
configuration of seven antennas is 
built up. The first three antennas 
have sensors for the 200 to 1000 
micron wavelength range. As the 
array is completed, sensors are 
upgraded to cover the 30 to 1000 
micron range. Active cooling to less 
than 100 °K is required. Mass is esti­
mated as 14 metric tons for seven ele­
ments having a 20 kWe power 
requirement and a 100 kbps data rate. 

The optical interferometer observa­
tory conducts ultra-high resolution 
optical astronomy via direct (non-het­
erodyne) interferometry. In its ulti­
mate configuration, the interferome­
ter will be capable of producing 
detailed images with six orders of 
magnitude increase in resolution 

compared to Earth-based telescopes. 
It has the capabili ty to: 

• Directly detect and character­
ize Earth-like planets arow1d 
nearby stars 

• Image mass transfer binary 
ystems where one compo­

nent is a massive compact 
object, such as a black hole 

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

• Jmage accretion disks around 
supermassive black holes 

• Observe parallax of objects to 
several mega-parsecs 

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

• Determine the mass of Earth­
like planets which may be 
discovered by imaging 

In its final configuration, the optical 
interferometer observatory is envi­
sioned to consist of 12 optical tele­
scopes with 1.5 m apertures, employ­
ing a beam combiner and correlator, 
and 12 moveable optical delay line 
carts. The separate telescopes function 
together as a single very large aperhire 
observatory with the 4 m telescope as 
the base instrument. The signal delay 
line carts carry mirrors along straight 
paths to provide coar e optical path 
length compensation. Precision path 
length adjustment is provided within 
the beam combiner facility. The tele­
scope op ti cs are passively cooled 
while the detectors will require active 
cooling. An initial configuration of 
three telescopes with 100 m baselines 
(telescope to telescope) can conduct 
significant observations and later 
evolve into a complete facility with 10 
km baselines. Total operational sys­
tem mass is estimated as 16 metric 
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tons, with a power requirements of 9 
kWe and a data rate of 1 Mbps. 

Next Operational CapabilittJ-3. The 
third ext Operational Capability 
build on the infrastructure estab­
li hed earlier by completing construc­
tion of the 16 m optical telescope. At 
this time, enough experienc has 
evolved to set up a radio telescope, 
which will be a node in a very long 
baseline array. The 16 m telescope is 
the final increment of the instrument 
begun at Next Operational Capability-
2 to detect Earth-like planets around 
nearby stars. The initial 4 m telescope 
is complemented with additional 4 m 
segments to give a total aperture of 16 
m. The telescope is capable of various 
ultra-high sensitivity, ultraviolet, visi­
ble and infrared wavelength astro­
nomical studies. l11e telescope is also 
used as one of the collecting elements 
of the optical/infrared interferometer. 
l11e structure and optics are passively 
cooled to 100°K, while the detectors 
may requ.ire active cooling. The 16 m 
telescope is an important additional 
element in the optical interferometer, 
thus significantly increasing the inter­
ferometer's effective collecting area. 
Total mass is estimated as 42 metric 
tons, with a 5 kWe power requirement 
and a 10 Mbps data rate. 

A Moon-Earth radio telescope 
extends the technology of interferom­
etry to a baseline extending from the 
Earth to the Moon, essentially creat­
ing a radio telescope with a 384,000 
km long baseline. High sensitivity 
observations of radio emissions are 
then possible. The lunar radio tele­
scope is envisioned as a 25 m para­
bolic di h used in conjunction with 
Earth-based and Earth-orbiting tele­
scopes at a 10 GHz frequency. Mass 
is estimated at four metric tons, with a 
power requirement of 15 kWe and a 
data rate of 10 Mbps. 

Full Operational Capability 

The Moon will have a mature and 
robust observational capability at Full 
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Operational Capability. This involves 
emplacing additional instruments to 
cover the high energy part of both the 
electromagnetic and cosmic ray spec­
trum. The high-energy cosmic ray 
detector will identify cosmic rays that 
provide the only directly accessible 
sample of matter outside the Solar 
System. The almost complete absence 
of a magnetic field and atmosphere 
on the lunar surface provides the 
ability, for the first time, to directly 
measure the isotopic component of 
these high energy cosmic rays. The 
detector is envisioned as having alter­
nating layers of plastic scintillator or 
drift chambers, with layers of passive 
lunar regolith providing the interven­
ing target mass. A charge measure­
ment layer is on top of the 3.6 m deep 
instrument. Detection of particles 
will range from 1,000 GeV to 
10,000,000 GeV. Delivered system 
mass is estimated as three metric tons, 
not including lunar excavating 
requirements, a power requirement of 
1 kWe and a 10 kbps data rate. 

l11e lunar environment provides a 
highly stable base for a long focal 
length, hard x-ray imaging telescope. 
The telescope operates as an untend­
ed, unpointed, transit telescope for x­
ray astronomy studies in the energy 
range 10 to 50 keV. This band is key 
for the study of non-thermal emis­
sions as cyclotron lines from compact 
sources falJ into this band. The instru­
ment is envisioned as a nested, high 
throughput mirror constructed from 
lightweight, flat grazing-incidence 
reflector plates. An imaging hard x­
ray detector with 1mm spatial resolu­
tion is placed separately on the lunar 
surface. Mass is estimated at 2 metric 
tons, with a power requirement of 1 
kWe and a 100 kbps data rate. 

The gamma ray telescope provides 
high spectral resolution measure­
ments of cosmic and solar gamma ray 
lines. The gamma ray telescope will 
study a broad range of transient phe­
nomena such as gamma ray bursts, 
supernova shock breakout, and flare 
stars. It can also provide radiation 

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

Instrument Priorities 

The proposed sequence of the instru­
ments in the Observation Waypoint is 
a function of the difficulty of emplac­
ing them and of their ability to pro­
duce major scientific discoveries. If 
scientific importance were the only 
criterion, the priorities would be: 

• High 

- 4 / 16 m telescope 

- Optical interferometer 

- Submillimeter interferometer 

• Medium 

- Tran it telescope 

- 25 m radio telescope 

- High energy cosmic ray 
observatory 

- X-ray telescope 

- Gamma ray telescope 

• Low 

- Magnetospheric observatory 

- Low energy cosmic ray 
detector 

- Very low frequency array 

Early Milestones 

Small, portable astronomical instru­
ments can be deployed on the first 



lunar mission. These instruments, 
although relatively unsophisticated, 
have the ability to immediately trans­
mit data back to Earth. Each subse­
quent instrument placed on the Moon 
will open up an entirely different part 
of the electromagnetic spectrum that 
may yield significant results. For 
example, very low frequency array 
(less than 2 MHz) observations can­
not be made on Earth because of 
atmospheric attenuation. 

There are no limiting technology 
requirements, and the enhancing 
technologies are generally those that 
will be pursued in the further devel­
opment of Earth- and space-based 
instruments. However, there are 
some system issues that require atten­
tion. The problem of dust can be 
resolved by locating sensitive instru­
ments 10 km from areas where there 
is extensive astronaut activity. This 

cannot be a complete solution since 
the astronauts will be required to 
work around the instruments. The 
system designs must incorporate pro­
cedures for protecting sensitive sur­
faces and, if necessary, cleaning them. 
The designs must also be highly mod­
ular for easy assembly, maintenance 
and upgrading. The assembly proce­
d ures that require operations by suit­
ed astronauts and robotic equipment 
will differ significantly from proce­
dures used on the Earth. The varia­
tions of temperature can result in sig­
nificant changes in the properties of 
elements such as the primary reflector 
of the 4 / 16 m telescope. Careful 
design can minimize thermal effects, 
but there will also be the requirement 
to have a dynamic surface measure­
ment and adjustment capability in 
order to maintain instrument perfor­
mance. 
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The Fuels Waypoint includes 
activities on the lunar surface to 
provide fuel and other materi­

aJs to support space exploration. 

Waypoint Objective 

The objective of the Fuels Waypoint is 
to provide propellants and materials 
from lunar resources to support space 
exploration. An additional objective 
of the Fuels Waypoint is to reduce the 
transportation costs of all other lunar 
waypoints, if they are pursued past 
Initial Operational Capability, by sub­
stantially reducing Earth- to- orbit 
mass launch requirements. If large 
scale recovery of resources is to be 
undertaken and manufacturing facili­
ties are to be established, these activi­
ties are synergistic with those of the 

Precursors 
• Robotic Exploration 

• Earth-Based Demonstration 

• PIioted Flight 
- 6 Crew Members 
- 14 Days on Surface 
- Crew-Tended Fuel Station 
- Produce Gases, 

Fuel Cell Reagents 

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

• Extended Duration 

• Produce 250 Metric Tons 
of Oxygen 

• Demonstra te Propellant 
Collection 
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Energy Waypoint, w here volatile 
recovery and semiconductor and 
structural materials production are 
developed. 

Discussion 

Studies indicate that for missions to 
Mars, approximately 80% of the vehi­
cle mass is propellant. For chemical 
propulsion, the mass requirement at 
low- Earth orbit is greater than 1000 
metric tons. These figures are possibly 
large enough to justify the develop­
ment of lw1ar resources. 

Studies also indicate that to take 
full advantage of lunar resources, pro­
pellants must be utilized in lunar 
orbit or at a Earth-Moon Lagrange 
Point and be weU-utilized. high in the 
Earth's gravity (i.e., in lunar orbit or at 
a Lagrange point). Thus, it could be 

FUELS 

Benefits 
• Reduce Earth Launches 

• Reduce Transportation Costs 

possible to use lunar propellants com­
bined with a transport system capable 
of using these propellants to land and 
law1eh payloads from the lw1ar sur­
face for transporting mass from low 
Earth orbit to low lunar orbit. 

Potential Savings by Use of 
Lunar Produced Fuels 

The degree of savings to an explo­
ration program depends on the extent 
and performance of the infrastruc­
ture. Lunar-derived propellants will 
reduce the Earth-to-orbit mass 
required for a Mars trip by approxi­
mately 50%; however, technology for 
on-orbit fuel transfer must be devel­
oped. These savings are comparable 
with the Earth- to-orbit mass required 
to put the lunar propellant produc­
tion facility in place. If lunar fuel and 

Next Operational 
Capability 
• 6 to 18 Crew Members 

• 90 Days to Permanence 

• Propellant Production 

• Propellant Transfer 

Full Operational 
Capability 
• 6 Crew Members 

• Permanent Base 

• Mission to Mars with 
Lunar Propellant 



oxidizer are produced and utilized for 
all transport above low Earth orbit, 
mass requirements for Mars mission 
equipment to low Earth orbit may be 
reduced. 

Useful Materials on the Moon 

There are a number of useful materi­
als available on the Moon's surface, 
including ilmenite (a source of oxy­
gen, iron and titanium) and anorthite 
(c, source of oxygen and aluminum). 

Although the Moon has less 
volati le elements than the Earth, its 
volatiles are in the lu11ar surface soil 
or rego]jth, mostly as implanted gases 
(e.g., hydrogen and nitrogen) and 
light elements (e.g., sulfur and car­
bon) from the solar wind. Both the 
volatiles implanted by the solar wil1d 
and the chemically bound oxygen 
found in the lunar regolith can be 
extracted for a variety of practical 
uses. 

The utilization of lunar materials 
will require both n w technology 
development and operations concept 
development. This process becomes 
cost effective with sustained opera­
tions. 

Processes and Feedstocks 

The choice of a process for the devel­
opment of lunar materials is critical, 
both in terms of requirements for sur­
foce operations and for the potential 
fuel yield. Process options can be 
divided into two categories: those that 
are fe dstock-dependent (ore) and 
those that are feedstock-independent. 
Feedstock-dependent processes 
require an involved set of precursor 
missions. fn contrast, feedstock-inde­
pen dent processes use whatever 
materials exist at the site, ntinimizing 
precursor needs. Feedstock-depen­
dent processes have the advantage of 
requiring less energy than do feed­
stock-independent processes for a 
given quantity of product. Their 
drawback, however, is that they 
require the identification of enriched 

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

Precursors 

Three types of precursor activities are 
required for the Fuels Waypoint. 
Precursors should be of modest cost 
and focused on obtaining resource 
relevant data. Robotic lunar explo­
ration will be used to examine 
resource sites. The Apollo 11 and 17 
sites are the most attractive known 
sites from a resource standpoint. They 
consist of high-titanium mare 
regolith, rich in ilmenite, a feedstock 
common to several suggested pro­
cesses. A robotic surface rover could 
survey the site and characterize the 
resources. The rover would be teleop­
era ted from the Earth and would 
measure chemical, mineralogical, and 
physical soil properties. ln addition, 
direct on- site measurements would 
be made of the quantities of volatiles 
present in the soil. 

A in the Energy Waypoint, 
Earth- based experiments to develop 
resource processes using simulated 
lunar materials and actual lunar sam­
ples will also be required. These 
experin1ents would serve to define 
tl1e most attractive processes and pro­
vide the basis for actual prototype 
plant development. Exper iments 
might be conducted under sinmlated 
lunar conditions of vacuum, thermal 
and dust environments. A telerobotic 
engineering experiment station at the 
selected site would be deployed to 
demonstrate aspects of resource pro­
cessing. This experiment station may 
be robotic ( teleopera ted from the 
Earth) or it may require crew- tending 
for full capability. Its purpose is to 
establish the feasibility of selected 
processes in the actual lunar environ-

ment and test the activities required 
to produce propellant and other use­
ful products on the Moon. This sta­
tion would have a mass of 2 to 3 met­
ric tons, require several kilowatts of 
electrical power, and tens to hun­
dreds of kilowatts of them1al process 
heat. This energy could come from 
solar concentrators and photovoltaics, 
regenerative fuel cells or a small 
nuclear reactor. 

A cargo mission cou ld emplace 
this station. The first crew to return to 
the Moon could set it up and operate 
it during a short stay (14 Earth days). 
An experiment on this scale would 
produce useful quantities of breath­
ing gases, fuel cell reagents and possi­
bly some structural materials. !t 
would provide the engineering data 
necessary for the design of future 
plants or capabilities. 

Robotic Operations 

The experimental plant would also 
operate while the site is unattended, 
building up a considerable stock of 
useful materials for later use. 
Experience on Earth suggests total 
automation of the plant is impractical, 
but some level of automation will be 
critical to economical materials pro­
cessing activities . On the Moon, 
where communication time to Earth 
is short, the plant would operate teler­
obotically without being completely 
autonomous. Estimates suggest a suc­
cessful experimental plant could pro­
duce several metric tons of useful 
materials over the span of a year. 
Specific robotic activi ti es co uld 
include: 

• Regolith preparation and min­
eral component separation 

• Regolith bagged for shielding 

• Ilmenite reduction for oxygen 
production 

• Magma electrolysis 
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• Volatile extraction and 
separation 

• Water electrolysis 

• Cryogenic liquification and 
storage 

• Disposal of spent material 

Technical issues to be addres ed in­
clude energy and power recovery, 
machine lifetime and wear patterns, 
and process efficiency; that is, mass of 
u eful product per mass of processed 
rego)jth. 

Initial Operational Capability 

Following these precursor activities, a 
pilot plant would be delivered at the 
selected site with a crew of six to 
remain for an extended time. The 
Initial Operational Capability will be 
achieved when lunar surface opera­
tions are producing 250 metric tons of 
liquid oxygen per year. 

The creation of more lunar activity 
will be the cornerstone of this way­
point. For example, solar thermal con­
centrators or photovoltaic arrays used 
to supply energy for processing will 
be produced from lunar materials 
mined during the previous stages. 
The most desirable initial processes 
are those that use lunar-derived pro­
pellants to enable delivery of addi­
tional payloads to ,md from the lunar 
surface and enhance the construction 
of the support infrastructure (e.g., 
habitat emplacement, landing pad 
grading, roads for dust-spray reduc­
tion). 

Process and Products 

A baseline process is to heat high-tita­
nium content regolith to ext ract 
hydrogen, reduce the ilmenite to pro­
duce oxygen, and collect resulting 
byproduct . This largely feedstock­
independent method of oxygen pro­
duction is a low-yield process. At an 
Apollo 11 -type site, for example, 327 
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metric tons of regolith would have to 
be processed to produce one metric 
ton of oxygen. One metric ton of oxy­
gen will support a crew member for 
1,000 days. This is the only known 
way to extract solar wind volatiles. 
The mass and power requirements 
for industrial scale processing of 
regolith in this manner are well 
understood. To derive 250 metric 
tons of oxygen per year from this 
process, ilmenite reduction would 
have to be performed on approxi­
mately 82,000 metric tons of 
high-titanium regolith per year. 

Vehicle Refueling 

The handling and transfer of cryo­
genic propellants produced on the 
Moon for vehicles on the lunar sur­
face and in orbit are critical. 

Next Operational Capability 

Next Operational Capabilitt;- 1. The 
first Next Operational Capability will 
supply up to 500 metric tons of fuel. 
The lunar launch infrastructure must 
be able to deliver the necessary pro­
pellants and transfer them to the 
Mars transfer vehicle. Lunar ascent/ 
descent vehicles of 40 to 100 metric 
ton capacity appear feasible, suggest­
ing that five to 15 flights would be 
required to fuel the Mars transfer 
vehicle. 

Next Operational Capabilitt;- 2. The 
second Next Operational Capability 
will demonstrate a complete mission 
to Mars. Lunar produced fuels can be 
more advantageous if an additional 
piece of transportation infrastructure 
is added to the Fuels Waypoint at 
Next Operational Capability-2. This 
is a high-efficiency cargo barge to 
transfer payloads between low Earth 
and low lunar orbits. The barge could 
also transfer the dry Mars transfer 
vehicle from low Earth orbit to await 
fueling at the space-based mission 
staging node. An electric propulsion 
vehicle could perform barge opera-

tions because there is no requirement 
for short flight times on cargo mis­
sions. An electric propulsion space­
craft would cover the Earth-Moon dis­
tance in about 100 days. Automated or 
supervised payload docking and fuel­
ing would be required, and space 
assembly minimized. 

Next Operational Capability uses 
this transport and fuel production 
infrastructure to launch a piloted mis­
sion to Mars with just one or two 
Earth-launched flights required for 
the dry Mars transfer vehicle. By com­
parison, at least 10 launches are 
required for most all-chemical mis­
sions to Mars when terrestrially pro­
duced propellant is used. 

Full Operational Capability 

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

Early Milestones 

Earth-based experimental processes 
can provide early opportunities to 
display manufactured products at ter­
restrial locations. The deployment of 
prospecting missions at the Apollo 11 
site and subsequent deployment of 
the lunar surface experimental station 
provide the next set of early mile­
stones. The return to the lunar surface 
with a robotic processing experiment 
and the transformation of the lunar 
regolith into hydrogen, oxygen and 
other materials for use by returning 
crews are significant early accom­
plishments of the Fuels Waypoint. 



Enabling Technologies and 
Processes 

The development of meaningful 
space-based fuel production capabili­
ty will require significant technology 
advancement. Systems will have to be 
reliable and capable of long term 
remote operation. The selection and 
development of the fuel production 
process is critical; experiments and 
bench scale testing should be done on 
the Moon before this important deci­
sion is made. Mining, regolith trans­
port and processing equipment must 
be developed. The space transporta­
tion infrastructure (refuelable lunar 
ascent and descent vehicles), cryo­
genic facilities and the systems to 
store and transfer fuels must all be 
designed and tested before large scale 
fuel production begins. 

In addition to these required ele­
ments, several technologies would 
significantly enhance waypoint activi­
ties. Precursor missions should be 
sent to lunar production sites to char­
acterize the surface chemical and min­
eralogical composition; these missions 
should include a site rover that carries 
an evolved gas analyzer for in situ 
measurements of solar wind volatiles. 
A variety of lunar surface power sys­
tem technologies can be investigated, 
including solar thermal, solar electric, 
and nuclear power systems. There is 
no requirement for fast transit of 
lw1ar-produced fuel cargo; low thrust 
cargo vehicles (e.g., nuclear, electric, 
solar electric and power beaming sys­
tems) should be developed to make 
lunar fuel production more profitable. 
Telerobotic op rations can also great­
ly ease the work burden on the lunar 
surface crew and increase efficiency 
and production. 

I 

Enabling Technologies 

• Surface power systems 

• Cryogenic storage 

• Telepresence robotics 
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This Energy to Earth Waypoint 
defines a series of activities on 
the lu nar surface to provide 

energy to the Earth. 

Waypoint Objective 

The Energy to Earth Waypoint uses 
lunar resources to provide energy for 
Earth duri ng the 21st century. 
Projections for energy demand in the 
21st century indicate major shortages 
of electricity w ill occur unless new 
sources are developed, possibly exac­
erbated by environmental develop­
ments. These estimates of future ener­
gy requirements (e.g., electricity) vary 
depending on the assumptions of 
population growth and energy usage. 
For example, conservative estimates 
are that in the 2020 timeframe the 

Precursors 
• Earth-Based Process 

• Piloted Flight 
- 6 Crew Members 
- 14 to 45 Days on Surface 

- Site Survey 
- Pilot Plant 
- Power Beaming 

Experiments 

Initial Operational 
Capability 
• 6 Crew Members 

• 90 Days on Surface 

• Volatile Extraction 

• 1 OOgm Helium-3 to Earth 
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world will require 1,700 GWe of new 
installed generating capacity. Some 
estimates of future power needs are 
an order of magnitude grea ter. In 
2020, six b ill ion people using 3 
kWe/ person would require 18,000 
GWe of new installed capacity. This 
level of energy use is consistent with a 
modest industrial standard of Hving 
for half the world's projected popula­
tion. Conservation will help relieve 
some of the burden, but the require­
men ts for new sources of environ­
mentally acceptable electricity are 
weU established. 

Energy Sources 

The anticipated sources for gigawatt 
quantities of electricity are fossil fuels, 
nuclear fission, nuclear fusion, and 

ENERGY TO EARTH 
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Benefits 
• New Energy Sources for Earth 

i\ 
I 

t,: 

• Energy Sources to Support Lunar Base 

solar energy. Both fossil fuels and 
nuclear fission suffer from adverse 
environmental effects. Fossil fuels 
cause air pollution and increase the 
carbon dioxide content of the Earth's 
atmosphere. In addition, fossil fuels 
are limited in availability and not dis­
tributed uniformly, leading to poten­
tial supply dismptions and shortages. 
Fulfilling the p rojected electricity 
demand with nuclear fission results 
in a major commitment to fission 
power plant construction and possi­
bly breeder fuel cycles which would 
produce radioactive waste. Technolo­
gies to handle high level waste safely 
are being developed. 

Nuclear fusion mc1y become a 
viable long term source of electricity. 
Substantial progress has been made 
in fusion research, suggesting thc1t a 

Next Operational 
Capability 
• 1 O to 40 Crew Members 

• 180 Days on Surface 

• Expand Helium-3 and 
Solar Cell Production 

• Provide 30 kg/yr of Helium- 3 

• Power Beaming to Earth 

Full Operational 
Capability 
• 10 to 40 Crew Members 

• Long Duration Stays 

• Extract 2 Metric Ton of 
Helium-3 

• Manufacture Solar Cells 
from Soil 

• Beam 1 GWe to Earth 



prototype magne tic confinement 
fusion reactor could be built in the 
Space Exploration Initiative time­
frame. The Deuterium-Tritium nucle­
ar fusio n cycle requires radioactive 
waste disposal similar to fission due 
to the high neutron fluxes which cre­
ate radioactive nuclei. The Deuter­
ium-H.elium-3 fusion reaction is pre­
ferred since it produces significantly 
lower neutron fluxes. Engineering 
studies of fusion reactors suggest that 
a Heliw11-3 based reactor would be 
somewhat more difficult to construct 
than a Deuterium-Tritium reactor but 
would be safer, more reliable, and 
m()re efficient. 

A not her energy option is the 
development of extratcrresh;al solar 
energy. On Earth, solar flux suffers 
from the problem of uneven distribu­
tion and availability, and the require­
ments of power storage to provide 
continuous electricity. Earth-based 
solar energy on the scale requ ired has 
significant environmenta l conse­
quences due to tbe required mass and 
arect of collectors. The continental 
United States has lctnd area with suffi­
cient solar flux to make ground-based 
solar energy feasible. Many states and 
many coun tries do not share this 
resource evenly. Space offers large 
areas of continuous solar flux. 

Discussion 

The Energy to Earth Wnypoint con­
sidered two scenarios, each using 
lunar-derived sources. One scenru;o is 
to produce Helium-3 for use in Earth­
based fusion renctors. The second 
considers solar energy beamed to 
Earth from systems constructed from 
lunar materials. 

Whi le Helium-3 is extremely rare 
on Earth, it is present in extractable 
concentrations in the lunar regolith (1 
part/billion) where it has been de­
posited by the solar wind. The total 
recoverable l'folium-3 on the lumir 
surface is estimated to be 1 million 
metric tons. The magnetic confine­
ment fusion program is m.oving 

toward a demonstration reactor in the 
2015 timcframe. If Helium-3 is avail­
able at that time, a decision could be 
made to utilize that fuel cycle, as 
fusion reactors replace fission ru1d fos­
si I fuel power plants in the post-2020 
period. Twenty-five metric tons of 
Helium-3 could supply the U.S. elec­
tricity for one year. Terrestrial sources 
of Helium-3 ci re sufficient to support 
research. The feasibility of providing 
a large supply of Helium-3 is required 
prior to commitment to a Deuterium­
Helium-3 fusion cycle. 

Solar flux in free space or on the 
lunar surface can be collected and the 
energy transmitted to ground-bcised 
receivers. This concept has the poten­
tial of providing globally disb;buted 
electricity. Extensive studies of these 
concepts by NASA and the Depart­
ment of Energy validate the teclrnical 
feasibility. Economic benefits have 
been shown to accrue on ly if the 
space segment (collectors, transmit­
ters, structure) are constructed and 
transported using ma terials already 
available in space. Such production 

would have minimal impact on the 
terrestrial enviro1u11ent, utilizLng a 
benign power-bea1ning system. 

This waypoint requires extensive 
lunar rcgolith n-1ining and heating, 
along with propellant, strncture, and 
semiconductor manufacturing on the 
lunar surface. Cryogenic condensa­
tion, separation, liquification, and 
storage is also required. Lunar trans­
port vehicles would be refueled using 
volatile byproducts from lunar mate­
rials. Methods need to be developed 
to transport and control large struc­
tures in space. 

The optimum form of energy 
transmission (e.g., laser, millimeter 
wave, microwave) and location of 
solar collectors have not been deter-
1n.iJ1ed and may be changed for differ­
ent applications. Geosynchronous 
orbit, Lctgrange poin ts or the lu nar 
surface are the most Ukely space-based 
collecting locations. Some scenarios 
also require relay systems at these 
locations. 
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Precursors 

Earth experiments and lunar-based 
experiments are required, given the 
scale, scope, and degree of uncertain­
ty of an Energy to Earth Waypoint. 
The Earth-based experimental phase 
will design and test processing equjp­
ment to produce small quanti ties of 
Helium-3 and other volatiles. Solar 
cells of several square meters and 
other solid state materials (e.g., trans­
mitter arrays, laser diodes) could be 
made on Earth from simulated lunar 
materials. 

heat and would be capable of provid­
ing useful quantities of volatiles (i.e., 
oxygen, hydrogen, carbon monoxide, 
carbon dioxide, methane, and nitro­
gen) for the lw1ar habitats. A crew of 
six (five crew members on the surface, 
one crew member in orbit) with a 
supporting habitation infrastructure 
fo r crew-tend ed opera ti ons is 
required at this stage. 

Initial Operational Capability 

Based on experimental data, an Initial 
Operational Capability is developed 

APPLICATIONS OF LUNAR VOLATILES 

The A polio 11 and 17 sites can 
serve as baseline mining sites; howev­
er, lunar explora tion w ill identify 
sites better suited for mining opera­
tions. The luna r experimental phase 
emplaces prototype extraction sys­
tems on the Moon to demonstrate 
feasibility and gain operational expe­
rience. Shallow mining depths of 0.1 
to 1 m over smface areas as large as 
1000 m2 would be req uired. This 
operation would require several hun­
dred kilowatts of thermal process 
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which would reduce the require­
ments for Earth-launched materials 
for use at the lunar base (e.g., breath­
ing gasses, fuel cell reagents, photo­
voltaic arrays, propellants) and return 
small quantities (1 00gm) of Helium-3 
for Ea rth-based fusion research. 
Lunar surface areas of square kilome­
ters are processed to a depth of about 
one meter. Power requirements 
would be several megawatts with 10 
to 20 metric tons emplaced pilot plant 

mass, depending on power supply 
choices. 

Extraction Scenarios 

Processing of the lunar surface mate­
rials occurs at the central base or in 
situ with a machine called a regolith 
heater, traversing the surface. Power 
is provided via cable or on the 
regolith heater itself utilizing solar 
thermal energy. This second option 
requires the assembly of mirrors and 
concentrators. The use of waste heat 
from a nuclear reactor may also prove 
feasible to power the regolith heater. 
Many of the collected volatiles which 
result from the heating process are 
separated and liquified for storage by 
passive radiators oriented towards 
deep space during the lunar night to 
reject excess heat. While ambient tem­
peratures are sufficient to liquify most 
of the volatiles, hydrogen and helium 
require refrigeration and isotope sep­
aration to produce Heliurn-3. 

In addition to supply ing useful 
byproducts to the lunar base, the 
Initial Ope.rational Capability would 
validate the feasibility of producing 
Helium-3 from lunar materials and 
provide the terrestrial fusion research 
communi ty useful quantities of 
Helium-3. These byproducts are used 
in production of propellants, manu­
facture of solar cells, possible fabrica­
tion of solar concentrators and build­
ing construction materials. They sup­
plant Earth-derived power systems 
and allow expansion to the Next 
Operational Capability. 

Next Operational Capability 

The Next Operational Capability pro­
duces sufficient Helium-3 to supply a 
research fusion reactor with fuel (30 
kgs/yr) and demonstrates large scale 
solar energy transmission in the 2015 
to 2020 timeframe. This requires pro­
cessing 10 to 100 million metric tons 
of lunar regolith to produce 1,000 to 
10,000 metric tons of useful volatiles. 
Approximately 100 to 200 meh·ic tons 



of equipment are required to extract 
the required amount of Helium-3. An 
area of lunar surface of roughly 
20 km2 has to be processed to 1 m 
depth per year. 

The extracted volatiles also sup­
port the manufacturing process capa­
ble of producing 1 to 10 km2 of thin 
film solar cell substrate annually. 
These solar energy producing materi­
als are deployed on the lunar surface 
or launched from the Moon using 
propellants (e.g., hydrogen and 
methane) produced in the mining and 
recovering process. Thin film poly­
mer rolls are routinely produced on 
Earth in 3 m by 9 km rolls. The lunar 
environment also offers many fea­
tures which may be ideal for semicon­
ductor manufacture, including high 
vacuum. Solar collectors and trans­
mitters then have to be folded and 
packaged for launch and automated 
space deployment. 

Launch rates required for solar 
power satellites from the lunar sur­
face depend on the size of the launch­
er and satellite. For example, a 40 
metric ton payload capability would 
require one launch per week to estab­
lish 1 GWe per year generating capac­
ity. These orbital power satellites are 
based on "thin film" technology such 
as "vacuum microelectronics" or 
semiconductor laser systems and 
could be deployed as separate units 
while having their energy outputs 
combined. Such systems are concep­
tual at this stage but warrant further 
investigation. Five MWe of power 
(solar, nuclear, or combination) along 
with 20 MW of thermal process heat 
is required to heat the lunar regolith. 
Based on terrestrial experience, a 
lunar crew of 10 to 40 is required at 
the Next Operational Capability. 

Power may also be transmitted to 
Earth or space directly from the lunar 
surface. If such transmission occurs 
using microwaves, large areas (100 
km across) are required for the lunar 
transmitters to allow reasonable sizes 
for multiple Earth receiver sites (10 
km across). At least two sites near the 

lunar limbs combined with orbiting 
reflectors provide continuous solar 
illumination and power delivery dur­
ing the complete lunar orbital cycle. 
Laser transmission from the lunar 
surface at 0.8 micron wavelength 
requires 10 m diameter optics for 100 
m diameter spot size on Earth. La er 
transmission offers the advantages of 
smaller optics but requires las r and 
optics installation on the Moon and 
space relay mirrors for continuous 
coverage at Earth. Another advantage 
of laser transmission is the use of 
ground-based photovoltaic materials 
as receivers. This allows a potential 
dual use with terrestrial solar electric 
or even solar thermal systems. 
Advances must be made in laser effi­
ciency and the manufacture of laser 
components from lunar materials for 
this concept to become feasible. 

Clouds and weather are more con­
straining on the higher frequency sys­
tems than the microwave systems, 
but means to mitigate the effects (fre­
quency adjustment, diversity) are fea­
sible. The sca le of space-to-Earth 
power beaming and the technology 
employed depends on the results of 
the experimental power beaming 
developments, terrestrial environ­
mental considerations, and the desir­
ability of lunar surface versus orbital 
placement. Several different systems 
may also be employed simultaneous­
ly. The success of the Next Opera­
tional Capability also allows a deci­
sion to be made on whether to pur ue 
a Deuterium-Helium-3 fuel cycle and 
a full power beaming energy delivery 
concept. 

Full Operational Capability 

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

additional 200 to 300 km2 of lunar 
surface. 

This operation requires a more effi­
cient cargo delivery system to lunar 
orbit using, for example, power 
beamed or solar electric orbital trans­
fer vehicles . The power beaming 
experiments or lunar-produced solar 
cells may, in fact, first be applied to 
low thrust orbital transfer vehicles 
used in the Earth-Moon transportation 
cycle. The required Earth supplies are 
made much smaller assuming a man­
ufacturing and repair capability on 
the Moon. 

At Full Operational Capability, in 
order to return two metric tons of 
Helium-3 to the Earth, one billion 
metric tons of lunar regolith have to 
be processed annually. This requires 
several hundred megawatts of ther­
mal process heat, mostly collected by 
solar concentrators constructed from 
lunar materials. 

The Energy to Earth Waypoint has 
the potential to grow by utilizing 
indigenous resources at each step to 
support future operations. The Moon 
may supply a major portion of Earth's 
energy needs without damaging the 
environment. While the payoff is 
high, there remain numerous techni­
cal as well as economic, social and 
political issues which must be 
resolved. 

Early Milestones 

While the Energy to Earth Waypoint 
is large scale and long tenn, the early 
milestones are modest, but neverthe­
less significant. Success at the early 
stages makes growth feasible and 
affordable by utilizing lunar materi­
als. The first milestone is the fabrica­
tion of key components in terrestrial 
laboratory-based experiments utiliz­
ing simulated or actual lunar materi­
als. The next milestone is the emplace­
ment of a small experimental resource 
extraction system on the Moon at the 
Apollo 11 site or another selected site. 
This experiment processes small 
quantities of lunar material robotical-
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Enabling Technologies · 1 

• Heavy lift launch vehicle 

• Planetary surface systems 

Mining machines 

Processing machines 

• Cryogenic storage 

• Surface power system 

• Reusable space 
transportation systems 
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ly, or with th aid of a er w. Such a 
ystem is highly automated and con­

tinues to operat while unt nd d, 
building up a con iderable stock of 
materials for the next er w. Curr nt 
e timate suggest a mall experi.m n­
tal plant ( .g., four m tric tons) could 
produce the equivalent of several 
heavy lift Earth launches in useful 
materials over the course of several 
years. 

Enabling Technologies 

Development of several tedmologies 
have a high potential for improving 
or enhancing lunar exploration and 
could be used in conjunction with 
meeting the objectives of other way­
poin ts. As in other waypoints, a 
h avy lift launch vehicle (l SO metric 
tons, with designed growth to 250 
metric tons) is required. Surface sys­
tems are a major part of this waypoint 
and technology tudies should be 
cognizant of the harsh environment 
(e.g., vacuum, angular abrasive dust) 
of the lunar surface; equipment may 
be difficult to use and maintain for 
any length of time. Machines to mine, 

proces , and discard large quantities 
of r golith are needed; these could 
include tractors, conveyors, and bull­
dozers. The collected gases from the 
mined regolith must be gathered, sep­
arated, purified, and condensed into 
cryogens for convenient storage; facil­
i tie for liqujfi d products must be 
availabl . 

These operations require lnrgc 
amounts of power; solar, thermal, 
electric and nuclear surface power 
systems may be necessary. Efficiency 
is greatly increased through the use of 
methods to recover waste hea t from 
the thermally processed regolith . 
Transport vehicles, including lunar 
ascent and descent vehicles, should 
be reliable and capable of refueling 
and reuse. Robotic teleoperations can 
greatly increase productivity and 
safety for the human inhabitants of 
the Moon. Power beaming and elec­
tric propulsion technologies make 
transport and delivery of lunar prod­
ucts to space more profitable. 
Techniques for the control and 
deployment of large structures in 
space and on the Moon must also be 
developed. 



T:1e Asteroids Waypoint de­
scribes activities that could 
occur at near-Earth asteroids, 

including science, exploration, re­
source survey and preparation for 
Mars. 

Waypoint Objective 

A near-Earth asteroid rendezvous 
could serve as the focus for the first 
long duration, deep space mission. 
TI1e mission would provide an opera­
tional test of the Mars transfer vehicle 
and a human crew's ability to con­
duct deep space exploration. 

Discussion 

There are currently 140 known near­
Earth asteroids, and it is estimated 
that there may be as many as 5,000. 

Precursors 
• Asteroid Search 
• Robotic Exploration 

Initial Operational 
Capability 
• 1 Piloted Flight 
• 6 Crew Members 
• 13 Month Round Trip 
• Sample Collection 
• Seismic Experiments 

With this number, there are nine to 10 
launch opportunities a year that 
would require less energy than a 
lunar mission. The mission opportu­
nities with the current known num­
ber occur less frequently, but they are 
still available in the time frame rele­
vant to a total exploration program. 
For example, a 390 day round trip 
mission to the asteroid Orpheus could 
be accomplished in the 2005 to 2006 
window. TI1e energy change required 
to go to one of these asteroids (a 
velocity change of approximately 12 
km/s) is only 3 km/s more than the 
energy change required for a lunar 
mission. A similar duration Mars mis­
sion would require significantly more 
energy. 

Asteroid exploration can be 
effectively performed by trained 
crew scientists. The detailed geolog-

ASTEROIDS 

Benefits 
• Operational Test of Mars Transfer Vehicle 
• Samples of Primordial Material 
• Inventory of Potential Resources 

- A Yl'OINT: ASTEROID -
ic history and present structure of 
the asteroid may be determined by 
careful field work and detailed 
sample collection and documenta­
tion by experienced astronaut/geol­
ogists. Samples may be collected 
and stud ied in their real geologic 
context. Operating in a zero gravity 
environmen t and obtaining the 
required samples and data is a chal­
lenging task which will be greatly 
aided by the presence of humans. 

Asteroids provide a rare opportu­
nity to study condensation of the 
early solar nebula. The scientific 
return from obtaining samples of the 
Solar System's primordial material is 
very high. For example, some aster­
oids may have geologically processed 
materials that represent crust, mantle 
and core of minor p lanets. Others 
may be remnants of extinct comets 

Next Operational 
Capability 
• Expanded Exploration 
• Robotic Resource Recovery 

Full Operational 
Capability 
• Asteroid Resource Utilization 
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which have been steer d into Earth's 
vicinity by the gravitational fields of 
the various planets. 

A survey of near-Earth asteroids 
could also provide the first concrete 
estimate of one of the mo t promising 
resource bases availabl for expand­
ing human presence in space. One 
thousand near-Earth asteroids with 
diameters greater than a kilometer 
could provide the resource base for 
further cientific investigation. 
Recoverable volatiles such as water 
may be abundant on carbonaceous 
asteroids, since water has already 
been detected in main belt asteroids. 

Future robotic missions to aster­
oids could mine and process volatiles 
and metals. The extraction and pro­
cessing of water from an asteroid will 
require many of the capabilities 
developed for fueling a Mars transfer 
vehicle in orbit. 

Precursors 

The most productive near-term pre­
cursor is an expanded Earth-based 
urvcy to find the most favorable mis­

sion targets. ewly catalogued near­
Earth asteroids are discovered at a 
rate of 10 to 15 a year. A program to 
expand this to over 150 a year in the 
next 15 years would yield over 2,000 
new discoveries with a percentage 
being very favorable for a rendezvous 
mission. 

Characterization 

Once the near-Earth asteroid are cata­
loged, they will be characterized using 
Earth- and lunar-based in truments. 
TI1e primary tool for surveying the sur­
face structure and compo ition of near­
Earth asteroids would be a lunar, long­
baseline interferometer as described in 
th Lunar Observation Waypoint. TI1e 
results would support a scientific 
investigation of primordial materials to 
determine the processes that produced 
the Solar System and would enable the 
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planning for exploitation of asteroids as 
a resource base. Early robotic missions 
could provide imagery, spectroscopy, 
structural information and sample 
returns from exploitable asteroids. 

Initial Operational Capability 

A representative mission would be to 
have a piloted re ndezvous with 
Orpheus, a carbonaceous chondrite 
asteroid 500 m in diameter. Using 
minimum energy, a mission launched 
in 2005 would have a seven-month 
outbound trip, a rendezvous of 10 
days and a return trip time of five 
months. The velocity change and 
complexity of such an asteroid mis­
sion is significantly lower than for 
Mars missions. 

The objective of an asteroid ren­
dezvous mission would focus on field 
studies and in situ resource utilization 
experiments. Rock samples would be 
collected from both natural outcrops 
and crater ejecta. Core extractions 
from a deep drilling operation would 
help define the intemal structure and 
potential resource base . Seismic 
experiments would provide struc­
tural information. Experience gained 
from these activities could be used to 
assess the potential for robotic 
resource recovery missions. In addi­
tion, a human mission to an asteroid 
would also allow for the low gravity 
checkout of resource recovery tech­
niques. 

Next Operational Capability 

Following the first human explo­
ration, a decision would be made to 
initiate resource recovery from the 
specified target or to conduct another 
exp loration mission to a different 
asteroid. Recovery of resources might 
be initiated by a robotic low thrust 
spacecraft which would return 
volatiles and metals to the Earth-Moon 
system. 

Enabling Technologies 

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

Enabling Technologies 

• Rendezvous techniques of 
large masses 

• Remote sensors 
- Chargeck:oupled 

devices 
Spectrometers 

• Planetary surface equipment 
Excavation 

- Extraction 



Mars Waypoint is the series of 
activities directed at the most 
expeditious way to accom­

plish human exploration of Mars. 

Waypoint Objectives 

This waypoint develops the infra­
structure and resources necessary to 
explore Mars. This includes establish­
ing a transportation system between 
Mars and Earth, habitats for living on 
Mars, utilization of Martian resources, 
and the ability to perform exploration 
over the entire Martian surface. 

Discussion 

Mars missions are challenging, but 
have potentially high benefits. 
Discovering answers to the questions 
of life on Mars may provide an essen-

Precursors 
• Mars Orbiters 
• Mars Rover 

Initial Operational 
Capability 
• Cargo Flight 

- Habitat 
- Pressurized Rover 
- Power Systems 
- Experiments 

• Piloted Flight 
- 6 Crew Members 
- 30 to100 Days on Surface 
- Closed Loop Life Support 
- Rover Exploration 
- Sample Return 

tial understanding of the conditions 
necessary for the continuation of life 
on Earth. Should evidence of life or 
fossilized remains be found on Mars, 
it would have a profound effect on all 
traditional scientific concepts of the 
origin and development of life. 
Understanding Martian climate and 
history would provide an additional 
model for studying Earth's climate, 
biological history and environment. 
Understanding the formation and 
evolution of Mars will provide insight 
into conditions of the early Solar 
System; it may also help explain why 
Solar System planets are so different 
from each other. Studying the struc­
ture and dynamics of Mars' interior 
will reveal how a planet with no plate 
tectonics dissipates its internal heat, 
resulting in refined planetary models 
of formation and differentiation that 

MARS EXPLORATION 

Benefits 
• Enhanced Understanding of Martian Environment 
• Refined Planetary Models 
• Test Bed for Human Expansion Into Solar System 

- AYPOINT: M AR -
might apply to the Earth. Gravity, 
topography and morphology will 
provide clues to Mars' internal struc­
ture and the origin of surface materi­
als. Chemistry, mineralogy, quantity 
and age of surface materials will be 
used to identify resource quality and 
distribu tion. The successful explo­
ration and utilization of natural 
resources on Mars would serve as a 
test bed for the eventual expansion of 
permanent human presence at Mars 
and beyond. 

The strategy selected for this way­
point is based on performing Mars 
exploration in the most expeditious 
manner possible, and this involves 
numerous robotic and human mis­
sions. Nuclear propulsion is the base­
lined propulsive means, with chemi­
cal propulsion used as a backup. 

Next Operational 
Capability 
• Cargo Flight 

- Habital 
- Pressurized Rover 
- Power Systems 
- Experiments 

• PIioted Flight 
- 6 Crew Members 
- Long Duration 
- Permanent Base 
- In Situ Resource Utilization 

Full Operational 
Capability 
• 6Crew 
• Permanent Base 
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Chemical Propulsion 

OEPAJH MARS 

OCPART CARTM 

ARR.IV( MARS 

'"°" l01:ilM,5'°!0n !}1:)0,lsy:s 

MISSION TIMES 
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Going to Mars entails significant 
human and engineering challenges. 
Important technological selections 
were made to reduce risk and cost 
and maximize benefits. 

The missions to Mars are envi­
sioned as separate vehicles for crew 
and cargo. This wouJd a llow the crew 
to reach Mars with minimum time 
spent in space while sending the 
cargo at minimum energy cost. The 
piloted vehicles would include con­
tingency fuel for return to Earth, but 
the Mars h111der and additional fuel 
would be sent as part of the ca rgo 
vehicle. 

The radiation hazard to the astro­
nauts enroute is not well understood. 
Minimizing travel times to Mars 
reduces the exposure to rad ia tion, 
zero gravity physiological effects and 
psychological health risk to the crew. 
The initial piloted mission to Mars 
could be a short duration (500 day 
class) mission with stays on the planet 
surface of 30 to 100 days; or it couJd 
be a Jong duration (1,000 day class) 
mission with stays on the surface of 
approximately 600 days. 

Prior to the mission, a thorough 
testing program is considered essen­
tial to ensure success. The testing 
would be conducted in a validation 
and proof-of-concept phase, using the 
Moon with the Mars transfer vehicle 
in lunar orbit. From lunar orbit addi­
tional testing of ascent/ descent vehi­
cles and the measurement of crew 
performance in partial gravity will be 
evaluated with excursions to the lunar 
&1.1rface. Surface systems for habitation 
and transportation are provided for 
additional evaluation while explor­
ing. This would expand our under­
standing of long duration space 
effects to validate equipment and 
operational concepts. 

The choice of a transportation sys­
tem is the key trade in perfonnance of 
Mars exploration. For Earth-to-orbit 
transportation, a heavy lift launch 
vehicle, with a capability to lift to low 
Earth orbit 250 metric tons, is needed 
to minimize the complexity of the 

assembly of the Mars mission ele­
ments. On-orbit assembly would be 
further minimized by using modular, 
automatic docking components with 
standard interfaces and docking of 
major elements. 

Chemical propulsion has been the 
mainstay of space transportation sys­
tems to date. However, it is limited to 
a specific impulse performance o f 
approximately 475 seconds. This per­
formance limitation leads to the need 
for considerable mass in low Earth 
orbit, as well as restrictions in both 
launch w indows to Mars and time 
spent in transfer operations. This in 
turn demands a high launch rate due 
to the high initial mass in low Earth 
orbit. 

Nuclear thermal propulsion has 
approximately twice the performance 
of chemica l rockets, with reduced 
propellant mass requirements . This 
leads to reduced mass in low Earth 
orbit, faster trip times (increasing 
crew safety) and increased la unch 
windows. Though the technology of 
nuclear rockets was demonstrated in 
the 1960s with the Rover/Nuclear 
Engine for Rocket Vehicle Applications 
program, the United Sta tes has no 
flight experience with this type of 
propulsion. Developmen t of the 
nuclear thermal rocket will require 
p reflight testing. During the la tte r 
stages of the Rover /Nuclear Engine 
for Rocket Vehicle Applications pro­
gram, it was demonstrated that the 
reactor subsystem o f the engines 
could be operated for sustained peri­
ods of time while removi ng a ll 
radioactive nuclei from the exhaust 
products. TI1e p rincipal challenge in 
testing an integrated nuclear rocket 
system is to provide for low ambient 
back pressure while scrubbing the 
exhaust products. Preliminary stud­
ies have shown that using wind tun­
nel exhaust techniques (e.g., super­
sonic diffusers) coupled with exhaust 
gas cooling and scrubbing cou ld 
prove feasible for full scale testing. In 
a ll cases, development testi ng of 
any kind will be performed at an 



approved Department of Energy test 
site. The first flight test of the nuclear 
rocket could be accomplished on the 
first cargo flight to Mars. 

Nuclear electric propulsion offers 
10 times the specific impulse of chem­
ical propulsion. However, bemuse of 
the heavy power sys tem and the 
lower thrust levels associated with 
nuclear electric propulsion, a direct 
comparison is not that straightfor­
ward. uclear electric propulsion 
devices me low thrust, but they thrust 
continuously throughout the mission 
to obtain the desired velocities. 

Power levels for cargo mfasions are 
in the 2 to 5 MWe range. uclear elec­
tric propulsion provides the lowest 
mass in low Earth orbit for minimum 
energy trips, but requires significantly 
longer trip times. 

1) ud ar thermal propulsion 
requires about half the mass in 
low Earth orbit compared to 
chemica l propu lsion for similar 
missions and launch windows 

2) Nuclear thermal propulsion 
requires about 500 to 600 met­
ric tons for long duration mis­
sions; short duration missions 
will require 600 to 700 metric 
tons in the selected years 

3) Chemical propulsion requires 
1,100 to 1,600 metric tons for 
long duration missions; short 
duration missions wiJJ require 
1,300 to 2,000 metric tons, even 
iJ1 the selected yeaTs (2008, 
2014,2016,2018,2020) 

Trip tim es are approximate ly 400 
days for long duration missions, 
although use of nuclear thermal rock­
ets could decrease the e times to 320 
days round trip for a modest increase 
in propellant ma s. For short duration 
nuclear propulsion missions, surface 
stay time can be extended from 30 
days to 100 days at a penalty of about 
100 to 200 metric tons in favorable 
years. Higher performance nuclear 

rockets (engine specific impulse = 
1,250 seconds) can save approxi­
mately 200 metric tons per mission. 

The Mars transfer vehicle will use 
propulsive braking for orbital inser­
tion and direct entry for Earth return 
in a separate return o·ew module. The 
aerobraking concept was found to 
have too many unknowns and unre­
solved issues to be considered for a 
baseline, due to such factors as: 

• Complexity of on-orbit assembly 

• Strnctural integrity verification 
processes 

• Incompatibi lity with nuclear 
thermal rocket propulsion 

• Incompatibility with high entry 
velocities 

• Spacecraft configuration limita­
tions 

• Abort options 

• Research and development costs 

• Unknown Martian atmospheric 
conditions 

• Sensitivity to mass distribution 

The pay load mass would be split 
among several veh icles, with the 
return vehicle from Mars made as 
li gh t as possible. Most of the mass 
would be carried on the cargo flights, 
with return fuel being the largest sin­
g I e item of cargo. Sufficient fuel 
would be carried in the crew transfer 
vehicle to ensure that a return trip 
with a minimum energy trajectory 
could be accomplished if rendezvous 
fails with the cargo flight carrying the 
return fuel. 

Communications, navigation and 
information management systems are 
critical factors for conducting human, 
autonomous operations at Mars . 
OperationaJly there is approximately 
a seven to 40 minute communica tions 

delay due to the round trip distances 
radio transmissions must travel. This 
constraint precludes Earth-based, real 
time command and control, so func­
tions such as extravehicular activity 
control, guidance, acquisition and 
tracking must be performed in situ. 
The Mars-based control center will 
be supported by an information 
management system that allows 
astronauts the ability to conduct opcr­
a tions without having to active ly 
monitor or control mission element 
systems. 

Communications with Earth and 
between other mission elements will 
be supported by a constellation of 
relay satellites orbiting Mars and a 
series of Earth ground stations. The 
radio frequency bands selected to sus­
tain the high data rates required of this 
mission are Ka-band (27 to 40 GHz) for 
the Earth-Mars uplink, and UHF for 
local emergency and crew comrnwl.ica­
tions. It should be noted that the feasi­
bility exists to use 11.igh frequencies for 
inter-element surface communications 
if the Martian ionosphere supports sky 
wave transmissions. 

Navigation for mission elements 
will be supported primarily by an 
Earth-based system (rad iometries), 
and assisted by onboard electronic 
aids for cri ti cal operations, such as 
orbit insertion, landing, rendezvous 
and docking. Mission operations 
requirements for the later missions 
may require a navigation system to 
provide the desired resolution, with 
positional accuracies approaching 100 m 
if using a Martian globa l positioning 
system. 

The minimum communication 
capability for the first two Mars mi -
sions is for the crew on the Martian 
surface to be able to frequen tly and 
predictably communicate with the 
Ea rth either directly or by relay 
through the vehicle orbiting Mars. 

An integrated logistics support 
system could be required for resup­
ply and spares for the later 1nissions. 
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Initial Operational Capability 

The first piloted mission will establish 
the Initial Operational Capability and 
include a demonstration of: 

• Commwlication/navigation 
systems capability 

• Human transportation system to 
Mars and return 

• Habitat and life support system 
on the surface 

• Initial scientific experiments on 
the surface 

The concept call for emplacing as 
much mission material as possible in 
Mars orbit and on the Martian surface 
(remotely verified to ensure that all 
systems are functional) to allow 
turnkey operations by the crew when 
they arrive. The crew will be provid­
ed with the tools and equipment nec­
essary to perform a wide variety of 
operations. 

The mission would be performed 
using separate cargo and crew vehi­
cles. Earth orbit operations will use 
automated rendezvous/docking of 
standard modules, minimizing on­
orbit operations. Cargo missions for 
the Mars surface and orbit will be 
delivered in the most energy efficient 
way. The cargo for the surface 
includes the habitat, pressurized 
rover, unload er, power ystems, 
exploration packages and in situ 
resource experiments. Mars orbit 
cargo includes the stages for return­
ing to Earth and the descent/ascent 
vehicle. The piloted mission would be 
flown with minimum transit times to 
reduce crew exposure to high radia­
tion and zero gravity. Sufficient fuel 
and supplies would be carried by the 
piloted vehicle to provide an abort 
mode for return to Earth. 

The primary mission option would 
be a short duration (30 to 100 days) 
stay performing surface exploration. 
Command and control will reside 
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with the six-person crew. All crew 
members will be on the surface in 
order to minimize ffects of z ro gravi­
ty during the long trans-Mars and 
trans-Earth trips. Prior to Mars orbit 
insertion, crew members will begin 
telerobotic exploration of the planet. 
This will help characterize the pro­
posed and al ternate landing sites in 
addition to expanding basic explo­
ration. Should surface conditions be 
unfavorable for a landing, because of 
adverse weather conditions, tele­
robotic exploration will continue from 
Mars orbit. 

The lander transports all of the 
astronaut and their equipment to the 
surface and returns the astronauts and 
Martian samples to orbit. Only short 
term life support would not be 
required, as the lander will not be 
used as a surface habitat. 

Part of this support system would 
be a reusable habitat separate from the 
lander. The habitat has a closed loop 
life support system, except for food, 
and is capable of long term use with 
resupply. It is modular in design, sup­
ports a crew of at least six and con­
tains living quarters and work space. 
It is capable of automatic setup and 
d1eckout before the astronaut arrive. 

A pressurized rover will provide 
mobility for the crew a nd enable 
overnight h·ips to a 50 km radius for 
the initial flight, expanding to 100 km 
for subsequent flights . Several days of 
life support will be available from the 
rover. A major increase in space suit 
capability is required. Improvements 
over current suits are needed to 
reduce weight and provide greater 
increases in flexibility, reliability and 
life support capability. 

The arrival of humans on the sur­
face of Mars opens new vistas of scien­
tific accomplishment. Field studies 
become possible when human powers 
of observation and thought are pre­
sent, both through the actual presence 
of humans and by extension through 
telepresence. The crew can sy temati­
cally examine, measure and sample 
exposed deposits, map their extent 

and continuity, and search rock expo­
sures for possible fossil remains. The 
field work proceeds on both a contin­
gency and an iterative basis. In the 
first case, the crew's specific field 
tasks are actively directed by signifi­
cant findings in the field; these deci­
sions are made by the field crew in 
real time. In the second case, the crew 
needs the ability to revisit, re-examine, 
and resample previously explored 
field sites, both to supplement new 
knowledge and to integrate data into 
new contexts derived from the evolv­
ing conceptual framework. Such 
work requires insight and geological 
experience. Traverses in the pressur­
ized rover are to sites identified from 
orbital imagery and the prior surface 
rover reconnaissance. A crew of two 
or three travels up to 50 km away 
from the lander to examine key geo­
logical sites, collect carefully con­
trolled samples, deploy instrument 
packages, and decipher and under­
stand the complex geo logy of the 
region adjacent to the landing site. 

Although general routes are 
planned and major field sites identi­
fied in advance, the unique opportu­
nity of human travel over the Martian 
surface permits traverse routes and 
plans to be modified in real time. This 
capability is the cornerstone of con­
ducting true field exploration, and the 
maximwn possible latitude for opera­
tional changes are granted to the crew 
during the Mars visit. In this way, sig­
nificant and unexpected discoveries 
are most likely to be made and, as 
importantly, to be followed up with 
additional field work. 

Hundreds of kilowatts of electric 
power would be needed for the 
Martian base, with an emergency 
backup system for the habitat capable 
of operating for at least six months. 

Next Operational Capability 

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



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

Early Milestones 

In preparation for the long human 
flights to Mars, all components of the 
mission would need to be validated. 
This will provide confidence that the 
mission could be performed in a safe 
and reliable manner and that the 
operational concepts are valid. The 
Moon offers the only partial gravity 
environment necessary for Mars mis­
sion testing. 

The Preparation for Mars Waypoint 
uses orbital research facilities and the 
Moon for validation experiments; 
allows secondary activity involving 
exploration, observations, learning to 
live on the Moon and developing 
lunar in situ resources; and meets the 
President's goal of going back to the 
Moon to stay. The main objective of 
validating systems for Mars would 
not be compromised. For example, 
the habitat that is designed for Mars 
would be as close to a Mars prototype 
as possible when tested on the Moon. 
The same could be done with the 
Mars descent vehicle. 

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

Enabling Technologies 

The Mars mission needs several criti­
cal technologies for its successful 
completion. As in other waypoints, a 
heavy lift launch capability is the first 
requirement; at least 150 metric tons 
payload capacity with design growth 
to 250 metric tons is necessary. 

uclear thermal propulsion gives the 
maximum amounts of leveraging and 
should be developed. Automated ren­
dezvous and docking technology will 
facilitate space operations for the 
lunar and Martian trips. For the long 
duration in space required for trips to 
Mars, long duration cryogenic stor­
age, closure of life support system 
loops, and better knowledge of the 
space radiation environment and zero 
gravity and its effects on hwnans are 
also needed. To ensure that humans 
can do productive work when they 
reach Mars, flexible and maneuver­
able extravehicular activity suits and 
robotic telepresence technologies 
should be aggressively pursued. 

Enabling Technologies 

• A heavy lift launch capabili­
ty of greater than 150 tons 
with designed growth to 250 
metric tons 

• The development of nuclear 
thermal propulsion 

• Automated rendezvous/ 
docking capability 

• Long-life (5 year) cryogenic 
storage systems 

• Knowledge of radiation and 
zero gravity effects on 
humans 

• Highly maneuverable low 
pressure extravehicular 
activity suits 

• Telerobotlc devices for set­
ting up facilities, servicing, 
and exploration 

• Surface power of hundreds 
of kilowatts with backup 
emergency life support 

• A closed life support sys­
tem (except for food) 

• Nuclear electric propulsion 
would be considered a great 
enhancement for the cargo 
missions 
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THE OUTREACH PROCESS 

The Outreach Program was a 
nationwide solicitation for 
innovative ideas. The program 

was a result of the Vice President's 
directive in December 1989 "to cast a 
net widely" to collect these ideas. 

Solicitation took several forms. 
The NASA Administrator sent indi­
vidual letters directly to universities, 
professional societies and associations 
asking for their suggestions. There 
was also an announcement in the 
Commerce Business Daily. 

NASA 

During the Synthesis Group orienta­
tion phase, NASA organized an 
extensive and comprehensive series 
of h.1torials to provide information to 
members of the group. These tutori­
als were presented by knowledgeable 
experts in the varied disciplines that 

Fig11re 1 

will support the Space Exploration 
Initiative. NASA also gave the 
Synthesis Group the benefit of its 
experience by discussing the com­
plexities associated with the develop­
ment of architectures. 

NASA played a major role in con­
ducting sh.tdies. Of particular note 
was the mission design work led by 
the late Ed Lineberry. His particular 
con tributions were key to the 
Synthesis Group's understanding of 
the complexity of and constraints 
imposed by Mars missions. 

The RAND Corporation 

The RAND Corporation solicited, 
received and conducted an initial 
screening and analysis of ideas from 
the public. RAND developed an 
information packet, staffed an 800-
telephone number, produced and 

mailed packets, and processed "intent 
to respond" forms. They then con­
tracted with an independent account­
ing firm to receive and log submittals. 
The process is shown in Figure 1. 
The public was solicited by a variety 
of advertising methods. Resulting 
inquiries via mail or the 800-tele­
phone number were hand led by 
RAND. When the individual submit­
tals arrived, they were initially pro­
cessed by Peat Marwick Main & 
Company. All submitta ls were 
assigned a sequential log number and 
examined to ensure there were no 
classified or proprietary markings. 
RAND Wi'IS asked not to hand le clas­
sified submitt<1ls and proprietMy 
ideas were discouraged. 

The originators were instructed to 
describe their ideas in a two-page 
summary and were given the option 
to augment this summary with a 

RAND'S OUTREACH PROCESS 

RAND Announcement 
10,783 Peat Marwick RAND Survey Group 

NASA Letters: Main & Company 
___. Initial Screening: 

34,500 
1,548 

Analysis 
Process: 

215 

' ' 

1.697 Synthesis 
Submissions Group 
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10-page background pap r. Th se 
administrative restrictions were 
de igned to pr elude the submittals 
of books and manuscripts, a well as 
to ensure that all ideas would get 
equal review by RA D's technical 
panels. In practice, ideas were not 
rejected ba ed upon fom1at. The ini­
tiator was r que ted to place the idea 
into one of 11 technical categories, 
and these ar as wer reviewed by 
panels of experts from RA D. The 
categories wer : 

• Mission Concepts and 
Architectures 

• System Design and Analysis 
• Space Transportation Law1eh 

Vehicle and Propulsion 
• Space and Surface Power 
• Life Support Systems, Space 

Medicine and Biology and 
Human Factors 

• Space Processing, Manufacturing 
and Construction 

• Structures, Materials and 
Mechanisms 

• Communications, Telemetry and 
Sensing 

• Automation, Robotics and 
T eleopera tors 

• Information Systems 
• Ground Support, Simulation and 

Te ting 
• Other 

The inputs were initially screened by 
the panels. This screening process 
was designed to assure relative insen­
sitivity to the quantity of submissions 
in any given ar a and to select the 
best of the ideas for further analysis. 
The review proc ss was such that 
each reviewer worked independently 
to establish a numerical score against 
established criteria. The scores were 
later compared by the panel chair­
men, and if there were disparities, 
they were discussed in order to deter­
mine the reasons for different ratings. 

To establish scoring criteria, the 
panels established five principal 

attributes. These were utility /useful­
ness, feasibility /risk, safety, innova­
tiveness and relative cost. For each of 
these attributes, each panel tailored 
individual criteria for the scoring. 
The five attributes were also given 
weights for each of the panels. Each 
idea was scored against each of the 
attributes using a scale of 1 to 5. With 
the individual scores and weights of 
the attributes, values were computed 
for each submission. 

Demographics of Submittals 
early 11 ,000 information packets 

were mailed to individuals based 
upon letters and calls to RAND. An 
additional 34,500 were mailed by 
NASA. These mailings resulted in 
1,697 individual submissions logged 
by Peat Marwick Main and Co.; 149 
were eliminated as being invalid, and 
1,548 were provided to RAND. A 
submittal was determined to be 
invalid if it were proprietary, classi­
fied or if no information were sup­
plied with the cover sheet. Of the 
submitta ls, the vast majority (63 %) 
were from individuals. Twenty-two 
percent were from industry. Only 5% 
were from educational institutions. 
Many of the individual submittals did 
give tmiversity or college addresses, 
but were marked by the originator as 
private submittals. 

There was broad geographical 
response, with all states except Alaska, 
Arkansas and Wyoming represented. 
Even though the outreach was teclmical­
ly a national exercise, there were submit­
tals from Argentina, Australia, Canada, 
Israel and Scotland. A preponderance 
of the submittals, however, were from 
three s tates: California (26 %), Texas 
(9%), and Florida (5%); 121 submittals 
included NASA addresses a sociated 
with the respondent. TI1e largest i.ngle 
number of ideas were in the transporta­
tion area (20%). Next was architectures, 
with 18%. Ten percent were in the life 
support area, and 9% were power relat­
ed. TI1e fewest submittals were in th 
in.formation systems area, with slightly 
more than 1. %. 

Resulting Analysis 
11,e ideas submitted show innovative 
but not necessarily revolutionary ideas. 
l11ere were ideas from people who did 
not have a formal teclmical background, 
but wanted to show their interest and 
support. This group included yow1g 
children who could someday partici­
pate in the Space Exploration program. 
However, the submissions did contain 
new implications for old ideas in the 
context of the Space Exploration 
Initiativ . l11e submissions supported a 
wide range of Space Exploration 
Initiative mission concepts and ard1itec­
tures. 

American Institute of 
Aeronautics & Astronautics 

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

• Ardtitecture and Systems 
• Transportation Technologies 
• Human Support Technologies 
• Planetary Surface Technologies 
• Support Facilities and Systems 

Conclusions and Recommendations 
Each of the five working groups 
established its own recommendations 
or conclusion , which are described in 
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detail in a separately published 
American Institute of Aeronautics 
and Astronautics report. In addition, 
there were several general recom­
mendations that are applicable to the 
Space Exploration Initiative program: 

1) The solicitation and evaluation 
of ideas should be continued 
and expanded to include 
groups outside the classical 
aerospace community. 

2) Several architectures from the 
Synthesis Group should be 
studied in detail. 

3) Key technologies should be 
addressed now. 

4) The reason for space exploration 
should be developed to ensure 
progrnm focus toward those 
goals. 

5) The public, press and Congress 
should be told about the risks 
associated with all aspects of 
the endeavor. 

6) Management structures must 
be defined to accompl ish the 
selected architectures and tech­
nology development. 

7) A program plan must be devel­
oped with clear milestones and 
dear decision points. 

Federal Research Review 

The Department of Defense. The 
Secretary of Defense was asked by 
NASA to provide recommendations 
to the Synthesis Group. Inputs were 
obtained throughout the services, 
showing broad participation from the 
Army, Marine Corps, Navy, Air 

AMERICAN INSTITUTE OF AERONAUTICS 
AND ASTRONAUTICS OUTREACH PROCESS 

American Institute 
of Aeronautics 

and Astronautics 
Announcement 

"Aerospace 
America" 

Trade press 
news release 

Direct notice 
to members: 

44,000 

542 
Submissions 
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Force, Department of Defense agen­
cies, the Joint Staff, the Strategic De­
fense Initiative, U.S. Space Command, 
and other components, including 
Department of Defense sponsored 
contractors. The recommendations 
covered system design and analysis, 
space transportation, space and sur­
face power, life support systems, 
human factors, space processing, 
structures, materials, mechanisms, 
communications, remote sensing, 
automation and robotics, information 
systems, ground support, simulation 
and testing. Through this process, the 
Secretary of Defense identified tech­
nologies applicable to the Space 
Exploration Initiative. 

The Department of Defense set up 
a Space Exploration Initiative task 
force. The task force mandated 
multi-organizational participation 
and separated into four panels: 
systems and architectures, transporta­
tion, technologies, and surface opera­
tions. 

The Department of Defense pre­
sented three major conclusions: 

1) Quantitative assessments of 
technology contributions are 
limited by uncertainties in the 
Space Exploration Initiative 
architecture. 

2) Current Department of Defense 
technologies in chemical pro­
pulsion, communications, ad­
vanced computers and power 
offer the most to the Space 
Exploration Initiative before the 
year 2000. Further, materials 
and manufacturing develop­
ments underlie these technolo­
gies. 

3) Innovative technologies in non­
chemical propulsion, informa­
tion, robotics and low cost 
Earth to low Earth orbit have 
potential after the year 2000. 



In addition to these conclusions, 
the Department of Defense identified 
the following findings: 

1) Extensive Department of 
Defense experience has great 
benefit to the Space Exploration 
Initiative, specifically in the 
areas of space launch and oper­
ations, logistics support and 
surface facilitie and operations. 

2) Department of Defense tech­
nologies in propulsion, robotics, 
information processing and 
power have a major applica­
tion to the Space Exploration 
Initiative. 

3) Many features of the Depart­
ment of Defense acquisition 
management system can en­
hance the Space Exploration 
Initiative. 

4) The Department of Defense 
launch road map and the Space 
Exploration Initiative launch 
requirement are consi tent. 

5) Mutual I verage is provided by 
the space launch infrastructure. 

6) Operability requirements are 
similar. 

7) Department of Defense space 
systems have many potential 
applications to the Space Explo­
ration Initiative. 

8) Upgrades of Department of 
Defense space systems can 
enhance the Space Exploration 
Initiative and would also have 
tremendous benefits to the 
Department of Defense. 

In li ght of these findin gs, the 
Department of Defense specifically 
recommended: 

1) Develop a national launch strat­
egy combining Department of 

Defense and Space Exploration 
htitiative requirements. 

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

3) Consider the ational Test Bed 
as a model for an independent 
test and validation facility. 

4) Use the Department of Defense 
engineering and construction 
expertise in the Space Explo­
ration lttitiative. 

5) Develop joint technology plans 
for each ardtitecture. 

6) Establish a national program 
organization with Department 
of Defense involvement. 

The Department of Energtj, Recom.­
mendations were also solicited from 
all the federal laboratories. The 
Department of Energy presented its 
views on power, propulsion, power 
beaming, resource utilization, robotics, 
computers, sensors, H lium-3, life sup­
port, safety, materiaJs, debris shield­
ing and ways that its radiation 
facilities can contribute to the Space 
Exploration Initiative. 

In support of the goals and objec­
tives of America's Spac Exploration 
Initiative, the Department of Energy 
concluded: 

1) The Space Exploration Initiative 
should be a broad-based, inter­
agency effort that harnesses the 
nation's intellectual prowess 
and i.ndustiial might to explore 
the universe as well as to bene­
fit humans on Earth. Particular 
attention should be paid to 
preserving the pristine envi­
ronment of the Moon and 
Mars, enhancing U.S. competi­
tiveness throughout the world, 
solving global problems and 

inspiring the nation's young 
people. 

2) The Department of Energy and, 
in particular, its ational 
Laboratori s, hav wtique ener­
gy and energy-r lated exper­
tise, capabilities and facilities 
that can directly support the 
Initiative. This includes over 30 
years of experience in remote 
sensing in and from space; 
nuclear power and propulsion 
systems; non-nuclear energy 
systems; and advanced technol­
ogy development in robotics, 
materials, manufacturing, life 
sciences and high performance 
computing applicable to the 
Initiative. 

The Department of Energy can 
make major con tributions to this 
national Initiative: 

1) In designing, developing and 
testing space nuclear power 
and propulsion systems. 

2) In exploring new energy pro­
duction, transmission, condi­
timting and storage tedutiques 
for use in and from space and 
on the lunar and Martian sur­
faces. 

3) In developing space-qualified 
remote sensing capabilities for 
explora tion of the Moon, Mars 
and other plan tary bodies. 

4) In conduc ting res arch and 
development on radiation ef­
fects and limits and shielding 
for human and equipment in 
space. 

5) In applying technology research 
conducted in advanced materi­
a ls, optoelectronics, robotics, 
high performance computing, 
sensors, and biomedicine to 
manufacture ultra-reliable space 

A-47 



11111111 tm O UTREACH PR0CES -
systems for exploration of the 
Moon and Mars. 

6) In capitalizing on national edu­
cational efforts underway in 
the Department to encourage 
broader interest in space sci­
ences, mathematics and engi­
nee1ing. 

The Department of Energy made 
the following specific recommenda­
tions concerning the Space Explo­
ration Initiative: 

1) The government should use 
existing interagency coordina­
tion mechanisms within the 
Executive Branch, such as the 
Federal Coordinating Council 
on Science, Engineering and 
Technology, to establish Space 
Exploration Initiative goals and 
objectives; to assess architec­
tural options; to validate pro­
gram and budget priorities; and 
to coordinate and review inter­
departmental implementation. 
NASA should lead the effort 
with broad intergovernmental 
and private and public sector 
participation. 

2) NASA, the Department of 
Energy and the Department of 
Defense should jointly develop 
nuclear power and nuclear 
propulsion systems, with the 
Department of Energy leading 
the design and testing phases. 

3) The Department of Energy 
should coordinate U.S. long­
term, high-risk and high-payoff 
research and development 
efforts in energy and energy­
re Ia ted areas such as hig h 
efficiency solar cells, high tem­
perature superconductors, and 
advanced non-nuclear propul­
sion techniques. 
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4) The Department of Energy lead 
a national program on radiation 
life sciences. 

5) The Department of Energy and 
the Department of Defense 
should apply state-of-the-art 
satellite technology to extrater­
restrial space missions. 

6) The Department of Energy 
should support basic and 
applied research efforts of the 
civil and commercial space sec­
tors in the areas of resource uti­
lization, non-nuclear energy, 
environmental assessment and 
monitoring, human health/ life 
science, manufacturing, and 
high performance computing. 

The Department of the Interior. 
Recommendations were also pre­
sented by the Department of Interior 
in response to the solicitation made to 
all federal laboratories. Presentations 
were made by the U.S. Geological 
Survey and the Bureau of Mines. 

The U.S. Geological Survey out­
lined their diverse science capabilities 
in the following areas: 

1) Geology 
2) Cartography 
3) Planetology 
4) Geophysics 
5) Photogranunetry /topography 
6) Image processing 

They emphasized their long term 
cooperation with NASA and the 
Department of Energy, their major 
involvement in the Apollo program, 
and their facilities dedicated to sup­
port lunar and planetary missions in 
Flagstaff, Arizona. 

The U.S. Geological Survey viewed 
their possible roles in support of the 
Space Exploration Initiative to include 
the following: 

1) Strategic planning: science 
strategy, environmental factors 

(terrain analysis, soil proper­
ties), prospecting for resources 

2) Mission design (robotic and 
human): definition of goals and 
requirements, instrument devel­
opment, mission profile de­
velopment, and science and 
engineering assessment 

3) Development of field geology 
techniques: mission simulation, 
astronaut training, a nd tool 
development 

4) Cartographic/photogrammet­
ric support 

The Bureau of Mines presented a 
concept for Indigenous Space 
Materials Utilization. Their pro­
posed concept was based upon near 
term small-scale technology demon­
strations. Their recommendations 
included the following: 

1) Evaluate the proposed concept 
for possible utilization to sup­
port Space Exploration Initia­
tive architectures. 

2) Emphasize small scale systems 
with immediate product appli­
cations. 

Aerospace Industries 
Association 

The Aerospace Industries Association 
was requested to solicit and coordi­
nate recommendations from its mem­
bership. The following member 
companies made presentations: 

1) Bechtel Corporation 
2) Boeing Corporation 
3) General Dynamics Corporation 
4) General Elechic 
5) Grumman Corporation 
6) Honeywell Incorporated 
7) Hughes Aircraft Company 
8) IBM Corporation 
9) Lockheed Corporation 

10) Martin Marietta Corporation 



11) McDonnell Douglas 
Corporation 

12) Rockwell International 
13) Teledyne Incorporated 
14) Texas Instruments Corporation 
15) Thiokol Corporation 
16) TRW Corporation 
17) United Technologies 

Corporation 
18) Westinghouse Corporation 

Additional Industry 
Presentations 

Additional companies contacted the 
Synthesis Group to provide recom­
mendations over and above the 
Aerospace Industries Association. 
They included the following: 

1) American Telephone and 
Telegraph Company, Bell 
Laboratories 

2) Eagle Engineering Corporation 
3) Lunar Exploration Incorporated 
4) Ocean Systems Engineering 
5) Science Applications 

International Corporation 
6) Talarian 

Individual Recommendations 

Recommendations were provided by 
individuals directly to the Synthesis 
Group. These were presented as 
written proposals as well as formal 
presentations. Every effort was made 
to insure their consideration in the 
Synthesis process. These individuals 
are identified in the Appendix. 

Synthesis Group Process 

All of the submittals were evaluated 
by the Synthesis Group and will be 
arduved by NASA. Figure 3 depicts 
the synthesis process. 

Fig,m•J 
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GLOSSARY 

Apsidial - Relating to the point in the elliptical orbit of a moon, a planet, etc. nearest to (lower apsis), 
or farthest from (higher apsis), the gravitational focus point. 

Beneficiation - The process of concentrating useful (ore) materials from surface regolith (soil). 

Conjunction -An astronomical alignment where two bodies appear in the same direction as seen from 
the Earth. The condition of two or more celestial bodies, especially a planet with the sun, located along 
the same celestial longitude when viewed from Earth. 

Cryogenic - Of or pertaining to liquified gases or very low temperature (3 to 100 degrees Kelvin; -276 
to -76 degrees Celsius; -285 degrees Farenheit) materials. 

Deuterium - An isotope of hydrogen whose nucleus contains one proton and two neutrons. Used in 
nuclear fusion reactions. 

Eccentricity - For a given conic section, a mathematical constant that is the ratio of the distances from 
any point of the conic section to a focus and the corresponding directrix. 

Heliocentric - Having or regarding the Sun as the center. 

Helium-3 - An isotope of helium whose nucleus contains two protons and one neutron. Used in 
nuclear fusion reactions. 

Ilmenite - A titaniwn and iron oxide mineral, abundant in some deposits on the Moon; useful in the 
production of oxygen from lw1ar regolith in certain processes. 

Lagrange Points - Points in space where the gravitational attractions of two or more bodies cancel out 
o that an object placed there will remain relatively motionless. 

Lidar - An instrument using transmitted and reflected laser light for detecting objects or atrno pheric 
particles and detemuning their position, concentration, etc. 

Opposition - An astronomical alignment where two bodies appear in opposite directions as seen from 
the Earth. The position of two celestial bodies when their celestial longitudes differ by 180 degrees, 
especially the position of a planet or the Moon when it is in opposition with the sun. 

Parsec -A unit of astronomical distance equal to 3.26 light years or 3.09 x 1013 km. 

Periapsis - The nearest point to the gravitational center in the orbit of any satellite. 

Phase Angle - The angle between two planets at a definite point in their orbits as seen from the Sun. 

Regolith - Unconsolidated residual or transported material that overlies the solid rock on the Earth, 
Moon or a planet. 

REM (Radiation Equivalent Man) - A dosage of radiation absorb d by a human that takes into 
account the biological effects of different types of radiation. 

Telepresence - The projection of human senses (e.g., vision, touch) and physical powers of locomotion 
and manipulation through a robot at a remote location. 

Tritium - An isotope of hydrogen whose nucleus contains one proton and three neutrons. Used in 
nuclear fusion reactions. 
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