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“Our journey into space will go on.  The work of the crew of the Columbia and the 
heroic explorers who traveled before them will continue.” 

 
President George W. Bush 

August 29, 2003 
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“Now it is time to take longer strides – time for this nation to take a 
clearly leading role in space achievement, which in many ways may 

hold the key to our future on Earth.” 
 

John F. Kennedy  
May 25, 1961 before a joint session of Congress 

 
 
 

”America’s Space program will go on. This cause of exploration and 
discovery is not an option we choose. It is a desire written in the 

human heart. We are that part of creation which seeks to understand 
all creation. We find the best among us, send them forth into 

unmapped darkness, and pray they will return.”  
 

George W. Bush  
February 7, 2003 at NASA’s Lyndon B. Johnson Space Center, 

Houston, Texas at the Memorial Service of the STS-107 Crew of the 
Space Shuttle Columbia 

 
 
 
 

This report assesses the current technology base and recommends a comprehensive 
program to reaffirm and reorient the U.S. Human Space Flight Program and reach a 

succinct goal: 
 

Columbia, The First Lunar Base Within A Decade. 
 

Achieving this worthy goal would give the American taxpayer, every night, an easily 
seen visual symbols of civilian U.S. effort and accomplishment, with continuous 

recognition and admiration by all peoples on our planet. 
 

 
 

The opinions, conclusions and recommendations expressed or implied are solely those of the 
author and High Frontier.  They do not represent the views of NASA or any other Federal 
agency.  Portions may be quoted or reprinted without further permission, with credit to the 

author and High Frontier, and should specifically indicate the lack of endorsement or 
sponsorship by NASA 
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Foreword 
 

“The U.S. space effort has moved forward for more than 30 years [since Apollo] 
without a guiding vision, and none seems evident. In the past, this absence of a 
strategic vision in itself has reflected a policy decision, since there have been 
many opportunities for national leaders to agree on ambitious goals for space, 

and none have done so. . . . We believe that the White House, Congress, and 
NASA should honor the memory of Columbia’s crew by reflecting on the nation’s 
future in space and the role of new space transportation capabilities in enhancing 

whatever space goals the nation chooses to pursue.” 
 

COLUMBIA ACCIDENT INVESTIGATION BOARD 
Report Volume 1, August 2003 

 
The recent Columbia Accident Investigation Board, chaired by Retired Admiral Harold 
W. Gehman, focused on the physical and organizational causes of the Columbia 
accident and recommended actions for future safe Shuttle operations. Most profound is 
the Board’s realization, stated on page 209, of two key missing causal realities that 
undermine the nation’s ability to sustain a viable, vibrant manned space program:   

• “The lack, over the past three decades, of any national mandate providing NASA 
a compelling mission requiring human presence in space;” and, following the lack 
of such a clearly defined long-term space mission,  

• “The lack of sustained government commitment over the past decade to 
improving U.S. access to space by developing a second generation space 
transportation system.” 

 
For over three decades technical experts have differed little about what should be the 
space exploration steps after the American flag was placed on the Moon in response to 
President Kennedy’s historic 1961 charge to send Americans to the Moon and return 
them safely “before this decade is out.” What has been missing is the same kind of 
political commitment and will to empower NASA to take the next logical step beyond 
program Apollo. 
 
Under growing adverse political and fiscal pressures associated with the Vietnam War, 
President Nixon rejected NASA’s 1969 proposed strategic vision and detailed technical 
plan for a post-Apollo effort that involved full development of low-Earth orbit, permanent 
outposts on the Moon, and initial journeys to Mars. Since then, these objectives have 
reappeared in numerous proposals for the long-term vision of the U.S. space program, 
for example: 

• The 1986 National Commission on Space, following the Challenger accident, 
proposed “to lead the exploration and development of the space frontier, 
advancing science, technology and enterprise, and building institutions and 
systems that make accessible vast new resources and support human 
settlements beyond Earth orbit, from the Highlands of the Moon to the plains of 
Mars.” 
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• Following President George H.W. Bush’s 1989 call for a Space Exploration 
Initiative on the 20th anniversary of the first Lunar landing, the National Space 
Council’s 1990 Advisory Committee on the Future of the U.S. Space Program 
observed that the primary justification for the space station is to conduct research 
to plan missions to Mars and other distant destinations. In 1991, former astronaut 
Retired Air Force Lt. General Thomas Stafford led The Synthesis Group in 
examining four architectures for President Bush’s proposed Space Exploration 
Initiative: 1) Mars Exploration; 2) Science Emphasis for the Moon and Mars; 3) 
The Moon to Stay and Mars Exploration; and 4) Space Resource Utilization. 

 
Regrettably, no particular architecture was pursued – leading to another decade without 
a strategic vision to guide NASA in making policy or day-to-day program decisions.  
And, as the adage goes, “ When you don’t know where you are going, any road will take 
you there.” 
 
This report takes the perspective that ‘Going to the Moon to Stay’ is preferred and, after 
explaining the reasons for this choice, assesses the current technology and 
recommends a specific program for NASA to pursue such an enterprise.  Based upon 
the wealth of available background material from studies, technology programs, and 
associated recommendations dating to the Apollo program and earlier – particularly to 
the 1969 Space Task Group, this report assesses the current technology base and 
recommends costs and schedules for a comprehensive program to reaffirm and reorient 
the U.S. Human Space Flight Program and reach a succinct goal:  
 

Columbia, The First Lunar Base Within A Decade. 
 
This report builds upon the original High Frontier Report of 1981, which comprised 
major goals and technology opportunities for both civilian and military space activities. It 
helped to build the base for President Reagan’s Strategic Defense Initiative, but had 
little follow-through or programmatic impact regarding major civilian activities and goals 
then outlined. Hopefully, this report will help rectify three decades of a lack of a national 
vision for Human Space Flight Program.  
 
 

 
 
         
 

Ambassador Henry F. Cooper 
        Chairman, High Frontier 
        December 17, 2003 
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Executive Summary 
 

A Historic New Goal for NASA 
 

This report gives a cogent rationale for Human Space Exploration, assesses the 
technology base, and recommends a specific program to pursue a specific 

objective – to establish a permanent Lunar base within a decade. In honor of the 
lost crew of Columbia, we propose to name this permanent Lunar Base, 

Columbia. 
 
The proposal to return to the Moon and establish a permanent Lunar base is based on 
the consistent findings of many studies and reports dating back to the 1940s and 50s; 
the comprehensive post-Apollo program recommended initially by the 1969 Space Task 
Group1; the Space Shuttle and later Space Station decisions of the 1970s and 80s; the 
various Space Commission efforts of the 1980s and early 1990s; and the recent 
Gehman Board report – and the associated conclusions and recommendations2. 
 
This wealth of materials and past assessments strongly suggest that establishing a 
permanent Lunar base within a decade is a succinct, clear, achievable goal for Human 
Space Flight for the next decade. For three decades, the extant technology base has 
provided the basis for this major reaffirmation and reorientation of the U.S. Human 
Space Flight Program, at acceptable costs and a set schedule. As Columbus opened 
the sea-lanes to a new world over half a millennium ago, so will Moon base Columbia 
open ‘Space lanes’ for human exploration and enterprise. 
 

Assessment Criteria 
 
The detailed assessment and recommendations elaborated in the following pages were 
molded by the following constraints on the program for Human Space Exploration: 

1. Accomplish within a decade – anything longer is beyond the attention span of 
U.S. political decision-making in trading off budget requirements. 

2. Require no substantial increase in NASA budget – a major challenge will lead 
to major reorientation, but should not more than double the NASA budget. 

3. Capitalize on past technology achievements and knowledge base – 
including for the Apollo, Shuttle, and Space Station components, space 
operations know-how, and related experience of U.S. industry.  

4. Significantly increase civilian and national security uses of space – by 
opening and exploiting Cis- and Circumlunar Space for U.S. space activities. 

                                                 
1 The 1969 Space Task Group was composed of the Vice President (Chairman), the President’s Science 
Advisor, the Air Force Secretary, and the NASA Administrator – and included as observers, the Director 
of the Bureau of the Budget, the AEC Chairman and the Undersecretary of State for Political Affairs.  See 
T.A. Heppenheimer, The Space Shuttle Decision, NASA SP-4221, p. 125. 
2 For example, see Pioneering the Space Frontier: Report of the National Commission on Space, Bantam 
Books, 1986; America at the Threshold: America’s Space Exploration Initiative, The Synthesis Group, 
U.S. Government Printing Office, 1991; and Columbia Accident Investigation Board Report, U.S. 
Government Printing Office, 2003. 
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5. Assure manageable risk – by reducing long duration space travel uncertainties: 
effects of micro gravity, cosmic heavy particle radiation, and prolonged isolation. 

6. Make a historic contribution to the expansion of human enterprise – in 
particular, to develop an Earth-independent technology base for human 
habitation outside and ultimately independent of Earth. 

7. Encourage a new regime for human and economic activities in space – to 
allow for free enterprise in pursuit of Space activities. 

8. Conform to the “iron laws” of economics: transportation and time (interest) 
costs – to accommodate the inescapable “delta-V” and investment interest 
requirements which increase geometrically with distance from the Earth. 

9. Stimulate the Nation’s youth and their enthusiasm for exploration, science 
and technology – requiring complementary programs to involve students and 
academia along with industry, beyond usual Federal grants and contracts. 

10. Be a U.S.-led program – with welcome participation of other nations. 
 

The GOAL: Columbia, A Permanent Lunar Base 
 
When numerous past studies are considered, their recommendations can be grouped to 
compose three possible goals for NASA’s near-term Human Space Exploration 
program: 1) Abandon Human Space Flight, 2) Go to Mars, and 3) Establish a human 
presence on the Moon.  The first is unimaginative and unresponsive to the human thirst 
for exploration; the second fails several of the above assessment criteria – particularly 
that the goal be accomplished within a decade – but could be a logical extension of the 
third, which is, in any case, a precondition for further human exploration of space. 
 
This study concludes – consistent with the 1969 Space Task Group – that establishing a 
Lunar base on the Moon within a decade is the logical next step in space exploration.  
We propose to name that Lunar base “Columbia,” in honor of the crew of Columbia and 
all those who have given their lives in seeking to explore the last frontier of space – and 
for Columbus, who over 500 years ago opened the sea lanes to the New World. 
 

The MEANS: Technology Building Blocks 
 
1. Upgrade current Space Infrastructure Investments, starting with an upgrade 

of the Space Shuttle system to “2000” technology, including replacement of 
SRBs with pressure-fed liquid (LOX/LH2) boosters – resulting in major reductions 
in flight costs, schedules and risks, increased payload capabilities, and a full 
range of STS technology modules for cargo and Human Space Flight. 

2. Develop reusable upper stage (Space Tug) for Cis- and Circumlunar 
operations. A modular approach should allow for the accommodation of all 
foreseeable manned and unmanned requirements as well as rescue and abort 
capabilities to/from/beyond Shuttle and Space Station orbits. 

3. Develop in-orbit fuel storage and transfer capabilities, allowing Space 
Station uses as a “Space Port” or refueling/logistics station.  

4. Develop a Lunar Closed Ecological Life Support System (CELSS) Lunar 
Habitat as NASA’s primary space goal for the next decade. 
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Costs, Risks and Schedules 

 
Based on several independent best judgments, a "first order" assessment of the costs 
of providing this "infrastructure" for human exploration of Space – on the Moon within a 
decade – involves a realignment of and an increase in the NASA budget well within the 
criteria set forth above. The benefits from this investment will exceed many times the 
"up-front" cost, even when considering only the "narrow" effects on the communications, 
information and energy sectors of the global economy. 
 
This is thought to be a high-confidence assessment, since most required technology is 
well within the state-of-the-art – no fundamental advances in Space technology are 
needed. All anticipated needed advances are incremental – in fact, extensions beyond 
NASA’s capabilities that have existed since the early 1970s. No overriding technology 
risks are involved and this initiative will substantially reduce immediate human Space 
flight risks: A substantial part of the required investments will fulfill the requirements 
proposed in the Gehman Commission report, as discussed in Chapter 3.  
 
And yes, human Space flight will remain fraught with risk and loss of life, just as all 
exploration over ages past was and will remain so. 
 

Figure 1 – Closed Ecological Life Support Systems (CELSS) 
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Critical to establishing a permanent Lunar base within a decade within these costs will 
be a single minded implementation of technology options outlined in this report, building 
on the existing Space Shuttle, Space Station and Life Sciences technology base.  
 
Equally important will be that NASA be held to the requirement to accomplish this 
historic mission within the decade – by 2014; any ‘slack’ in this ironclad requirement 
would lead to an inexcusable squandering of taxpayers’ resources. 
 
Last and not least, in the pursuit of these opportunities while containing the costs to the 
public sector and taxpayers, will be the forging of a constructive partnership between 
NASA and the vast resources of the private sector.  Critical will be defining the ‘rules of 
the road’ for opening Space for Human enterprise, with a reaffirmation of strong private 
property rights – similar to the original 1775 Declaration of Rights of Virginia. 
 

PROSPECTIVES Following From This Near-Term Space Goal 
 

Generations to come will remember this first Earth-independent Human settlement, 
which will far outshine the historically important settlement of Jamestown by English 
settlers in 1607. Indeed, Columbia will become the Jamestown of Space civilization. 
This overarching goal for the U.S. Space program for the next ten years will move 
mankind out of the ‘single point failure mode’ of planet Earth and revive the prospect of 
unknown new frontiers, the moving force in human exploration.  
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As illustrated in Figure 2 above, ‘Columbia’ will also add to our perspectives of Earth – 
just as the first “Full Earth” images from Apollo 8 fundamentally changed mankind’s 
awareness of Earth and its ‘vulnerability,’ giving rise to an ecological movement 
worldwide. So will the first permanent settlement on the Moon change our awareness of 
Cis-Lunar Space – and add to the myriad uses of satellites already in operation, 
affecting our daily lives, well-being and security interests.  New uses of Space and the 
resources of Space for and on Earth will undoubtedly follow.  
 
Examples of areas of exploration with major 
improvements for planet Earth include: 

• Communications and observation 
platforms for information activities 
worldwide. 

• Large Geosyncronous and High Earth 
Orbit (HEO) structures, including at 
various libration points. 

• Security provided by Columbia’s “High 
Ground” – in Cis- and Circumlunar 
Space – may develop similarly to the 
“Rock of Gibraltar,” which contributes to 
observing and controlling access to and 
from the Mediterranean. 

• RDT&E of inexhaustible new Space energy resources for use on the Moon, in 
Space and possibly on Earth. For example, more Solar energy ‘hits’ the 
surface of the Moon in but 
10-days than the energy 
from all known global fossil 
fuel resources accumulated 
over eons past on Earth. A 
10 Giga-Watt solar power 
plant can be built on the Moon 
with ‘proven’ technology. 
Such a concept is shown in 
Figure 4 [Solar Arrays (1), 
Microwave Transmitters (2), 
Reflectors (3) – all made from 
lunar soils by various 
production equipment (4, 5 
and 6)]. 

• CELSS feedback to husbanding resources on Earth – possibly similar in its 
economic and environmental effects in the 21st century to the effects of electronic 
miniaturization and computation in the 20th century.  The ability to sustain life and 
a community of astronauts independent of Earth by recycling waste materials 
and the use of “local” Lunar resources will have deep implications as to 
technologies and systems available on Earth, leading to a parsimonious 
‘husbanding’ of resources. 

Figure 4 – Solar Energy Production on the 
Moon for Cis-Lunar Space  

Figure 3 – Large HEO Structures 
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Looking toward Earth and Cis-Lunar Space will produce the most immediate 
practical applications and ‘paybacks’ for the investment to establish a permanent 
Lunar base. Looking outward – toward continuing the journey into Space – will 
address man’s thirst for information on the worlds beyond our direct experience. 
Specific initiatives could include: 
•  Large astronomical observatories on the ‘back side’ of the Moon – a 

decades old dream of astronomers, allowing ultra-large, distributed aperture 
observatories looking into the innermost processes of the universe, its origin and 
ultimate destination; 

•  “Earth Independence” – the Moon is the ‘natural’ testbed for Human 
exploration missions beyond the Moon in subsequent decades, such as Mars, 
the Asteroids and eventually the outer planets. In the long run, certainly such 
‘independence’ of human existence must be regarded as an ‘ultimate’ 
technological achievement of mankind – wherever the journey may take us. 

 
 
 “[With future rocket developments], it will be possible to go to other planets, first 

of all to the Moon.  The scientific importance of such trips is obvious.” 
 

Wernher von Braun – Memorandum to the U.S. Army – Spring 1945 
(See Appendix D) 

 

Figure 5 – The Moon: Platform for Solar System Exploration and Beyond
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Profound Education, Science and Technology Implications 
 
Science and technology do not happen in the ‘abstract,’ as percentages of GNP or from 
incantations of the need for more Ph.D.s, engineers, technical workers and educators, 
more science, statistics and mathematics, high school students and college graduates.  
 
Incantations or lamentations about America’s deteriorating technology base will go 
unanswered without agreed goals that challenge our imagination and make us take the 
hard road of sweat and tears and work and risk. The “Columbia” Lunar base challenge 
will bring entirely new opportunities, with applications in the next decade requiring 
untold numbers of enterprising new employment prospects. Recent downward trends 
can be reversed, and not only will many Americans seek a future of opportunity but also 
an influx of untold thousands worldwide will join us in Space enterprise. Furthermore, 
the innovative spirit of free enterprise, encouraged by policies that reward risk-taking by 
venture capitalists and entrepreneurs, can complement and supplement NASA efforts to 
multiply the technological gains from seeking to establish a Lunar base within a decade. 
 
We know of no goal or enterprise – including the Manhattan Project – that have had or 
will have more profound impacts and open more opportunities for generations to come 
than this single initiative: to return to the Moon within a decade – and this time to stay. 
 
But beyond all these considerations, there is the spirit of the human mind and human 
enterprise, the historical imperative to expand into the ‘void’ of Space:  
 
Let the first child born outside Earth, on the Moon, be 
from America, of a mother who risked her life in 
pursuit of flight.  Let that child be named for all those 
who died in the quest for exploration, from Kitty Hawk 
to Columbia, and those yet destined to die – for all 
explorers of ages past, and of ages yet to come.  Let 
that child be a messenger of freedom, a witness to the 
spirit of exploration and enterprise, for all generations 
that will follow that child on our journey into Space 
and, ultimately, to the stars.  
 
 
“We choose to go to the Moon. We choose to go to the Moon in this decade and 

do the other things, not because they are easy, but because they are hard, 
because that goal will serve to organize and measure the best of our energies and 

skills, because that challenge is one that we are willing to accept, one we are 
unwilling to postpone, and one which we intend to win, and the others, too.” 

 
President John F. Kennedy  

Rice University, Texas – September 12, 1962 
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“Here’s one Small Step for a Man – 
One Giant Leap for Mankind” 

 
Neil Armstrong – On the Moon – July 20th, 1969 

 
 
 

 

 

 
 
 
 

“Here’s one Small Step for a 
Man – 

One Giant Leap for Mankind” 
 

Neil Armstrong – On the Moon 
July 20, 1969 

 

 
Why the Moon? 

 
“Earth’s closest neighbor in space, the Moon, is surprisingly complex.  It is an object 
for detailed exploration, a platform from which to observe and study the universe, a 
place to live and work in the environment of space, and a natural source of materials 
and energy for an emerging space-based economy. 
 
“The Moon offers a record of four billion years of planetary history. Its violent birth and 
history of bombardment from space is closely related to events on the early Earth.  The 
Moon provides a natural laboratory for detailed study of geology and planetary 
formation, the output of our Sun over its lifetime, and the elements of our universe.  
The Moon’s 14 Earth-day night, crystal clear, airless sky and stable ground provide a 
superb platform for astronomy. 
 
“The Moon is the nearest object in space where people can live under conditions 
similar to those we face on other planets.  Thus, the Moon is a natural test bed to 
prepare for missions to Mars through simulation, system testing, operations and 
studying human capabilities. 
 
“The Moon is a rich source of materials and energy for use in space.  Abundant metals, 
ceramics and recoverable amounts of hydrogen, carbon, and oxygen can provide 
propellants and human life support from the lunar surface.  The 14 Earth-days of a 
lunar daytime provide abundant solar energy. Our Moon provides a rich scientific and 
economic way station for human expansion into the Solar System.” 
 

America at the Threshold 
Report of the Synthesis Group on 

America’s Space Exploration Initiative 
Chaired by Retired Air Force LGen. Thomas P. Stafford 

May 1991 
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The Next Ten Years in Space: 
 

Assessment of Possible new Goals and Technological Opportunities 
for the U.S. Space Effort 

 
FINAL REPORT to NASA Office of Space Flight 

December 17, 2003 
 

Klaus P. Heiss 
Principal Investigator 

 
Main Report 

 
 
“ I believe that this nation should commit itself to achieving the goal, before this 

decade is out, of landing a man on the Moon and returning him safely to Earth. No 
single space project … will be more exciting, or more impressive to mankind, or 
more important … and none will be so difficult or expensive to accomplish …”. 

 
President John F. Kennedy 

May 25,1961 
 
With these words President Kennedy initiated our journey to the stars, with the first 
milepost clearly set – the Moon.  
 
John F. Kennedy will be remembered a thousand years from now for this single, 
inspired decision, taken when few of the hardware systems needed to accomplish the 
indicated mission existed – nor in some cases were there even the very concepts on 
how the Apollo mission would or should be accomplished. Would it consist of a “brute 
force” approach with a direct landing on the Moon and return to Earth, or a Low Earth 
orbit transportation node to affect a direct landing on the Moon and return to Earth, or a 
Command Module to Lunar orbit with a Lunar excursion module therefrom and later 
rendezvous and return to Earth? This last approach, which was eventually adopted to 
accomplish the mission set by President Kennedy, had not even been conceived when 
the Apollo program was initiated. 
 
Since this historic goal was achieved ahead of President Kennedy’s schedule, the U.S. 
has floundered in its civil space enterprise, as noted by the recent Columbia Accident 
Investigation Board, chaired by Retired Admiral Harold W. Gehman. President 
Kennedy’s concise, imaginative easily understood goal was not replaced with an equally 
imaginative challenge for America’s post-Apollo civil space programs.  As important as 
are the many uses of Space, the U.S. civil space program has failed to invigorate the 
imagination of America’s youth, and the prospects of the future efforts have deteriorated 
as NASA’s efforts meandered in an uninspired Space program that seems devoid of 
clear purpose and historic destiny. 
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The following pages argue that it is time to resume the journey and complete the effort 
initiated by President Kennedy: return to the Moon and stay on that ‘Rock of Gibraltar’ to 
the Sea of Space that awaits us “out there.”  At the same time, we should assure 
America of the full beneficial uses of Cis- and Tran-lunar Space for decades and 
centuries to come by establishing “Columbia” Base on the Moon within a decade: the 
first extraterrestrial and ultimately autonomous human settlement.  
 
After Chapter 1 reviews the logic for NASA selecting this mission as the goal for its 
human Space flight program for the next decade, Chapter 2 discusses the available 
means of returning to the Moon “to stay”’ within a decade – our proposal based on 
numerous extensive studies that date to the recommendations of the Apollo 
management and technical team in the late 1960s.  Chapter 3 discusses why the risks 
associated with this recommended program should be considered to be acceptable.  
Notably, this program would address most problems that the Columbia Accident Review 
Board identified as contributing to the Columbia accident.  Not the least of the Board’s 
judgments was that a major contributor to the problems in the NASA program was the 
lack of such a mission as recommended here. 
 
Then Chapter 4 considers the immediate benefits of establishing such a permanent 
Lunar base and its supporting infrastructure – benefits that potentially justify the 
investment in purely economic terms.  Several classes of benefits are evident, including: 
potentially innovative Life Sciences and other science and technology advances; aids to 
service, repair and update spacecraft in Low Earth Orbit (LEO), Geosynchronous Earth 
Orbit (GEO) and other orbits; a variety of Earth-oriented applications by looking from the 
Moon toward Earth; and the potential of using the Moon base to “look outward” in 
preparation for future efforts to explore our solar system.  A most intriguing prospect for 
a Lunar base is to harness its enormous solar energy potential. 
 
Chapter 5 discusses cost and schedule possibilities, concluding that a modest increase 
– on the order of 30-50-percent – in NASA’s budget is required to establish the 
Columbia Lunar base within a decade.  This conclusion is based on several 
independent examinations of the proposed program. 
 
Chapter 6 reviews the legal regime needed to encourage free enterprise in Space 
commensurate with the potential benefits of a permanent Moon base and a continuing 
viable Space exploration program. After a few final comments in Chapter 7, several 
appendices further elaborate the key matters in the body of the report.  In particular, 
Appendix A reviews the 1971-72 Shuttle decision and the history of subsequent events 
that led to a loss of the vision evident in the 1969 Space Task Group report, which 
recommended for the immediate post Apollo space program much the same space 
transportation system that is recommended here. 
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Chapter 1 – THE GOAL for U.S. Space Exploration: 
 “Columbia,” A Manned Lunar Base within a Decade 

 
“And while many memorials will be built to honor Columbia’s crew, their greatest 
memorial will be a vibrant space program with new missions carried out by a new 

generation of explorers.” 
 

Vice President Dick Cheney 
February 6, 2003 

 
Since a sustained U.S. Space exploration effort was initiated, its overarching goals and 
rationale have been extensively considered and debated, as considerable investments 
have been made.  
 
Prior to Sputnik’s 1957 wake-up call, U.S. aerospace efforts were conducted efficiently 
through a loose amalgamation of Research Centers administered through NACA. To 
focus a determined national effort to match the spectacular Russian achievements, the 
1958 Space Act created NASA to pursue U.S. civil Space activities. President Dwight D. 
Eisenhower and Congress specifically emphasized the non-military potential and uses 
of manned and unmanned Space exploration. 
 
With the 1961 decision by President John F. Kennedy to land an American on the Moon 
and to return him to Earth by the end of the decade, human Space flight became 
NASA’s central theme for the 1960s. Kennedy’s mandate was spectacularly met with 
time to spare. Since that millennial achievement, it is fair to say that NASA’s efforts and 
goals have meandered – largely undefined for the past three decades, though there 
were repeated specific proposals for a focused manned space program: 

• The 1968-69 Space Task Group on the Post-Apollo Program first recommended 
continuing the journey initiated by President Kennedy to explore the Moon and, 
by the 1980s, to continue to Mars and beyond with unmanned missions for a 
budget not to exceed $100 billion. But in the face of growing resistance from 
Congress and debates over the budget and Vietnam, the Nixon administration 
sharply scaled back NASA’s proposal and cancelled the remaining Apollo 
program, leaving the three unused Saturn V rockets now on display at NASA 
centers1. The recommendation was ‘muted’ to one of ‘technical feasibility’ and 
that was the end of that: additional manned missions to the Moon and extended 
space exploration of Mars were laid to rest; the Space Station was cancelled and 
the ‘battle’ for a New Space Transportation System led to the Space Shuttle. But 
NASA’s recommended program in 1968-69 was – and still is – technically sound, 
and its proposed schedule of key events is given below in Figure 1.1.  

                                                 
1 The major political considerations surrounding the curtailing of the NASA recommended post-Apollo 
program are discussed in detail in T.A. Heppenheimer, The Space Shuttle Decision, NASA, SP-4221, 
1999. See also, John Ehrlichman, Witness to Power: The Nixon Years, New York: Simon and Schuster, 
1982; and Space Task Group, The Post-Apollo Space Program: Directions for the Future, September 
1969, reprinted in NASA SP-4497, vol. I, pp. 522-543.  
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• The 72 Space Shuttle decision was made independent of any goal for manned 
Space exploration. See Appendix A for a discussion of the principal author’s 
involvement in the 1971-72 debate that led to the 1972 Space Transportation 
System decision. Hundreds of different Space programs were analyzed, 
including entirely novel commercial, scientific and defense applications; but none 
included a return to the Moon or a mission to Mars.  

 
• SkyLab – the U.S. Space “Station” of the Apollo era – had a larger internal 

volume than today’s International Space Station (ISS), and was allowed to decay 
from orbit in the late 1970s for want of a few $100-million. It was to be supplanted 
by the ISS program of the 1980s and 90s, with tens of billions of dollars to fund 
important technical achievements in manned Space operations and life sciences 
research, yet with no destiny defined beyond Low Earth Orbit (LEO). 

• Numerous Space Commissions, Task Forces and Congressional Hearings since 
1972 have outlined a myriad of possibilities for Space enterprise and manned 
Space flight, but despite the talent and excitement put into these efforts, a U.S. 
vision for its civilian Space effort remains undefined. Particularly of note was the 
most recent high-level reiteration of the proposals of the 1969 Space Task Group 
given by the 1991 Synthesis Group led by former astronaut and Retired Air Force 
General Thomas Stafford. The Synthesis Group examined four architectures for 

Figure 1.1: Integrated Space Flight Mission Schedule  
(From 1969 Space Task Group Report) 
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President George H.W. Bush’s proposed Space Exploration Initiative: 1) Mars 
Exploration; 2) Science Emphasis for the Moon and Mars; 3) The Moon to Stay 
and Mars Exploration; and 4) Space Resource Utilization2. 

 
Regrettably, no particular architecture was pursued following the Stafford Commission – 
leading to another decade without a strategic vision to guide NASA in making policy or 
day-to-day program decisions.  The recent Gehman Commission presciently observed: 

“The U.S. space effort has moved forward for more than 30 years [since 
Apollo] without a guiding vision, and none seems evident. In the past, this 
absence of a strategic vision in itself has reflected a policy decision, since 
there have been many opportunities for national leaders to agree on ambitious 
goals for space, and none have done so. . . . We believe that the White House, 
Congress, and NASA should honor the memory of Columbia’s crew by 
reflecting on the nation’s future in space and the role of new space 
transportation capabilities in enhancing whatever space goals the nation 
chooses to pursue3.” 

 
Thus, the time has come to reassess what we know about the potential of Space and 
narrow the many choices down to one significant step for this next decade – which in 
and by itself constitutes a significant, even historic advance and at the same time 
significantly contributes, rather than forecloses, all the other options and potentials 
beyond. At a minimum this goal should also help to clarify the role of humans in the 
exploration and development of Space and the Solar system in particular. After all, a 
large part of the NASA effort is expended on manned Space flight: the Nation needs to 
know what for, beyond generic platitudes. 
 
 

Assessment Criteria 
 
So as not to reinvent the wheel, this report draws heavily from the numerous studies by 
NASA and various commissions to make specific recommendations. The assessment 
and recommendations elaborated in the following pages were molded by constraints 
that the U.S. Human Space Flight Program should:  

1. Be accomplished within a decade. JFK set the example. Anything beyond a 
decade is outside the attention span (seriousness test) of U.S. political decisions 
and the horizon of public interest when trading off budget requirements.  

2. Require no substantial increase in the NASA budget. Obviously a major 
reorientation of NASA priorities may/should ensue with a major new challenge, 
but in no case should the goal set require a doubling or more of the current 
NASA budget.  

3. Capitalize on past technology achievements and knowledge base. These 
include the Apollo program, Space Shuttle and Space Station technologies, 

                                                 
2 America at the Threshold: America’s Space Exploration Initiative, The Synthesis Group, U.S. 
Government Printing Office, 1991. 
3 Gehman, Harold W., Chairman, Report of the Columbia Accident Investigation Board, U.S.Government 
Printing Office, October 2003. 
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propulsion and space operations know-how, and commercial and other 
infrastructure.  

4. Significantly increase civilian and national security uses of Space for the 
benefit of the United States. The opening and control of Cis- and Circumlunar 
Space for U.S. Space activities would clearly accomplish this.  

5. Be accomplished with manageable risks. Clearly Human Space Flight for the 
foreseeable future will involve substantial risk, including the loss of life; but such 
has been the case for all major milestones in Human exploration throughout the 
ages. Most technology required for Cis- and Circumlunar Space operations is a 
limited extension of technology demonstrated three decades ago. Still, major 
uncertainties may affect Human Space flight for longer durations, such as the 
effects of micro gravity, cosmic heavy particle radiation and prolonged isolation – 
all of which are as yet not fully understood or tested.  

6. Make a historic contribution to the expansion of Human enterprise. One 
such overriding goal has to be to realize an Earth independent technology base 
for Human habitation outside – and ultimately independent – of Earth.  

7. Encourage a new regime for Human and economic activities in Space. To 
assure the benefits of free enterprise, the legal regime for Space operations 
should pursue the principle of full sovereignty, including private property and 
enterprise. Under the current, often undefined, legal and regulatory regime, 
Lewis and Clark would still be lingering East of the Mississippi.  

8. Conform to the ‘iron laws’ of the economics for the cost of transportation 
and the cost of time (interest). The transport costs of mass (“delta-V” 
requirements) and the cost of time (interest) are inescapable, increase 
geometrically with distance from Earth and hence will confine Human activities to 
near-Earth space in the foreseeable future – particularly when considered in 
combination with the uniquely adverse, unknown Space environment effects on 
astronauts from extended activities in Space.  

9. Stimulate our Nation’s youth and their enthusiasm for exploration, the 
sciences and technology. Whatever the goal, it should be complemented with 
programs that actively involve students, academia, and local government, i.e. 
beyond the well-trodden paths of Federal contracting and grants.  

10. Be accomplished as a U.S.-led program. Other nations will be welcome to 
pursue programs of their own, conforming to their various priorities and desires, 
or to join the U.S. effort subject to the criteria outlined herein. 

 
Applying these Criteria: A Clear and Unambiguous Choice 

 
Much has been said since the Columbia accident – and will be repeated in future weeks 
– about the promise and cost of the Space Shuttle and of Space Enterprise. It is sad 
that it takes tragedy to focus our affluent society on the core issues of human enterprise 
and on the core importance of Space to America’s future – in Space and on Earth.  
 
2003 saw the launch to and return from Space of the first astronaut by China, which has 
a focused, technologically maturing Space program. Someday America may see a 
major challenge from China as a major space power. Hopefully, the Columbia disaster 
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will prompt a renewed U.S. commitment to Human Space Exploration and Enterprise, 
which will again spur U.S. technological advances that assure America continues as the 
World’s preeminent Space power. 
 
In addition to this overriding “Human Destiny and Survival” rationale for Space 
Enterprise, there are also strictly utilitarian reasons for the Space Shuttle and Human 
Space Flight.  As the one in charge of the independent assessment effort of the Space 
Transportation System directed by the White House for NASA in 1970-72, the principal 
author of this report discusses in Appendix A the rationale considered then and – 
equally important – how it responds to today’s needs, thirty years later4. Conclusions: 

• That 1972 assessment was right then, and continues to be right, without 
modification except to account for technological advances since 1972; and 

• That recommended Space Transportation Infrastructure – of reusable vehicle(s) 
access to space – is still right and will remain so as long as we persist in human 
Space enterprise around Earth and beyond. 

• Also correct was the observation communicated to the NASA Administrator: “Any 
expenditure of public funds must be justified . . . by the aims and purposes of the 
expenditure.  Technological possibilities alone carry no conviction, though they 
often bring new possible aims into sight and reach. Whatever their nature and 
origin, the different aims must be hierarchically ordered and must find their place 
in the system of national priorities.”  

 
The cost-efficiency case made in 1971 is summarized in Appendix A  – and combined 
with an analysis of what went wrong that undermined U.S. efforts to realize the 
fundamental promise of Space as seen in 1969-72 – and as still seen today. This review 
again emphasizes the need for a clear, national priority goal for Human Space Flight.  
The Gehman Commission recently noted the important impact of this conclusion on 
assuring astronaut safety.  

 
Many options and destinations are outlined in the various reports of the past decades, 
ranging from an exclusively robotic exploration of Space around Earth, the Solar 
System and beyond, by many preferably based on Earth without the expense of Space 
launches and payloads to an all-out effort to establish free floating Space colonies at 
various libration points near Earth and beyond, ultimately for presence of humans 
throughout the Solar system and beyond.  

 
Among wide-ranging choices, the options can be narrowed down to three themes: 

• Abandon the quest of human Space flight, with a minimal pro-forma continuation 
of ongoing activities and programs to be slowly phased out over the next 
decade(s). At the extreme, abolish NASA as we know it and revert to the model 

                                                 
4 Documented in Klaus P. Heiss and Oskar Morgenstern, Factors for a Decision on a New Reusable 
Space Transportation System, Memorandum for Dr. James C. Fletcher, NASA Administrator, October 28, 
1971; and Economic Analysis of the Space Shuttle System, Study directed by Klaus P. Heiss and Oskar 
Morgenstern for NASA under contract NASW-2081, January 31, 1972 – Executive Summary and three 
Volumes. 
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of NACA of the 1950s for aerospace technology and NSF for the science 
components of the NASA programs.  

• Go to Mars as the next goal for manned Space flight and then proceed to 
establish a permanent manned presence on Mars. 

• Return to the Moon and establish a permanent manned presence there. 
 

Option I: Abandon Human Space Flight 
 
One of the first papers on Space given by the principal author of this report was titled 
“The Fallacies of the Anthropocentric Approach to Space Exploration.” This paper, given 
at the 1968 IAF meetings in New York5, argued that, for the same expenditure – or less, 
the Apollo program then to be completed within a year (in 1969) could have obtained 
the same sample returns through robotic technologies and extended these capabilities 
throughout the Solar system. A close reading ‘between the lines’ of NASA’s current long 
term plan would lead one to similar conclusions.  
 
How right in the abstract theory of the ivory towers of scientists and the world of 
accountants; how wrong in the quest of human exploration and historic advancement. 
Here is why.  The question is: “Can Man establish a presence in Space – ultimately 
independent of support from Earth?” This clearly must be seen as an ultimate question 
of mankind, with profound philosophical, psychological, societal implications.  

 
Today, mankind lives in a ‘no back-up’ single mode failure system called Earth. Our 
planet and civilization can end for a variety of reasons; e.g., from pestilence, global 
catastrophes and wars, and entirely natural events either on Earth or through cosmic 
events – such as witnessed worldwide via television when the July 16-22, 1994 multiple 
impacts of the Shoemaker-Levy comet on Jupiter released much more energy than in 
all the nuclear arsenals on Earth. The geologic record is replete with such cataclysmic 
events over the ‘brief’ history of the past 600 million years and more can be expected. 
 
Beyond these violent events – whether manmade or natural – for the first time in the 
history of mankind our world has become ‘closed.’ Whereas but a few decades ago 
large areas of Earth were expanses of unknown regions and territories, today’s events 
in even the remotest corners of the world are experienced ‘live’ in our living rooms; ours 
now is a world without unknown frontiers yet to be explored and opened. At the same 
time – according to some – our world has limited resources to be shared among a vastly 
exploding global population.  It is a world destined for fights of redistribution of scarcity 
with mankind assembled all around the same watering hole. It is a world of zero-sum 
thinking, a world of wars, a world of irreconcilable conflicts.  
 
And worse: a self-centered civilization without challenges from outside and the unknown 
can regress in self-centered satisfaction of its own perceived superiority and degenerate 
in a regression of boredom and – ultimately – cultural retardation.  

 
                                                 
5 “Fallacies of the Anthropocentric Approach of the U.S. Space Program”, Annual Meeting of the 
International Astronautics Federation Annual Meeting New York, New York, 1968 
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It has happened before – 15th century China, then the world’s leading, dominant nation, 
was the world’s leading shipbuilding nation. Chinese voyagers set out to reach shores 
throughout Asia Pacific and Africa – and British investigators recently suggested even of 
the Americas – and to complete a round trip back to Asia, to return through the straights 
of Magellan.  Just as for the circumnavigation of Africa (and accidental side trips to the 
shores of South America under Pharaoh Necho 600 B.C.), these tales of enterprise 
largely go untold. In the 15th century the future of mankind China’s to take, but it was the 
Europeans who indeed set out to do so.  
 
The reason for China’s abject failure: some quirk in the succession of emperors and 
empresses and the sway of eunuchs when empresses reigned.  ‘Bean-counters’ of 
ages past argued, “Why spend all this treasure to visit barbarians and wastelands at the 
rims of civilization? If these barbarians and other lowlife are interested let them come to 
visit us at their expense.” So said the ‘Luddite accountants’ in 15th century China.  
 
As they say, “The rest is history.” Europe brought ‘civilization’ to the rest of mankind in 
the centuries that followed. For America to fall prey to a repetition of China’s history 
lesson, now on a grand interplanetary scale, we must say resoundingly, “No!” 

 
To forgo the quest for answers to ultimate questions and opportunities for our and future 
generations would be to abdicate America’s founding spirit – namely to explore the 
unknown, to open new frontiers and to settle and develop these for generations to 
come. While many of the visions and expectations along this journey of exploration and 
settlement have gone unfulfilled, accompanied often by untold suffering, courage and 
sometimes desperation, it is this quest itself that has maintained our positive, dynamic, 
diverse community. That same spirit needs to be extended and maintained in our quest 
for Space, at least until we learn about barriers too difficult to overcome. 
 
The “costs” to the free world of not going to the Moon and, potentially, later to proceed 
to other places in the Solar system could exceed by far the small investment asked of 
us now, however large these amounts may sound in the disputes of the moment. 
 
If we abandon this quest, others will take it up. Let that day of infamy not arise in our 
lifetime. 

 
Option II: Go to Mars and Establish a Permanent Presence of Humans on Mars 

 
Manned exploration of Mars was an ‘obvious’ destination for those who first considered 
space travel within the Solar System and beyond. It was considered in a 1609 letter 
from Johannes Kepler to Galileo Galilei. Human exploration of Mars also was tied to the 
initial recommendations for post-Apollo manned space exploration – the 1969 Space 
Task Group Report recommended the full development of LEO, permanent manned 
outposts on the Moon and initial, mostly unmanned, exploration of Mars.  NASA 
Administrator Tom Paine emphasized the long-range objective of manned exploration of 
Mars – and President Nixon, under growing adverse political and budgetary pressures, 
rejected this ambitious goal.  In 1991, President George H.W. Bush again emphasized 
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the long-term goal of a manned mission to Mars – and NASA’s program again 
floundered. We might again consider a manned mission to Mars as the next goal for 
U.S. Space enterprise. 
 
This long-term goal, though desirable, may be too ambitious to sustain the needed 
political support – e.g., it fails the first criteria of being achievable within a decade. 
Serious obstacles and uncertainties must be resolved before commitment to such an 
enterprise is viable. Critical challenges to traveling to Mars within a decade, include: 

• The effects of heavy particle radiation on the human body during prolonged 
Space flight. They are ubiquitous and difficult to shield against, other than 
through massive amounts of Water/Hydrogen, which would increase the mass, 
cost, and time of manned flights to Mars and back. When traversing the Earth’s 
magnetic field, the Van Allen belt and beyond, astronauts on each Apollo mission 
to the Moon were exposed to such radiation, with persistent effects, including 
‘flashes,’ whenever another 1,000 neurons or so were eliminated by the 
crossings of such heavy particles through their neuro-system, hitting the optic 
nerves. Extended over many months or years the effects of such exposure can 
be devastating. 

• The effects of prolonged micro-gravity on the human body, leading to effects not 
dissimilar to aging and affecting within hours the whole human body in a myriad 
of ways. Prolonged Space flights over many years – or presence in severely 
diminished gravity – may be ‘showstoppers’ to such prolonged presence.  

• The effects of prolonged isolation on the human psyche and body.  Prolonged 
isolation, even on Earth, can have devastating effects on the mental health and 
physical well being of humans. The effects of mental well-being on the immune 
system is as yet not completely understood. Several incidents of ‘burn-out’ in 
orbit are documented. While these effects may be relatively ‘easy’ to cope with in 
near Earth environments – permitting relatively quick returns to Earth, long 
distance flight may pose entirely different perspectives and effects. Similarly, 
human judgment may be affected – sensory or otherwise. 

 
While each of these effects may be serious – and a showstopper all by itself, the 
combination of ‘synergistic’ effects of less than disabling proportions of these effects 
must also be understood. There is considerable experience obtained from human 
Space flight missions in Low Earth Orbit (e.g., Space Stations, Space Shuttles, Soyuz 
flights). However, Apollo provided the only missions beyond the protective envelop of 
the Earth’s magnetic field and the Van Allen Belt. Thus, there are only very limited data 
involving an environment like that to be experienced on interplanetary flights. 
 
Each of these parameters can seriously add to – or mitigate – the cost and time of 
human missions to Mars. For example, if a 1-g environment were required throughout 
the mission, this requirement would substantially increase the mass and complexity of 
the mission. Similarly, if vast protective water enclosures are needed to protect against 
heavy particle radiation this requirement will increase mission mass as well. When both 
combine, mass requirements may increase by orders-of-magnitude, adversely affecting 
spacecraft design and mission parameters. 
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Two other key factors that limit confidence in committing to a Mars mission within a 
decade are the costs of transportation and time (i.e. interest). What may make sense 
with a few weeks’ turn-around time for the Moon may become unfeasible – technically 
or economically – with roundtrip schedules of a few years for a single mission. This sad 
fact would not be ameliorated by assumed breakthroughs and advances in propulsion, 
nuclear rocket programs to reduce trip times and some of the listed bottlenecks in 
manned flights to Mars. Neither do we have such means of transportation today, nor 
can we be assured of measures to address associated health concerns.  
 
Finally, extensive human experience on the Moon is a precondition to human Space 
trips to Mars, and lessons learned from this experience may provide new ways to 
execute missions to Mars. Preliminary missions to the moons of Mars, Deimos and 
Phobos, are also a prelude to human Space flight to Mars. Thus, we can develop 
solutions to key problems by returning to the Moon and establishing a permanent base 
of operations for study and exploration of that space environment.  

 
Option III: A First Human Settlement on the Moon within a Decade 

 
Under the above constraints on the characteristics and parameters for meeting the next 
major goal for Human Space exploration, the only realistic Goal for the next decade 
is to establish the first human settlement outside Earth on the Moon.  From the 
standpoint of risk, transportation costs and travel time alone, the Moon is the first logical 
step to address the fundamental questions of the scope and limits of Human Space 
Flight beyond Earth throughout the solar system.  
 
As Figures 1.2 and 1.3 
make clear, the Moon is 
also the ‘natural’ 
platform to operate in 
Cis-Lunar space – to 
GEO, to HEO and NEO, 
even to LEO. Once such 
an operational capability 
has been established, 
the ‘energy’ distance (the 
amount of propulsion 
needed) to reach even 
low earth orbits from the 
Moon is substantially less 
than reaching that same 
location from the ‘much 
closer’ Earth. The same 
holds true for any and all 
other locations in Cis and 
Trans-Lunar Space. 
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At the same time it is also clear that whereas the Moon is within a few days of Earth in 
case of emergencies of whatever kind – or simple re-supply operations before reaching 
‘Lunar autonomy’ – travel to and from Mars will take years. Once having set out for 
Mars one can not just ‘turn around’ in mid-flight, a gravity assist from Mars is needed for  
such ‘turn-around’. 
 
As discussed below, there will 
be many new practical 
applications that result from a 
Lunar habitat that permits 
exploitation of the Moon’s 
physical environment. Human 
involvement in such 
exploitation will be critically 
important. The same 
‘operational advantage’ holds 
for the moons of Mars, Deimos 
and Phobos, when considering 
‘Cis-Martian’ Space missions. 
Again, the moons may be the 
‘natural’ initial destination, until 
technologies and experience 
beyond Earth Space mature. 
 
Key among these innovations is a revolution of Space transportation and Space 
operations in Cis- and Trans-lunar Space and for missions into the solar system, once 
the aerospace community grasps the unique characteristics of Lunar resources, e.g.,  

• The abundance of energy beyond any resource ever imagined on Earth;  
• The absence of any significant ‘atmosphere;’  
• The stability of the Lunar ‘platform;’ and  
• The abundance of mineral resources given the apparent ‘cogeneration’ of Earth 

and Moon in their infancy billions of years ago.  
 
One example: Once the energy resources on the Moon have been tapped, a new era of 
Space transportation will open – with propellant-less propulsion options, totally 
changing the ‘delta-V’ driven location speculations of Cis-, Trans-lunar and planetary 
exploration missions in and around diverse libration points.  Indeed one may ask, “What 
good are mathematical ‘optimization’ exercises if propellant mass is no issue?” Thus are 
the potential changes wrought by a human presence on the Moon. 
 
Finally, as pointed out in the discussion of obstacles confronting a national goal for 
human exploration of Mars (Option II), there are many issues concerning ecological 
health and closed ecological life support systems (Heavy particle radiation, micro-
gravity, human factors among them). The place to find the answers to these myriad of 
Life Sciences issues, the environmental health of humans in interplanetary space flight 

Figure 1.3 Inner Solar System Gravity Wells 
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and the feasibility of Closed Ecological Life Support Systems (CELSS) is outside the 
Van Allen belt, yet close enough for rescue and early returns should environmental and 
health data indicate incipient problems. That place is the Moon, which also can 
supply/provide a variety of shielding and protective strategies not available in the ‘void’ 
of interplanetary space flight. The results of these Lunar in-situ efforts could significantly 
reduce costs and risks of eventual future human Mars mission exploration.   
 
Of paramount importance in this context is 
the question of the relative abundance or 
not of H2O on the Moon. This is a hotly 
discussed topic, with indications from the 
Clementine mission that indeed such 
resources exist near the polar regions of 
the Moon. However, a more detailed 
assessment of the extent of these water 
resources on the Moon is needed, first with 
additional remote sensing missions, then – 
as in the good old days – by on-site old-
fashioned geologic prospecting by humans 
on the Moon. 
 
Of course, once solar energy resources 
are tapped on the Moon, then hydrogen 
can be literally ‘squeezed’ out of the 
regolith ‘stones’, where hydrogen and 
helium-3 have been ‘implanted’ by solar 
winds for billions of years. [See Chapter 4.]  
 
Such a fundamental goal can make use of an extensive existing technology base, with 
some crucial system development components to enable such a mission by a decade 
after go-ahead. These include four core components, discussed further in Chapter 2: 

• Space Shuttle: Evolutionary steps toward modular, reusable liquid assist and 
unmanned systems options. 

• Space Tug: A LEO-to-Lunar Surface-and-return manned Reusable Upper Stage, 
again modular in its various components. 

• On-Orbit fuel storage and transfer capability: For example, oxygen, hydrogen, 
and water that accrue in various Space missions to and from LEO (Shuttles, ISS) 
can be used to refuel LEO-based Space Tugs to increase efficiencies and reduce 
costs of missions above LEO to HEO, GEO and beyond, all the way to the Moon 
and back. Thereafter, these technologies can enable the use of Lunar water 
resources and their cracking into H2/O2 for Space Tug (and CELSS) operations.  
Solar Electric Power Space stations can provide power to Space Tugs with 
missions beyond the primary pull of Earth’s gravity.  

• Closed Ecological Life Support Systems (“CELSS”): The key technology for 
ultimately Earth-independent, autonomous human settlements on the Moon and 
in Space, with untold ‘technology feedback’ to Earth. The impact on the global 

Figure 1.4 – Clementine Composite 
Image of Lunar South Pole



High Frontier 

High Frontier 1-14

economy of such drastically advanced recycling of resources may be similar to 
the effects of miniaturization in electronics, image processing and computation 
from the Space program of the 20th century. 

 
Profound Science and Technology Implications 

 
One of the foundations of the vigor of free market economies – and the U.S. economy in 
particular – is the immense drive for innovation, which in turn is based on the ‘human 
resources’ of education, the sciences and technology.  
 
Currently, the U.S. is experiencing a serious erosion of the foundations of its wealth, in 
aerospace in particular. Things we could do but a few decades ago are, in fact, today 
outside of our immediate reach, including the ability to return to the Moon – or even to 
replicate a Space Shuttle, much less to improve its design to 2000 technology. A new 
generation must learn again how to repeat these feats of decades ago – preferably 
while a few of the pioneers are still available to help.  These resources – ultimately key 
human resources: engineers, scientists, aerospace workers – should be mobilized, 
maintained and expanded, not through ‘make work’ programs that reinvent the wheel 
(e.g. one more ‘expendable’ launch system) but through challenges that open new 
frontiers, such as exploring and exploiting the Moon. 
 
Entirely new applications, technologies, and missions are outlined in Chapter 4, 
based on the work of literally hundreds and thousands of innovators, scientists and 

Figure 1.5 – Autonomous Lunar Utility Vehicles 
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engineers of decades past. Many others will expand that list of ideas over the next 
months and years. This portfolio of opportunities encompasses all areas of technology 
and the sciences, across literally the whole electromagnetic spectrum, all the life 
sciences, the communications and information economies (well over 50% of all 
economic activities in advanced economies), material sciences, and human factors. 
With the prospect of an inexhaustible energy base – be it solar, be it nuclear – there are 
no limits to the expansion of this new frontier other than our failure to set out to explore, 
breach and expand this frontier as well. 
 
These conditions will pose an exciting challenge to the next generation of aerospace 
engineers and scientists.  Science and technology do not happen in the ‘abstract’ – 
as percentages of GNP or in response to incantations of the need for more Ph.D.s, 
engineers, technical workers and educators; more science, statistics and mathematics; 
more high school science and college graduates. Such incantations and lamentations 
will go unanswered in the void of goals that challenge our imagination and make us take 
the hard road of sweat and tears, work and risk – justifying all the long and lonely hours 
of studies and tests and failures, and here and there the thrill of success.  
 
The “Columbia” challenge will bring about entirely new opportunities of the Frontiers of 
Space, with real life applications in the next decades. If but a fraction of all the 
opportunities are pursued – requiring untold numbers of enterprising new employment 
prospects, the downward trend in aerospace science and engineering can be reversed, 
leading to an influx not only of America’s youth toward a future of opportunity but an 
influx of untold thousands worldwide to join us here in Space enterprise.   
 
We know of no goal or enterprise – including the Manhattan Project – that has had or 
will have more profound impacts and open more opportunities for generations to come 
than this single initiative: to return to the Moon within a decade, this time for keeps. 
 
And – lest a goal be set – NASA cannot answer the question as to what technologies 
are needed in the pursuit of Space enterprise. Based on the list of criteria in the 
previous section, the only realistic goal for NASA to be given for the next decade is to 
establish a Manned Lunar Base within ten years from go-ahead. 
 
 

We have taken to the Moon the wealth of this nation, the vision of its political 
leaders, the intelligence of its scientists, the dedication of its engineers, the careful 
craftsmanship of its workers, and the enthusiastic support of its people. We have 

brought back rocks, and I think it is a fair trade. . . . Man has always gone where he 
has been able to go.  It’s that simple.  He will continue pushing back his frontier, no 

matter how far it may carry him from his homeland. 
 

Apollo 11 Commander Michael Collins  
Before Congress on September 16, 1969 
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Let the first child born outside Earth – on the Moon – be from America, 
of a mother who risked her life in pursuit of flight.  

 
Let that child be named for all those who died in the quest for exploration,  

from Kitty Hawk to Columbia – and those yet destined to die; 
for all explorers of ages past – and of ages yet to come. 

 
Let that child be a messenger of freedom, 

a witness to the spirit of exploration and enterprise 
to all generations that will follow that child – 

  
On our journey into Space and  

to the stars.  
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Chapter 2 – THE MEANS: Technology Building Blocks  
The INFRASTRUCTURE to Enable Cis- and Trans-lunar Space Applications 

 
The object of your mission is to explore the Missouri River, & such principal 

stream of it, as, by it’s course & communication with the waters of the Pacific 
Ocean, may offer the most direct & practicable water communication across this 

continent, for the purposes of commerce. 
 

President Thomas Jefferson 
Instructions to Lewis and Clark 

June 20, 1803 
 
As summarized in Chapter 1, establishing the first human settlement on the Moon within 
a decade requires evolutionary improvements in four important technology components: 
1) the Space Shuttle, 2) a Space Tug, 3) Space based Refueling and Storage Stations 
and 4) a CELSS Lunar Base Module building on ISS technology. Other existing 
mission-critical technology will improve as a byproduct of a comprehensive program 
focused on establishing the Columbia Lunar base – and various technologies will be 
advanced to accomplish this goal more effectively and to help accomplish numerous 
missions that will inevitably follow for Cis-Lunar and other applications.  
 
Just as was envisioned by 
the 1969 Space Task 
Group, the first three of 
these four components 
compose a Cis-Lunar 
“Space Transportation 
System” and the fourth is 
the basic habitat for 
sustaining productive 
human life and operations 
on the Moon.  To 
emphasize the consistency 
of the concept of 
operations proposed here, 
consider Figure 2.1, taken 
from the 1969 Space Task 
Group report1.  The 
primary needed space 
transportation vehicles, as 
illustrated in Figure 2.2, are:  

                                                 
1 See Appendix A for a discussion of a key 1971-72 economic study of concepts considered by the 1969 
Space Task Group and various decisions made 30-years ago – and since – all of which need to be 
revisited in light of the proposed mission to establish a manned lunar base within the next decade. 

Figure 2.1 – 1969 Space Task Group Cis-Lunar Systems 
Operations Profiles 
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• Shuttles, which carry material and people between the Earth’s surface and LEO, 
there to be transferred to orbiting habitats and/or storage stations. (Shuttle-
derived Heavy Lift Launch Vehicles – HLLVs – could also be important.) 

• Space Tugs, which transport personnel and/or material 1) in LEO between LEO 
habitats and storage and 2) between LEO and Lunar orbit or the Moon’s surface.  

• Mission-critical stations in LEO, between LEO and the Moon, and around the 
Moon – including space-based LOX/LH2 refueling stations to provide fuel for the 
Space Tugs and Lunar operations. (Liquid-fueled rockets are desired to reduce 
costs and life-threatening risks – including for future Shuttle concepts.) Solar 
Electric Power (SEP) Space stations can also provide power to conduct space 
missions once the Tugs are beyond the primary pull of Earth gravity. 

 
This proposed Space Transportation System could be used to repair and service failing 
LEO, HEO and GEO satellites, to improve their efficiency/effectiveness and to extend 
their life – a fundamentally new capability.  But its primary purpose is to establish and 
maintain a viable Lunar base – Columbia – the primary objective proposed here. 
 
This goal will be achieved by, in effect, executing the plan conceived in 1969 toward the 
end of the Apollo program but regrettably abandoned in the face of the political and 
budgetary pressures of the Vietnam era. Where appropriate, it will exploit technological 
advances of the past three decades. In some cases it will take different directions 
because of the needs of achieving this focused goal.  The following sections discuss the 
essential building blocks to building a Lunar base within a decade. 

 

Figure 2.2 - A Shuttle Derived Reusable Space-based Systems Approach
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Building on the Space Shuttle Technology Heritage –  
Shuttle and Shuttle-Derivative Space Transportation Systems  

 
Needed now is to complete the architecture and technology vision of the late 1960s and 
early 1970s (See Appendix A.), while incorporating subsequent progress on associated 
technology – which, during the past three decades, advanced more in the military and 
commercial sectors with a veritable explosion in computing and software capabilities, 
micro-miniaturization, and material sciences.  The key to any and all STS designs is – 
as it was 30-years ago – standardization, modularization and robust interchangeability. 
 
If the extensive results of the late-1960s and early-1970s analyses are applied to the 
current situation, the outline of STS components needed to meet the criteria and goals 
outlined above remains as illustrated by the building blocks in Figure 2.3.  

 
The Space Shuttle of the 1970s can evolve into a robust component of future Space 
transportation infrastructure if the above 30-year-old recommendations for Shuttle 
operations are accepted – and this approach would implement the risk-reduction spirit 
of the recent Gehman Commission report (See Chapter 3.) as follows:  

Figure 2.3 – Evolutionary Modular Shuttle System Upgrades 
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• Upgrade Space Shuttle Systems and Subsystems to “2000” Technology – 
including with a ‘Modular’ Crew Escape Capsule for the Shuttle that at the same 
time can also be used for in-orbit Crew Taxi missions in Cis-Lunar Space, 
including Crewed Orbit Transfer Vehicles (see below);  

• Replace SRBs with Liquid Boosters – with the following benefits: 
o Substantial launch cost reductions – incremental and infrastructure costs; 
o Substantial reduction in launch risk – allowing for the first time intact abort 

capability at launch and substantially increased ‘failure’ recovery capability 
through ‘cross-feed’ between the various liquid tanks and engines; and 

o Increased performance – particularly when storing ‘excess’ LOX/LH2 fuels 
in orbit for OTV operations beyond LEO by maximizing Liquid Booster use 
and ‘excess’ fuel in External Tank (ET) on each mission; 

• Evolve the Shuttle toward a Cargo Version (“Shuttle C”) – including adding 
modular engines at Aft-End of the External Tank and ‘automated’ operations of 
Shuttle launch and return capabilities. This enabling step toward Shuttle class 
Heavy Lift Vehicle(s) will reduce risk and improve future launch/lift capabilities.  

 

• Spin-off Shuttle-Derived (Modular) Heavy Lift Vehicle – can deliver heavy and 
bulky payloads to help build Large Space Structures throughout Cis-Lunar Space 
as an alternative to assembling them in LEO operations. Liquid boosters and 
upgraded External Tanks, including retrofits with modular (reusable?) engine 
capabilities, can help support a flexible, unmanned Heavy Lift capability. 

• Provide a standardized Recoverable Crew Module – to improve crew 
survivability in case of catastrophic failure of Shuttle flights, develop a 
“Separable” Crew Command Module suitable for the Space Shuttle and manned 

Figure 2.4 – Shuttle Class Evolved and HLLV  



High Frontier 

High Frontier 2-5

Space Tug operations throughout Cis-Lunar Space. When combined with the 
other upgrades of the Space Shuttle, this is as close to “assured” crew survival 
as one ever can come in human Space Flight. 

 

 
 

A Modular (“Lego”) Family of Space Tugs 
 

Cargo orbit transfer operations throughout Cis-Lunar Space and/or Crew Operations up 
to and including Lunar Landings and restarts were envisioned as part of the STS 
recommendations of the late-1960s and early-1970s.  See Figure 2.6.  Key to achieving 
flexible operations will be to revive the Apollo era engine technology base – particularly 
restartable LOX/LH2 engines.  Then that technology base can be used to 
‘modularize’ a family of diverse orbit transfer Space Tugs throughout Cis- and 
Trans-Lunar Space, up to and including Manned Space Tugs to go from LEO to the 
Moon’s surface and return2.   
 

                                                 
2 As discussed in Appendix A, Space Tugs – as well as liquid boosters and the other components 
recommended above – were key elements in NASA’s architecture considered by the 1968-69 Space 
Task Group and evaluated by an independent economic analysis of the space transportation system to 
support the Space Shuttle decision of 1972.  Without the context of a Lunar mission as a goal, pressures 
for short term cost savings led to a less than optimum Shuttle design with greater recurring costs and 
risks.  Future NASA programs should avoid this danger from shortsighted planning objectives. 

Figure 2.5 – Modular Core Crew Vehicle 
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An overriding reason for a reusable upper 
stage – a Space Tug – will be its ability to 
refurbish, repair, update and otherwise tend 
various payloads throughout Cis-Lunar orbit, 
just as the Shuttle has done for LEO 
missions – as demonstrated in repairing the 
Hubble Space Telescope. A past example 
where a Space Tug could have made a 
tremendous difference – with who knows 
how many benefits to astronomy alone – 
would have been to repair the $1.5 billion 
Compton Gamma Ray Observatory 
(CGRO), which was lost due to four of its six 
gyros malfunctioning. It could easily have 
been revisited and repaired – or recovered – 
with a Space Tug capability. Instead CGRO 
was ‘de-orbited’ after failure of Gyro 3 and 
splashed down June 3, 2000.  
 

Figure 2.7 – CGRO being 
deployed from Space Shuttle

Figure 2.6 – LEO to Lunar Surface Space Tug Capabilities 
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Similarly, Chandra, another $1.5 
billion astronomy spacecraft – 
where the optics seem subject 
to unexpected ‘fogging up,’ 
probably due to spacecraft 
related leaks – could be 
repaired, refurbished and 
improved by a Space Tug visit, 
just as the Shuttle has serviced 
Hubble. Just as the CGRO was 
left to ‘decay’ – and like the MIR 
Space Station (and SkyLab 
earlier), Chandra is left 
untended and degraded.  A 
Space Tug capability can end 
this de facto policy of benign neglect in prematurely ditching accomplishments of the 
past.  Optimum Space Tug design would employ modular building blocks, including a 
robotic “Mini-Tug” and a Manned Cargo Space Tug.  
 
The Autonomous Space Transfer & Robotic Orbital Server (ASTRO) program is the first 
step toward a robotic Mini-Tug capability to refurbish, replace, repair and update 
Spacecraft throughout Cis-Lunar Space. (See Figure 2.9.) The goal of a Mini-Tug 
Space Operations Architecture program is to validate the technical feasibility of robotic, 
autonomous on-orbit refueling and reconfiguration of satellites to support a broad range 
of future U.S. national security and commercial space programs.   
 

Figure 2.8 – Chandra X-Ray Observatory

Figure 2.9 –Autonomous Space Transfer &  
Robotic Orbital Server (ASTRO)



High Frontier 

High Frontier 2-8

Refueling satellites will enable frequent maneuvers to improve coverage, change arrival 
times to counter denial and deception, and improve survivability, as well as extend 
satellite lifetime. This modular approach to Space Tug capabilities will include an engine 
with reboost capability to make use of ‘excess’ LH2/LOX from LEO and later from Lunar 
Base(s). Electronics upgrades on-orbit can provide "Moore's Law" performance 
improvements and dramatically reduce the time to deploy new technology.  In addition, 
a refueling service port can act as a "mother-ship" for micro-satellites, supporting micro-
satellite deployment and operations for missions such as space asset protection.  
 
An ASTRO advanced technology demonstration can design, develop, and test on-orbit 
a prototype servicing Mini-Tug, a surrogate next generation serviceable satellite 
(NextSat), and the SPAWN Space Awareness prototype micro-satellite escort to provide 
near-field space situation awareness for U.S. satellites deployed in geo-stationary 
orbits. SPAWN, designed with a modular satellite bus architecture, can enable rapid 
integration of payloads for responsive launch.  Elements of an ASTRO demonstration, 
tied together by non-proprietary satellite servicing interfaces (mechanical, electrical, 
etc.), can facilitate an industry-wide on-orbit servicing infrastructure. NASA can apply 
the sensors and software developed for autonomous rendezvous and proximity 
operations to enable future commercial resupply of the International Space Station.  
 
The ASTRO program plans include efforts to: 

• Develop and validate software for autonomous mission planning, rendezvous, 
proximity operations and docking. 

• Design, fabricate, and test on-orbit robotic satellite servicing, including fuel and 
electronics transfer, deployment of and operations with a micro-satellite.  

• Design, fabricate, and test on orbit a modular micro-satellite for protection of 
stationary satellites. Perform utility assessments of on-orbit servicing in 
conjunction with operational customers and plan for technology transition. 

 
Figure 2.10 provides illustrations of space tugs from the 1969 Space Task Group report.  
Such Manned and Cargo Space Tugs can transfer cargo and/or astronauts from LEO to 
the Lunar surface and back to LEO, as illustrated in Figure 2.6. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.10 – STF Modular Manned/Cargo Space Tugs – 1969 Concepts 
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In the manned version, the Crew Module is common to the Shuttle Crew Escape 
Module which, when retrofitted with an ablative heat shield, can also be used for crew 
emergency returns from any LEO / ISS or emergency Space Tug direct return from 
Lunar Base(s).  The cargo version should be capable of automated operations from 
LEO to Lunar landings and similarly, once refurbished by the crews on the Moon, 
automated returns to LEO operations base(s). The capacity of the cargo Space Tug 
should accommodate the largest component of the Lunar CELSS Base, estimated in 
1969-72 to be about 50,000 pounds. 
 
This basic modular space tug concept incorporated in the architectures considered in 
the late 1960s continue to be viewed as a key element in current space transportation 
concepts, as illustrated in Figure 2.11 from a recent study.  Thus, a modular use of 
multiple engines could combine to provide a flexible Space Tug capability with ample 
redundancies to allow for select engine failures. This philosophy followed the Russian 
approach to expendable launch systems, where a bundling of V-2s and a number of 
Valiers led to a remarkable cost effective and reliable performance record. Other 
solutions should be explored as 
well, up to and including the 
Nuclear Tug proposed for Cis- 
and Tran-lunar operations in 
1969 for late 1970s operations. 
 
To minimize cost and schedule 
risks, Lunar Base components 
will initially be deployed using 
‘brute force’ – old fashioned –
LOX/LH2 technology (i.e. 
chemical propulsion). But as 
the Lunar Base is established 
the logistics requirements 
between LEO and LLO and 
Lunar surface can be met in a 
very efficient, new way – solar 
power can supply the energy 
needed to propel the Cargo 
using on-board ‘expulsion 
material’ – in this case Xenon – 
to propel the spacecraft.  
 
A Solar Electric Propulsion Lunar Tug (SEP-LT), illustrated in Figure 2.12, can be 
operated continuously in Cis-Lunar space to deliver propellants from LEO to LLO – and 
can be refurbished and updated in-orbit or, when necessary, returned to Earth. The ISP 
– the specific impulse (determining the speed with which ‘expelled’ material issues from 
the spacecraft) – is a multiple of that achievable by chemical propellants. A ‘drawback’ 
is that relatively little material is expelled at any one moment – hence requiring a much 
longer time for speeding up and slowing down on the desired transport trajectories.  

 

 

 
 

Figure 2.11 - Modular (Manned/Cargo/Propellant) 
Space Tugs – 2003 Technology 
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However, as long as the cargo 
‘pipeline’ is planned along ‘just in 
time’ management principles the 
additional 80 to 90 days are 
close to irrelevant for all the 
cargo that can be transported 
from LEO to LLO and back, 
thereby dramatically reducing 
the total mass requirements to 
accomplish the logistics of the 
Lunar Base (propellants, re-
supplies, spare parts, expansion 
modules to the Moon and return 
samples, research products, 
modules) from LLO to LEO.  
 
To transport very massive future 
payloads, much more massive 
energy supplies will be required, from the Moon or from Cis-Lunar space. However, 
once such supplies are available on the Moon (say, a 10 GW LSP plant as shown in 
Chapter 4 – Prospectives), Cis-Lunar transport and orbit management will be totally 
revolutionized, opening a new age in space transportation – the era of zero propellant 
Space transportation. This is only one of the ‘prospectives’ opened up by the 
establishment of the Lunar Base and to be pursued in decades to follow. For future 
interplanetary missions, nuclear energy propulsion (NEP), which should be the subject 
of continuing R&D, would be a primary source of needed power as well. 
 
SEP technology will also be synergistic with the early development of Lunar Solar 
Power (LSP) systems. For purposes of the Infrastructure cost and schedule estimates 
RDT&E for such missions, a SEP Lunar Tug stage might be assumed to have the 
following design parameters:  1 (one) MW – probably magneto-plasma-dynamic, 50,000 
lbs dry weight, using Xenon at 3800 sec ISP (specific impulse) which results in an 
average LEO-to-LLO trip time for propellant re-supplies of about 90 days.  
 
 

Space Based LOX/LH2 Refueling Stations 
 
Key to Cis-Lunar Orbit Transfer Operations will be In-Orbit (LOX/LH2) Refueling Port(s) 
to allow Space Station uses as a “Space Port” or refueling/logistics station, as illustrated 
in Figure 2.13. Among their missions is ‘husbanding’ excess LOX/LH2 fuel and other 
excess supplies from Earth missions to LEO (e.g., via Shuttle) and storage for Space 
Station and Cis-Lunar operations/missions, including for Lunar-based Space Tug 
operations to and from LEO and/or re-supply from Lunar LOX/LH2 production and 
inventories.  Shuttle missions today return to Earth with considerable amounts of water. 
Similarly, the ISS is producing considerable ‘waste water.’ Using in-orbit ‘re-fuelling and 

Figure 2.12 – High Power Solar Electric Propulsion 
Tug for Cis-Lunar Cargo Transports 
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storage depots’ to retain and reprocess in Space such ‘excess’ or ‘waste’ water, 
hydrogen and oxygen supplies will improve the logistics of Cis-Lunar operations.  
 
Costs and logistics requirements for initially deploying and operating the Space 
Transportation System were conservatively estimated without counting on such 
benefits. It is intended that actual experience be used to realize savings from such 
operations – resources too valuable, in ‘delta-V’ alone, to let go wasting. In the decades 
to follow these fuel storage facilities will be all the more important when LOX and LH2 
are produced on the Moon for Cis-Lunar and Trans-Lunar space transportation.  

 
 

CELSS Lunar Base Module 
 
Development, testing, and deployment on the Moon of an autonomous Closed 
Ecological Life Support System (CELSS) capability is the proposed primary NASA 
space goal for the next decade.  (See Figure 2.14.)  This key technology and systems 
achievement for the next decade of Space flight by humans should make extensive use 
of all system components of the ISS of the 1980s and 90s, SkyLab of the 1970s and 
other NASA, NSF and U.S. Navy experience in long duration autonomous crew 
operations and technology.   
 
Although official NASA studies of Lunar bases ceased in 1972, the NASA community 
has continued to examine the issue of permanent habitats on the Moon and how to 

Figure 2.13 – LOX/LH2 Modular Fuel Depot 
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make best use of Lunar resources.3 These studies have made extensive use of the data 
and experience of the Apollo missions of the 1970s and, as regards human Space flight, 
the extensive experience gained in the Space Shuttle and International Space Station 
(ISS) programs and missions. A detailed roadmap on resolving Life Sciences issues 
and – most important – risk reduction and management for human space flight has 
been defined for the next decade.4 Appendix C provides a detailed summary list of the 
critical issues to be resolved to support long-term human exploration. 

 
Most critical is a resolution of the issues surrounding stay-times of astronauts in various 
space environments and the autonomy of operations – an overriding issue in 
determining overall mission costs for journeys not only to the Moon, but much more 
critical for any future human exploration missions beyond the Earth-Moon system. 
 
The only realistic and credible way that these important issues can be resolved is by 
first establishing a permanent outpost on the Moon, as a testbed on these and probably 
many more issues that may arise (see Chapters 3 and 4 on Risks and Prospectives). 
 

                                                 
3 Mendell, W.W. Editor, Lunar Bases and Space Activities of the 21st Century, Lunar and Planetary 
Institute, Houston, Texas, 1985. 
4 NASA Baseline Document “Bioastronautics Critical Path Roadmap – An Approach to Risk Reduction 
and Management for Human Space Flight”, July 30, 2003. 

Figure 2.14 – Closed Ecological Life Support Systems (CELSS) 
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The principal elements of an appropriate comprehensive Lunar exploration program 
were defined by the 1969 Space Task Group – then seeking to continue to the next 
logical stage the very successful Apollo program.  Three objectives of the 1969 
proposed program, which intended to culminate within a decade (See Figure 1.1.) in an 
extended human presence on the Moon, were to: 

1. Understand the Moon in terms of its origin and evolution, search its surface for 
evidence related to the origin of life, and apply new data on the differences and 
similarities between the Earth and Moon to the reasonable prediction of dynamic 
processes that shape our planet; 

2. Develop the technology essential for a continued Lunar program which will permit 
the effective utilization of the Moon; and 

3. Extend man’s domain to include the Moon. 
 
Reaching the first objective implied a broad spectrum of Lunar-wide scientific 
investigations to determine structural features, the variability of chemical composition, 
and correlation of such features in the context of the history of the Moon and the Earth-
Moon-Solar System; search for organic compounds, fossil life forms and micro-
organisms; and comprehensive studies of all factors of the Lunar environment, including 
geologic/geophysical processes, one-sixth Earth gravity effects and associated 
gravitational field variations, solar winds, etc.  
 
It was assumed that humans would be involved in these investigations through an 
extension of the Apollo program – which, regrettably, was not to be.  Three Saturn V 
rockets were built for exploration by manned missions, but not employed – and instead 
were located at three NASA centers as historical memorabilia.  There was a 25-year 
hiatus of any direct contact with the Lunar environment – until the 1994 Clementine 
mission returned to orbit the Moon, mapping its entire surface in over 1.7 million frames 
of data in 13 spectral bands – more such data than was taken in the Apollo program, 
the initial analysis of which composed the subject of the entire December 17, 1994 
issue of Science.  Among other things, Clementine pointed to the existence of H2O in 
the Polar Regions, an important finding confirmed by the 1998 follow-on Lunar 
Prospector mission to the Moon. More recently Arecibo radar data failed to confirm the 
Clementine and Prospector findings, and work on this issue is ongoing.5 
 
The lack of manned missions also blocked accomplishing the second objective, which 
would have developed and demonstrated long range operations across the Lunar 
surface with reliable vehicles during both day and night operations; a variety of 
supporting equipment and supporting systems (e.g., shelters, power, communications 
and data processing) to support Lunar operations – including, where feasible, initiatives 
for manufacturing processes on the Moon and to exploit the Moon’s vantage point to 
support Earth applications and future planetary missions; long-term independence from 
Earth consumables by reliance on Lunar resources and closed ecological systems – 

                                                 
5 As one researcher put it: ”If there is ice at the poles, the only way left is to test it is to go there directly,” 
Bruce Campbell of the Center for Earth and Planetary Studies at the Smithsonian Institution, November 
12, 2003. 
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including to minimize problems and risks of long-term survival and/or provisions for 
rescue or escape; etc.  
 
To reach the third objective, it was judged necessary to determine if Lunar materials can 
be used to reduce man’s dependence on Earth to an acceptable level.  If they exist in 
sufficient quantity at acceptable Lunar sites, utilization methods must be developed and 
proven – e.g., techniques for extracting hydrogen and oxygen from Lunar raw materials 
must be demonstrated, and methods must be devised to gather/mine raw materials and 
use these materials for construction, consumption and operations.  
 
In 1969, it was projected that Lunar exploration could progress to the point where Lunar 
exploitation could have begun by 1975 (within five years) and exploitation activities 
could have grown over the next decade. The key elements of the exploration phase 
were 1) to conduct sufficient scientific experiments to determine the desirability of 
subsequent exploitation and 2) to assure that there was a sufficiently low-cost Earth-
Moon transportation system to support a large long-term manned activity.   
 
Our proposed approach to assuring a cost-effective Earth-Moon transportation system 
(via Shuttle improvements, a system of Space Tugs and a system of Space stations) 
was discussed above, Beyond that, it remains necessary to conduct much of the three 
phases of Moon exploration proposed by the 1969 Space Task Group, namely:  

1) Additional landings and Lunar exploration then planned by the Apollo program 
between 1970 and 1975 – none of which has since occurred;  

2) Lunar orbiting missions – a few of which have occurred, e.g., the 1994 
Clementine and 1998 Lunar Prospector unmanned missions which returned a 
wealth of information; and  

3) A Lunar base to operate in as autonomous a mode as possible – then thought to 
compose much of the planned project for the next decade between 1975 and 
1985. The Lunar surface base was expected to be established by 1979; and, 
after major Lunar exploration from that base, it was expected to be a permanent 
base by the mid-1980s. 

 
Much this same program is recommended today – obviously with the added value of 
relevant accomplishments since 1969, but with the burden of lost efforts and technology 
advances that would have occurred, most notably the loss of the Saturn V and related 
launch capabilities and a systematic development program aimed at Lunar exploration. 
 
Key technology developed by public and private funding of biosphere experiments 
during the past three decades should be included in establishing mankind’s first foothold 
outside Earth. The proposed system components are basic concepts that have been 
examined in detail for more than three decades.  Still, each of them needs refinement to 
exploit the best of today’s technology – which would be best accomplished thorough 
competition among various aerospace entities before a final selection of the design for 
key components of the space transportation system and the Lunar habitat.  
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However, the basic finding holds: the first permanent Base on the Moon – Columbia – 
can be established with the means outlined herein, namely:  

• An evolution of the Space Shuttle to include Liquid Boosters;  
• A modular Crew Rescue/Vehicle Capsule for use on the evolved Space Shuttles, 

Space Tugs and ISS Crew rescue missions;  
• Modular LOX/LH2 Space Tugs for Cis-Lunar and Moon surface missions;  
• LOX/LH2 in-orbit fuel port facilities; modular Solar Electric Cargo Tugs for Cis-

Lunar operations; and  
• The first Closed Ecological Life Support Moon Base – Columbia – all well within 

proven, tested and existing technology.  
 
A systematic program aimed at establishing a permanent Lunar base is needed to 
reduce these goals to practice. The establishment of the first Earth-independent Human 
settlement will far outshine the historic settlement of Jamestown by English settlers in 
1607 and all it meant for the subsequent history of the United States. 
 
 

Cost and Reliability Benefits of Modularity and Standardization 
 

Transportation costs constitute only one third of total Space program costs. The rest 
has to do with spacecraft, instruments, data and their processing – in space and on the 
ground. Assuring the viability of such infrastructure is key to reducing costs and risks 
and improving reliability. 
 
Studies 30-years ago showed that costs can be minimized if spacecraft and Space 
systems are standardized and modularized at a subsystem level6. This idea was 
revolutionary in the early 1970s and still has to be implemented today – and a reusable 
Space transportation capability to all orbits would encourage such innovation, which 
would lead to fundamentally new scientific, commercial and military Space programs.  
 
Costs could be cut by up to 70-percent for small, medium and large Spacecraft. 
Standardization would facilitate the repair and updating of these spacecraft at a 
subsystem level.  Exchanging, so to say, blue, green, pink and whatever other color 
boxes would compose tasks requiring minimal training – without prerequisite graduate 
degrees in aeronautical or other engineering fields. Improved quality control would 
result from such an approach, improving overall system reliability. 
 
Three decades ago, only a few very select Space missions were found to be “outside” 
the scope of such standardization. Instead of handcrafting each satellite like ultra-
expensive Swiss clockworks, the age of standardization could have been introduced in 
                                                 
6 The following discussion draws from the 1970-71 independent review performed by the principal author 
and Professor Oskar Morgenstern, as reported in Klaus P. Heiss and Oskar Morgenstern, Factors for a 
Decision on a New Reusable Space Transportation System, Memorandum for Dr. James C. Fletcher, 
NASA Administrator, October 28, 1971; and Economic Analysis of the Space Shuttle System, Study 
directed by Klaus P. Heiss and Oskar Morgenstern for NASA under contract NASW-2081, January 31, 
1972 – Executive Summary and three Volumes.  See also Appendix A. 
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Space, just as it was in the decades after 1970 in automobile manufacturing and other 
industries.  In fact, private industry’s successful development of Iridium – a constellation 
of 66 communication satellites – demonstrated that such an approach is also viable for 
Space systems.  During the 1990s, that constellation was deployed in five years for $5 
billion and today is operated by a half-dozen individuals to support defense missions.    
 
The ability to revisit any and all satellites in Earth orbit to maintain, repair and modernize 
them at the component level will improve reliability and reduce costs/risks. 

• Reliability and assurance of service would be increased dramatically by the STS 
proposed here. With the ability to revisit, repair and update on-orbit spacecraft 
provided by the modular architecture recommended here, high assurance of 
service may be increased to levels customary in ground based operations 
(twelve sigma or better in electronics), while at the same time reducing drastically 
the number of spacecraft needed for such assurance of service. 

• With a modular, standardized subsystem design, replacement and repair 
capability, the prospect exists of updating expensive assets in Space, rather than 
replacing whole systems or letting old technology linger in Space providing 
obsolete services. 

 
 

Benefits of New Space Missions via Large Space Platforms 
 
To give a conservative evaluation of the benefits of NASA’s proposed Space 
Transportation System, our economic studies 30 years ago excluded manned missions. 
We did not want to rationalize the Space Shuttle simply and solely on the basis of man-
in-Space – that would tilt the analysis much too much in favor of the Space Shuttle. 
 
So we set out to define an entirely unmanned Space mission program, making use of 
the extensive new capabilities that the Space Tug and Space Shuttle opened up: 
structures larger than could be carried by any expendable system, standardized and 
designed for maintenance, repair, replacement, and updates. The large size of many of 
these platforms, their costs and potential technological improvements with advancing 
technology, and their amenability of direct access for maintenance, repair, and 
modernization would provide assurance of high reliability – 99.999-plus percent.  
 
Considered also would be entirely new classes of spacecraft for science, commerce 
and defense, whether in LEO or beyond GEO. Dozens of new Space application 
missions were outlined for NASA, the DoD and private enterprise to pursue once the 
Space Shuttle and Tug were fully operational. For example, we proposed: 

• Advancing Space Science. One of our first visits in Princeton was to the 
astronomy department, then chaired by Prof. Spitzer. These meetings led to the 
Hubble Space Telescope. Were it not for the unique capabilities of the Space 
Shuttle, this telescope could never have been built, launched, repaired, 
maintained and modernized, up to and including previously unanticipated 
capabilities. The myriad of discoveries made with this magnificent instrument 
justifies the cost of the entire Space Shuttle program, including the tragic death of 
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the crews of Challenger and Columbia. What nobler cause than to die in pursuit 
of the ultimate questions of why we exist, where we came from and where the 
journey will take us in the future? Beyond Hubble, we defined half-a-dozen other 
scientific spacecraft, ranging from radar to infrared to multi-spectral instruments 
of a size and capability preciously unknown and unimagined.  

• Encouraging Commercial Applications. Some suggested communications and 
navigations applications would develop with or without the Space Shuttle – such 
as GPS, a variety of Global resources sensing satellites, and low and high Earth 
orbit communication satellites at a variety of frequency bands. Thirty years ago, 
we also foresaw an entirely new class of satellites, with vastly expanded 
capabilities, requiring precisely the same type of engineering approach as for the 
Hubble Space Telescope. For example, we envisioned communication platforms 
in geo-synchronous orbit, with on-board switching capabilities, vastly expanded 
power-requirements, on-board data processing and storage, with tens of 
thousands of spot beams, with satellite-to-satellite optical and laser 
communications. Once deployed, this system would provide point-to-point 
communications to any place in the world, without any ground communications 
capabilities, allowing access to any and all data and information bases with 
simple, handheld devices. 

• Benefiting Defense Applications. At least one third of all applications foreseen 
for the new STS were defense related. They included some of the applications 
realized since then in navigation (GPS), in observations, in communications, 
albeit not to the extent possible if we had truly developed the full Shuttle and Tug 
capabilities, with vistas as to expanded uses of Space very similar to those cited 
for commercial uses above. Other applications have not benefited from the 
potential cost/risk reduction and improved reliability fostered by the modular STS 
recommended here. 

 
For remote sensing of the Earth resources, we envisioned a Global Resources 
Information System (GRIS) described in detail in the NRC papers of the Snowmass 
meetings of 1974. The effect on the distribution of world food supplies through the 
commodities markets alone accounted for billions of dollars in annual benefits. 
Environmental, energy, geologic and other resource observations benefited as well, 
including such arcane applications as archeology. Many of these have become reality to 
date, as they can also be achieved with smaller spacecraft, not requiring the capabilities 
of the Space Shuttle and Tug system. 
 
 

Closure 
 
Because of our decision to exclude manned missions in the evaluation of the economic 
benefits of NASA’s 1969 proposed Space Transportation System – reiterated here as 
this current report’s primary recommendation, we did not include important applications 
of that architecture.  
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For example, large Solar Power Satellites of up to 100 square miles in area, as first 
proposed by Peter Glaser of Arthur D. Little in 19687, provided a truly spectacular vision 
of future energy supplies from Space to Earth. As envisioned by Glaser, one such 
platform alone would be able to supply up to 10 GW of electric power to any point on 
Earth within its ‘line-of-sight’.  Such concepts would benefit greatly from a Lunar base 
and the exploitation of Lunar resources to help harness such energy resources. 
 
Also not included in the analyses were any Human Space flight missions such as a 
Space Station, or Lunar missions or missions beyond. The reason, once again, was not 
to co-mingle the obvious missions and requirements of manned Space Flight with an 
analysis of whether a Shuttle and Tug were needed even without such missions – a 
question which was answered in the affirmative. 
 
Our vision in 1972 included the fact that these space-based capabilities would not be 
subject to totalitarian government controls, and would be able to make available the 
complete Library of Congress as if entering that Library, its catalogues and volume 
retrievals “on site”. We projected these capabilities could bring about the collapse of 
such totalitarian systems that to a large extent were built on the control of information. 
Alas today we are still a long way from reaching that lofty goal, with many a trend 
recently taking us in a somewhat different direction of more control and less access. 
 
The bottom line of this assessment of the technological building blocks for returning to 
the Moon to stay is that the new horizons provided by both manned and unmanned 
missions are truly astounding – and well worth the investment, as was demonstrated to 
be the case in 1972.  The key question is whether the current political leadership agrees 
to make the necessary monetary and political investment. 
 

“The future is purchased by the present.” 
 

Samuel Johnson 
 
 

We conclude this memorandum with the observation – though by now trivial and 
obvious, but nevertheless fundamental – that any expenditure of public funds 
must be justified, precisely [the same] as expenditure of private and business 

funds, by the aims and purposes of the expenditure.  Technological possibilities 
alone carry no conviction, though they often bring new possible aims into sight 

and reach.  Whatever their nature and origin, the different aims must be 
hierarchically ordered and must find their place in the system of national 

priorities. 
 

Klaus P. Heiss and Oskar Morgenstern 
October 28, 1971 Memorandum to NASA Administrator James C. Fletcher 

                                                 
7 Glaser, Peter E., “Power from the Sun: its Future“, Science, 162, 857-866 (1968) 
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Chapter 3 – REDUCING RISKS 
 

“Politics is more difficult than physics.” 
 

Albert Einstein 
 
As with all worthy enterprises, returning to the Moon within a decade requires creative 
technical and management innovation and involves risks. The technical risks were 
acceptable to take this logical follow-on to the Apollo program over 30 years ago – as 
elaborated in the 1969 Space Task Group Report and discussed in Chapter 2.   
 
However, the proposed program to achieve this goal was not politically viable in 1969, 
in the heat of the Vietnam debates over national priorities and budgets. Nor has it been 
politically viable in several subsequent attempts to take this logical next step. Perhaps 
now, in the wake of the Columbia accident – and consistent with the council of the 
Columbia Accident Investigation Board1 (the Gehman Commission) – that political 
condition has changed. Unless the political condition has changed, a discussion of 
technical risk is little more than a futile exercise. 
 
This observation is not intended to ignore that some technical risks important to building 
a Lunar habitat have been reduced by NASA’s continuing manned space programs and 
principally unmanned missions to explore Space. For example, the 1994 Clementine 
mission returned to map the entire surface of the Moon after a 25-year hiatus – and the 
December 17, 1995 issue of Science is devoted to analysis of 1.7 million frames of 
Clementine data.  Clementine data suggested that there is water in the polar regions of 
the Moon – if confirmed, this finding will siginficantly help establish a viable Lunar base. 
 
 

Meeting the Gehman Commission’s Requirements 
 
Other risks are largely unchanged because there has been no serious program to solve, 
in a timely way, the key technical problems confronting human enterprize in Space.  As 
observed on page 209 of the Gehman Commission’s review of the physical and 
organizational causes of the Columbia accident, two key missing causal realities 
undermine the nation’s ability to sustain a viable, vibrant manned space program:   

• “The lack, over the past three decades, of any national mandate providing NASA 
a compelling mission requiring human presence in space;” and, following the lack 
of such a clearly defined long-term space mission,  

• “The lack of sustained government commitment over the past decade to 
improving U.S. access to space by developing a second generation space 
transportation system.” 

 
                                                 
1 The Columbia Accident Investigation Board, chaired by Retired Admiral Harold W. Gehman, focused on 
the physical and organizational causes of the Columbia accident and recommended actions for future 
safe Shuttle operations. 
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As outlined in chapters 1 and 2, these conditions, which have prevailed for over three 
decades, can be rectified by a national goal meeting the criteria set out as a basis for 
this assessment: Establish a Lunar Base within a decade, Space Base “Columbia”. 
What better memorial to the loss of the seven Columbia astronauts than to put the 
safety requirements and concerns arising out of the Columbia disaster to positive use 
toward the achievement of a truly historic goal for human Space flight and exploration? 
 
The Gehman Commission was unanimous in its support for a continuation of Human 
Space Flight; e.g., their report states on page 210, “The United States needs 
improved access for humans to low-Earth orbit as a foundation for whatever 
directions the nation’s space program takes in the future”. The program discussed 
in the previous two chapters will significantly reduce the risks identified by the Gehman 
Commission. Developing the technology building blocks outlined in Chapter 2 to support 
a Space Transportation System and a permanent Lunar base will importantly comply 
with – and in many ways go beyond – the specific recommendations set out by the 
Gehman Commission for the short and mid-term, as discussed below. 
 

Upgrade Space Shuttle System and Subsystems to 2000 Technology. Many of 
the technical corrections for the current Space Shuttle system – near-term and mid-
term – recommended by the Gehman Commission can be accommodated under this 
initiative (p. 225-227 of Commission report), including:   

• Thermal Protection System Recommendations  
• Imaging 
• Orbiter Sensor Data 
• Wiring 
• Bolt Catchers 
• Closeouts 
• Micrometeoroid and Orbital Debris 
• Foreign Object Debris 
• Scheduling, and 
• Training 

 
The Gehman Commission also called for recertification of Shuttle (p. 209): “Prior to 
operating the Shuttle beyond 2010, develop and conduct a vehicle recertification at 
the material, component, subsystem, and system levels. Recertification 
requirements should be included in the Service Life Extension Program.”  
Specifically, we propose to: 

 
Replace Solids with Liquid Boosters. As reviewed in Appendix A, liquid boosters 
should have been part of the initial Space Shuttle decision in 1972 – based on an 
examination of full life-cycle cost – but solid rocket boosters (SRBs) were selected 
because of their lower non-recurring (development) costs.  
 
Unless the SRBs are replaced by liquid boosters, ‘intact abort’ can never be 
achieved. The most spectacular Space Shuttle ‘launch’ was when a flight was 
terminated on the pad after ignition of the Space Shuttle engines but before the 
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ignition of the solid boosters when a problem was indicated by various instrument 
readings. Had either of the Solid boosters ignited, such an abort would not have 
been possible, nor is intact abort possible at present for the initial minute(s) of flight 
well into a Space Shuttle mission. Indeed the ‘worst’ Space Shuttle accident – a 
‘cartwheel’ on the launch pad when only one of the Solids were to ignite – has not 
yet happened, but cannot be excluded. 
 
With Liquid Boosters several significant – indeed mandatory – advantages accrue in 
launch operations: 

• Single LOX/LH2 fuel system for all launch components (tank and boosters); 
• Intact abort at launch;  
• With cross-feed among the various LOX/LH2 engines (SSMEs, Liquid 

Booster engines, future Tanks engines) intact mission termination may be 
possible throughout ascent by significantly increased capability of correcting 
failures of one major system component (fuel tanks, fuel links, engines) with 
remaining capacities; 

• Significant reduction in pre-launch complexities and flight preparation issues 
and costs (single fuel system and technology); and 

• The Challenger disaster would have been avoided. 
 

Evolve the Shuttle toward a Cargo Version.  An (unmanned) Shuttle C (cargo) 
can evolve within the proposed evolutionary Shuttle upgrade program envisioned 
originally (in 1972) and readily accommodated with the need to retrofit an eventual 
Crew Rescue Module (CRM, see below). Such a cargo version would substantially 
increase unmanned payload capabilities to LEO and significantly decrease payload / 
Shuttle related costs from the manned aspects of mission specifications. Included 
can be LOX/LH2 refuelling modules to LEO for in-orbit fuel depots for Space Tug 
operations, making economic use of any excess launch volume or mass budgets. 

 
Develop Shuttle derived (Modular) Heavy Lift Vehicle.  By adding LOX/LH2 
engines to the External Tank (“ET”) and implementing the other ET related 
recommendations of the Gehmann Commission, a modular Heavy Lift capability can 
evolve from the current Space Shuttle system components, including expenable 
launches with recovery/reuse of high value items (e.g. engines), up to and including 
“Twin-Parallel-Burn” Shuttle launches, increasing STS cargo capability well beyond 
any currently foreseen launch mass or volume requirements. 
 
Develop a Recoverable Crew Module. Such a capability would have allowed 
rescue of the Columbia crew during ascent and later from orbit, particularly if Space 
Tug capabilities also were operational in orbit. Such modules when added with 
‘reserve’ heat shields would also allow an efficient, low cost ISS crew evacuation 
capability. 

 
Deploy a Modular (‘Lego’) Family of Space Tugs” and “Re-Fueling Port(s) for 
Cis-Lunar Operations with Mini-Tugs, Cargo Tugs, Crew Module Tugs and Re-
Fueling Ports.  
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A new era in Cis-Lunar Space operations will open with these components added to a 
Recoverable Crew Module, which would have allowed rescue of the Columbia 
astronauts in/from orbit. Never again should the temptation arise not even to ask for 
data due to an assumption that nothing can be done if the worst fears were confirmed 
by the data. Some operating capacities of the Space Tug fleet have to be set aside for 
such refurbishment, repair and – if nothing else – rescue  of astronauts stranded in Cis-
lunar orbit.  
 
The Columbia disaster might not have happened with a successful refurbishment 
(including prolonged crew stay in orbit, if necessary) and repair mission and certainly 
the astronauts could have been rescued. 
 
Indeed, the requisite technology components go significantly beyond the Gehman 
Commission’s recommendations and could allow, for the first time, intact abort or crew 
rescue throughout LEO – something clearly lacking with a continuation of SRBs or the 
palliatives of what euphemistically is called a Space Plane, an ‘option’ clearly rejected 
even in 1971/72. 

 
 

Beyond Gehman: Reducing the Risks of Human Space Flight 
Exploration of the Moon and the Solar System 

 
The testing, development and deployment on the Moon of such a Closed Ecological Life 
Support Systems capability – evolved from the ISS Technology Base – must be 
considered the primary NASA space goal for the next decade.  Establishing the first 
Earth-independent Human settlement will far outshine the historic settlement of 
Jamestown by English settlers in 1607 and all it meant for subsequent U.S. history. 
 
At the same time, the initial design for an autonomous Closed Ecological Life Support 
System – the key technology and systems achievement for the next decades of Space 
flight by humans, ultimately throughout the Solar System – should make extensive use 
of any and all system components of the ISS of the 1980s and 90s, Skylab of the 1970s 
and extensive other NASA, NSF and US Navy experience in long duration autonomous 
crew operations and technology.  
 
Reduce Risks via Robust Life Sciences Program.  Lest we forget, the tragic last 
flight of Columbia was a Life Sciences flight, dedicated to finding out how organisms are 
affected by key aspects of the Space environment – low gravity, increased radiation, 
and the effect of both combined on living organisms. Also part of their work and that of 
the Life Sciences program is an evaluation of countermeasures to overcome any 
adverse effects and protocols on how to manage any of the remaining risks.  
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The interdependence 
of the various life 
sciences research 
fields and the impact 
these results have on 
potential mission 
costs, risks and 
schedule are 
schematically shown 
in Figure 3.1:2   
 
This research can be 
thought of as ‘buying’ 
information and data 
on the feasibility of 
various exploration missions; the needed design parameters such as shielding, artificial 
gravity, exercise regime; scheduling issues of the ISS; potential Lunar Bases; and 
missions beyond to Mars, asteroids or other Moons and planets. Substantial work has 
been accomplished in the 1990s3 and early 2000s4; a comprehensive review of the 
current status of many of the outstanding questions is summarized in Appendix C.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
As suggested in Figure 3.2, some of the necessary Life Sciences research can be 
conducted on Earth, including biosphere experiments supported by private funding and 
in various Life Sciences facilities at NASA centers and elsewhere. Additional such 
facilities are proposed for testing various aspects right here on Earth. But to understand 

                                                 
2 Heiss, Klaus P. and Francis Sand, Exploration Missions and Life Sciences: Issues and Linkages, Report 
to Frank M. Sulzman, NASA, February 20, 1992. 
3 NASA Advisory Council – Aerospace Medicine Advisory Committee, Strategic Considerations for 
Support of Humans in Space and Moon/Mars Exploration Missions, June 1992. 
4 NASA Baseline Document, Bioastronautics Critical Path Roadmap – An Approach to Risk Reduction 
and Management for Human Space Flight, July 30, 2003. 

 
Figure 3.1 

 

 Figure 3.2 - RDT&E Testbed on Earth for Lunar and Planetary CELSS 
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the impact of the adverse environmental factors of Space on the human body, one has 
to gain practical experience in real flights in space. The extensive flight experiences 
gained from Shuttle operations and the ISS over the past two decades have 
considerably extended our experience base, the duration and to some extent the 
autonomy of human space flight.  
 
Important questions have to be answered beyond what can be gained from Near Earth 
missions: (a) understanding the effects of reduced gravity (such as 1/6 of Earth Gravity 
on the Moon) vs. a near absence of gravity (Shuttle, ISS) along with radiation and 
‘isolation’ effects; (b) an ability to operate on other celestial surfaces (the Moon); and (c) 
the extent to which ‘local’ resources can be used to increase in-situ autonomy and 
decrease the need for re-supply and support from Earth. Figure 3.3 shows one 
evaluation of potential use of Lunar resources for in-space support/operations. 

Also important will be real (live) testing of such technologies as tele-medicine and other 
tele-operations, allowing effective combination of terrestrial capabilities with Lunar and 
later planetary habitats. Timely information saves lives, reduces costs, and increases 
autonomy and productivity of the ‘on-site’ crews. 
 
In addition to the overriding Trans-Lunar ‘mission enabling’ character of Life Sciences 
research in the three areas already outlined above (micro-gravity, heavy particle 
radiation and long isolation human aspects of prolonged Space flight), the following 
research areas will be advanced by CELLS and evolved ISS capabilities: 

• Improved Crew capabilities and performance in Space operations, including 
increased automation of systems, self-repair, tele-robotics, tele-presence etc.; 

• Advanced Crew interfaces; 
• Reduced ‘Outside’ (Earth) Re-supply; 

 Figure 3.3 - Potential Applications of Lunar and Near Earth Asteroid Resources 
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• Maximize closed loop life support; 
• Micro/miniature sensors, processors and wireless technologies; and 
• Advanced fabrication, repair and self-repair technologies. 

 
To accomplish these tasks – reducing risk and increasing the autonomy and the 
duration of ‘in Space’ stay times – comprehensive RDT&E has to be conducted on 
Lunar materials and structures deployment and re-supply technologies for Cis-Lunar 
and (later) Trans-Lunar Space. As indicated in Figure 3.3, many synergistic effects exist 
between various future Space applications in Cis-Lunar Space and the material 
resources of the Moon. How to use these to increase the autonomy of Lunar and Cis-
Lunar Space operations will be a central theme over the next decades.  
 
Evolve ISS to a LEO and/or Lunar CELSS Base. Increasing the autonomy of ISS and 
Lunar Base operations through RDT&E and deployment of a truly autonomous – without 
external re-supply – Closed Ecological Life Support Systems will significantly extend 
any ‘emergency’ crew stay time on the ISS or on the Moon, whenever extended 
unexpected interruptions of normal space operations and logistics should occur. 
 
The impacts and benefits of information and data to be gained from in-situ (on site, in 
Space) life sciences research at a Lunar CELSS facility are substantial – and critical to 
human exploration of the Solar system. Detailed Monte Carlo simulations of specific risk 
network analysis models using Life Sciences RDT&E parameters and U.S. Navy 
submarine data showed a significant impact of expected CELSS results on ISS 
operations, crew emergencies and autonomy. The basic model life sciences inputs and 
interactions are shown in Figure 3.45:   
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
5 Klaus and Sand, op.cit. 

Figure 3.4 – Life Sciences Parameters impacted by CELSS Research. 
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In the 1990s the principal author and Francis Sand conducted extensive simulations to 
evaluate the contributions to be expected from various projects, extending real life 
experience of two key parameters critical to planetary exploration such as missions to 
Mars: duration (‘stay-times’ of 
astronauts before a need to 
return) and autonomy – the 
ability to sustain the crew with 
diminishing ‘from-Earth’ support 
and supply requirements. As 
one steps up the ‘delta V 
mountain’ of solar system 
exploration missions, the more 
distant and massive are the 
selected destinations, the higher 
are the rewards to increasing the 
autonomy and the duration of 
stay-times. The notional impact 
of extending the autonomy of 
ISS operations from CELSS 
research is shown in Figure 3.56:  
 
Hundreds of simulation runs varied crew sizes, number of flights, and stay-times using 
actual U.S. submarine data on the impact of ‘unforeseen’ health emergency events. As 
stay-times in orbit are increased due to advances in Life Sciences CELSS capabilities 
the number of flights and rescues are substantially reduced, in this case to and from the 
International Space Station.  See Figure 3.6. 

 

                                                 
6 Klaus and Sand, op.cit. 

Figure 3.6 – Results of Monte Carlo Simulation Runs of extending Autonomy 
and Duration of On-Board Stay Times using U.S. Submarine Data 
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Applied to the question of human exploration missions to the Moon and beyond, the 
simulation data indicate a not-insignificant risk from health emergencies – random and 
unpredictable. Rescue and return missions from the Moon to Earth are a matter of a few 
days, and ‘manageable’ – whereas missions at substantially greater distances from 
Earth currently could not be accommodated with confidence.  
 
ISS operations and the design of the first Lunar habitat will be strongly affected by on-
going Life Sciences R&D.  With the deployment of an actual facility on the Moon, the 
very question of the role and scope of humans throughout the Solar system can be 
addressed with considerable confidence, with expected substantial ‘savings’ in potential 
planetary exploration costs and reduced risks. 
 

Closure 
 
When contemplating risks, it should be understood that establishing a Lunar habitat 
within a decade was judged feasible over 30-years ago with then extant technology.  On 
page 1-29 of its report summary, the 1969 Space Task Group noted their recommended 
program continued the Apollo mode and equipment for five years, judged “adequate 
time to develop firm information before committing to the Lunar orbit station mode” – in 
turn intended to help establish Lunar sites for further observation and for a Lunar base. 
This section concluded, “In fact it is quite possible to have a surface base well 
established before the end of this decade [i.e., the 1970s] without making a 
significant commitment before 1975.” Given the subsequent advance of technology 
and additional information on the Moon, the technical risk is less today. 
  
While it is not possible to allocate ‘precisely’ the individual technology block components 
of the identified Space Goal – a manned Lunar Base within a decade – it is certainly 
clear that the above discussed technology and capability in combination amply meet the 
concerns and recommendations set out by the Gehman Commission.  Indeed in some 
important ways the requisite technology components go significantly beyond the 
Commission recommendations.  For example, they would allow, for the first time, intact 
abort or crew rescue throughout LEO space flights by astronauts, which would be 
lacking with a continuation of SRBs or the palliatives of what euphemistically is called a 
Space Plane – an ‘option’ clearly rejected even in 1971-72.  
 

“The U.S. space effort has moved forward for more than 30 years [since Apollo] 
without a guiding vision, and none seems evident. In the past, this absence of a 
strategic vision in itself has reflected a policy decision, since there have been 
many opportunities for national leaders to agree on ambitious goals for space, 
and none have done so. . . . We belsieve that the White House, Congress, and 

NASA should honor the memory of Columbia’s crew by reflecting on the nation’s 
future in space and the role of new space transportation capabilities in enhancing 

whatever space goals the nation chooses to pursue.” 
 

COLUMBIA ACCIDENT INVESTIGATION BOARD 
Report Volume 1, August 2003 
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“Far better it is to dare mighty things, to win glorious triumphs, even 
though checkered with failures, than to rank with those poor spirits 

who neither enjoy not suffer much, because they live in the gray 
twilight that knows not victory nor defeat.” 

 
Theodore Roosevelt 

 
 

 
“They had a hunger to explore the Universe and discover its truths. . .  

They, the members of the Challenger crew, were pioneers. . . The 
future doesn’t belong to the faint-hearted.  It belongs to the brave.  

The Challenger crew was pulling us into the future, and we’ll continue 
to follow them.” 

 
Ronald Reagan – 1986  

 
 

 
I believe without question that if a nation misses the great movements 

of its time it misses the foundation on which it can build the future.  
The high technical requirements for success in space are so 

fundamental that spin-off rewards are almost 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 terrestrial oceans in 1483.  I believed that there are 
moments in history when challenges occur of such a compelling 

nature that to miss them is to miss the whole meaning of an epoch.  
Space is such a challenge. 

 
John A. Michener 
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Chapter 4 – THE ‘PROSPECTIVES’ 
The Space ‘Rock of Gibraltar’  

Looking at Earth from the Moon – From Exploration to Enterprise. 
 
“More Solar energy ‘hits’ the surface of the Moon in but 10 days than the energy 

from all known global fossil fuel resources accumulated over eons past on Earth” 
This Report – page ix 

 
The object of your mission is to explore the Missouri River, & such principal 

stream of it, as, by it’s course & communication with the waters of the Pacific 
Ocean, may offer the most direct & practicable water communication across this 

continent, for the purposes of commerce. 
President Thomas Jefferson 

Instructions to Lewis and Clark 
June 20, 1803 

 
No single image has changed our lives more than the one shown on the cover of this 
report: a lonely Earth floating precariously in the ‘emptiness’ of Space over the horizon 
of the Moon. This ‘one’ image has driven home the beauty, the vulnerability and the 
uniqueness of the planet we call Earth, more than all the volumes and libraries full of 
informed discussions, concerns and recommendations.  
 
Indeed, looking again at this image, it is surprising and ‘shocking’ that some of that 
awareness has ‘receded,’ at least in the minds of some of us swamped by everyday 
concerns and issues.  
 
Establishing a permanent human presence on the Moon will forever change the reality 
and our perception of the world we live in. There is no other point of ‘real estate’ from 
which Earth and the space around Earth can be so easily observed and managed. The 
Moon is our ‘natural’ Space Station, waiting to be explored, developed and used. 
 
It remains for many others to ‘fill’ the list of opportunities that will come with this change 
in perspective. What is done here is but to sketch out some basic areas that are 
profoundly affected by a decision to establish a Lunar Base. 
 

Profound Science and Technology Implications. One of the foundations of the vigor 
of free market economies – and the U.S. economy in particular – is the immense drive 
for innovation, which in turn is based on the ‘human resources’ of education, the 
sciences and technology. 
 
There has been a serious erosion of these foundations of U.S. wealth, in aerospace in 
particular. Things we could do a few decades ago today seem to be outside of our 
immediate reach, including an ability to return to the Moon, or even to replicate a Space 
Shuttle, much less improve its design to exploit ‘2000’ technology. These resources 
(ultimately one and all human resources – engineers, scientists, aerospace workers) 
should be mobilized, maintained and expanded, not through ‘make work’ programs that 
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reinvent the wheel (e.g. one more ‘expendable’ launch system) but through challenges 
that open new frontiers, such as on and from the Moon.  
 
A portfolio of entirely new applications, technologies, missions are outlined in this report, 
based on the work of literally hundreds and thousands of innovators, scientists and 
engineers of decades past – to be expanded by ideas and concepts of many others over 
the next months and years. This portfolio of opportunities encompasses all areas of 
technology and the sciences, across literally the whole electromagnetic spectrum, all the 
life sciences, the communications and information economies (well over 50% of all 
economic activities in advanced economies), material sciences and human factors. With 
the prospect of an inexhaustible energy base – be it solar, be it nuclear – there are no 
limits to the expansion of this new frontier other than our failure to set out to explore, 
breach and expand this frontier as well.  
 
Most important: science and technology do not happen in the ‘abstract’, as 
percentages of GNP or incantations of the need for more Ph.D.s, engineers, technical 
workers and educators, more science, statistics and mathematics high school students 
and college graduates. All these incantations and lamentations will go unanswered if 
there are not goals that challenge our imagination and make us take the hard road of 
sweat and tears and work and risk and all the long and lonely hours of studies and tests 
and failures – with here and there the thrill of success.  
 
This downward trend can be reversed by a challenge to bring about new opportunities of 
the Frontiers of Space, with real life applications in the next decades and – if even a 
fraction of the opportunities are pursued, requiring numerous enterprising new 
employment prospects.  We will see the influx not only of our own children toward these 
new opportunities, but also thousands worldwide will join us in Space enterprise. 
 
Unique ‘Cis-Lunar’ Properties of Space Station Moon. The ‘locational’ advantages of 
“Space Station Moon” include that:  

• It is a massive, ‘airless’, stable platform. 
• It has an unlimited supply of solar energy hitting its surface and immediate 

surrounds – an energy potential of about 1.3 KW per square meter (!) at an 
average of 1 AU. More ‘impressive’ is that in but ten days more solar energy ‘hits’ 
the surface of the Moon than all the known global fossil fuel resources 
accumulated over eons past on Earth! Without an atmosphere the energy is there 
for the taking. 

• It can serve as an ideal platform for emplacing nuclear reactors and missions 
using these power sources in a variety of novel Space missions. Use of any 
number of Prometheus size reactor modules will allow any level of foreseeable 
power supplies as an alternative to or complement to solar power plants. 

• It could also serve potentially as an ideal testbed for ‘clean’ fusion RDT&E using 
the ‘captured’ He3 in Lunar soils – ‘clean’ insofar as fusion processes using He-3 
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generate as their major byproduct deuterium rather than the exceedingly volatile 
contaminating byproduct tritium associated with ‘conventional’ fusion processes.1 

• It has only a sixth of Earth’s gravity enabling major reductions in transport energy 
required ( and associated delta-V) for many important operations. 

• It has most material resources needed for Space and Lunar structures and 
operations, including some of the direly needed water resources (hydrogen in 
particular). 

• Last but not least, it is only a very short distance from Earth, indeed the Moon is 
part of ‘Earth Space’ and an ideal platform to observe all of Cis-Lunar space 
across the full electromagnetic spectrum.  

 
A ‘Portfolio’ of different applications, projects and missions can be assembled to 
illustrate many diverse technologies and concepts proposed in previous decades.  With 
a renewed and specific commitment to return to the Moon – this time to stay, the 
portfolio will expand in the sciences, applied technology areas, exploration missions and 
practical applications on the Moon, in Cis-Lunar Space and on Earth. These will be 
stimulated throughout academia and the research and technology community, as well 
as in industry and the private sector. ‘Rules of the Road’ have to be defined to facilitate 
such co-operation and participation.  
 
Last and not least, many of these seed technologies and programs can first be tested 
as to their components and critical lead items on the ISS and Low Earth Orbit, as well 
as laboratory simulations on Earth where appropriate.  
 
While nobody can predict today which applications and concepts will come to fruition, 
what is certain is that many more and totally new uses will be found for Space, on the 
Moon and on Earth – with untold and likely unanticipated benefits to mankind’s journey 
into Space towards independence from planet Earth. When such a ‘Declaration of 
Independence’ is proclaimed by communities outside Earth, then we shall know that our 
journey into Space has been successful. 
 

Lunar and Cis-Lunar Enterprise Outlook. Literally hundreds if not thousands of 
scientists and engineers have done impressive work on the feasibility and scope of 
Lunar activities needed to establish a first presence on humans on the Moon.  Many 
were documented in 1985 in “Lunar Bases and Space Activities in the 21st Century”, 
edited by W.W. Mendell. We do not start with a ‘blank page’.  
 
One of the most imaginative – and at some future time realistic – works on the role and 
scope of the Moon in mankind’s future has been described by Krafft Ehricke, in papers 
dating to the late 1960s and early 1970s and summarized in “Lunar Industrialization and 
Settlement – Birth of a Polyglobal Civilization2.”   The Moon can be an integral part of the 
Cis-Lunar and planetary economy. The question is, “How do we get from here to ‘there’”.  
                                                 
1 Report of the NASA Lunar Energy Enterprise Case Study Task Force, NASA Technical Memorandum 
101652, July 1989, 171 p. 
2 Mendell, W.W. Editor, Lunar Bases and Space Activities of the 21st Century, Lunar and Planetary 
Institute, Houston, Texas, 1985; see also the Partial Bibliography in Appendix E. 
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Most of the major Space policy assessments and exercises of the past sixty years are 
‘unidirectional, with the Moon as a stepping-stone to other places in the Solar system. 
Among the large mass of articles, papers, writings only a few deal with the beneficial 
uses of the Moon for Cis-Lunar Space and, even fewer with significant direct benefits 
that could be derived from investments and operations on and from the Moon.  
 
Indeed, many space experts are astonished at having 
‘missed’ this inward looking perspective for Space 
exploration from the Moon.  “Thinking within the Cis-
Lunar box,” while everybody has been scrambling to 
move and think outside that box, requires in this sense a 
reversal of paradigms. 
 
Transportation costs and the cost of time (interest) 
will limit the ‘economic’ uses of Space. Because of 
transportation and interest costs, the commodities 
(goods and services) delivered from Space to Earth will 
need to have near zero mass and travel close to the 
speed of light.  In addition, if one allows for the ‘demand-
price’ relationship, then the price of such physical goods 
would collapse with a large supply from Space.  
 
These ‘iron laws’ of economics combine to ‘limit’ 
commodities for use on Earth to essentially data and 
energy. ‘Data’ in the form of observations, 
communications and location compose the ‘information economy’ – well over 50% of 
all economic activities of advanced economies and societies.  “Energy” is in the form of 
light (optical) or other forms across the electromagnetic spectrum.  
 
Similarly, the region where these activities will be located will be principally in near-Earth 
Space.  Following the ‘location’ theory of economic activities based on ‘marginal’ 
advantages’ and ‘marginal costs’ first described by von Thünen in the 19th century3, 
these activities will be limited to near-Earth space at least until communities and 
settlements independent of Earth are established elsewhere – with the same ‘economic 
laws’ applying ‘there’ as well, wherever that may be in the universe.  
 
The enthusiasm of Krafft Ehricke and others in exchanging material supplies and goods 
between a Lunar and a ‘terrestrial’ economy is mistaken. Similarly, the idea of physical 
travel outside the Solar system is beyond reach currently.  It is much easier to transmit 
data and information (as well as DNA – i.e., human genome ‘data’) than large quantities 

                                                 
3 Thünen, Johann Heinrich von, Der Isolierte Staat in Beziehung auf die Landwirtschaft und die 
Nationalökonomie, [The Isolated State in Relation to Agriculture and the Economy], Hamburg 1826 and 
1850, wherein von Thünen explained the location of various economic activities as a function of transport 
cost, including the cost of time (interest) based on marginal costs and marginal benefits. 

 
Figure 4.1 - ”Never, ever 
think outside the box!” 
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of ‘humans,’ mostly in the form of water. (These same ‘laws’ lead us to transport orange 
juice concentrate from Florida to other locations, even within the United States.)  
 
The “Space Economy” for some time to come will be a Cis-Lunar economy, comprising 
and affecting large parts of the terrestrial information sectors first; and later the global 
energy sectors, with in-space energy supplies as the first significant step toward the 
development of energy supplies in and from Space.   
 
Due to transportation costs (delta-V), economics will favor extensive use of lunar 
mineral resources for in-orbit Cis- and Trans-Lunar applications and projects, leading to 
possibly ‘massive’ infrastructures to make use of the information and energy potential of 
Space – and the Moon in particular.   
 
The Cis-Lunar Information Economy. One cannot overstate the importance and scope 
that the Space age has brought to revolutionizing the information sector of the economy 
– globally, regionally and locally. Few are aware that when asking ‘the computer’ for 
driving and location directions these data have been gathered from Cis-Lunar Space – 
some in real time and some in laborious work over many decades, such as topographic 
and thematic map information. Similarly, when each day about $1 trillion circle the global 
economy looking for investment opportunities or trade, these monetary flows are 
enabled by satellite communications to many remote areas in the world. 
 
Agricultural resources, crop data, land use information, water resources, forestry, 
desertification, urban sprawl – all these subjects and more have been vastly affected by 
Space. Today, when a U.S. farmer operates his harvester, the location of his vehicle is 
determined by GPS; crop quality, soil moisture and yield information is transmitted ‘real 
time’ via satellite links into various data banks; and synthesized analysis returns to the 
farmer for decision-making on fertilizing that specific field in that specific location, with 
those specific soil conditions and for a specific crop – which he selected based on all the 
global crop data collected and transmitted, again globally via satellite. 
 
All these processes today occur continuously, 24 hours a day, 365 days a year.  At any 
time, crops are harvested in either the Northern or Southern hemispheres, ranging from 
tropical zones all the way to the Arctic. There is not a single month in which some wheat 
somewhere in the world is not harvested, given winter and spring wheat and all the 
‘zones’ where wheat is grown. Today’s trading department in many a commodity 
company looks more like the Houston Apollo mission command center than the idyllic 
images of bespectacled ‘desk’ traders of centuries past. 
 
And depending on the season, anywhere from 10% to 40% of all the ‘news’ reporting on 
media world-wide has to do with weather and climate – daily schedules are affected as 
are a myriad of decisions, many based on ‘forecasts’ rather than on ‘facts.’  We act upon 
such forecasts today because the quality of these forecasts has advanced substantially 
since the days of the farmers’ almanac. Data and information derived therefrom are 
mostly gathered again from Space.   
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For example, instruments 
on the TIROS series of 
weather satellites (the 
MSU) have taken ~30,000 
atmospheric temperature 
measurements around the 
globe for the past 25 
years (since 1979), 
aggregated daily at 1:30 
a.m. and at 1:30 p.m. 
astronomical time. Each 
dot in the image in Figure 
4.2 represents an actual 
temperature measurement 
at the ‘precise’ 
astronomical local time of 
1:30 a.m., with the color of 
each dot denoting the temperature measured between 230K and 280K degrees (Kelvin). 
These data provide a true, accurate, ‘measured’ assessment of eventual temperature 
and climate change – an effective counter to fear mongering and ‘precautionary 
measures’ with untold costs to the economy and trade world-wide amounting to billions 
of dollars and untold regulatory constraints. [See Figure 4.3.] 

Similar examples of data gathered and distributed globally from Space now exist in an 
untold variety of areas too numerous all to be listed. Yet many gaps in our observations 
continue to exist and many of the data, valuable as they could be, are still being 
gathered, collected and distributed often in a haphazard way and often to a select few.  
 
Observations of Cis- and Trans-Lunar Space.  The Moon as an operational platform 
from which to observe Earth and all of Cis-Lunar and Trans-Lunar Space will again 
revolutionize “Earth Observations” capabilities, especially when integrated with other 
Cis-Lunar capabilities. Just as with the Hubble Space Telescope, entirely new vistas 
and possibilities will be opened with the ability to deploy and tend large observatories 
across the full electromagnetic spectrum and with hitherto unheard of apertures – on the 

Figure 4.2 – TIROS MSU Data of May 8th, 1998 at 1:30 a.m. 

Figure 4.3 – Lower Troposphere MSU Temperature Data over past 24 Years 
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‘front side’ of the Moon for Cis-Lunar Space and Earth and on the ‘back side’ of the 
Moon for hitherto unimaginably detailed astronomy observations of the universe.  
 
The ‘Earth oriented’ applications listed in Figure 4.4 include large active and passive 
optical and RF collectors for ‘long dwell’ high resolution earth-system observations; 
ultra-long range identification and tracking of Earth orbit crossing objects; observation 
and tracking of Earth orbiting objects and activities; and ultra precise measurements of 
Earth and Cis-Lunar parameters such as the gravitational Earth ‘surface’ (the Geoid), 
topographic data, and other real time, continuous measurements. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
With the use of entirely new orbit capabilities and locations enabled by support from 
Lunar bases, other applications will be enabled – including large and unusually complex 
structures. Included are real time continuous high resolution applications for the Lunar 
polar zones (North and South poles). These applications were not ‘newly invented’ here 
to justify some expensive Space scheme. As applied to astronomy, they were part and 
parcel of the 1969 Space Task Group recommendations, as illustrated in their summary 
of space applications reproduced in Figure 4.5. These recommendations included four 
large observatory initiatives: 

• A Lunar Based Optical Interferometer. See Bernard F. Burke, “Astronomical 
Interferometry on the Moon (1982),” who made the case for high angular 
resolution, aperture synthesis and a Lunar VLA for a maximum baseline length of 

Figure 4.4 – Changing our Perspectives of Cis-Lunar Earth-Space 
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10 km. Adopting radio wavelength Interferometry to an optical VLA would lead to 
a qualitative advance in our understanding of the universe.  

 

 
 

• A Lunar Based large Solar (Coronal) Observatory and Neutrino 
Observatory. Again, in the latter case – neutrino observations – the severe 
background over a large range of energies can be alleviated by making such 
observatories on the Moon [M.M. Shapiro, R. Silberberg, M. Cherry, K. Lande, 
A.G. Petschek, among others].  

• Large Scale Lunar Based X-Ray and Gamma Ray Observatories, making use 
of the Moon’s advantageous low radioactive environment when compared with 
the Earth’s surface or atmosphere. Background radiation from surroundings will 
be lower on the Lunar surface than it in satellites in orbit around Earth. The Moon 
is well beyond the regions where the geomagnetically trapped particles exist, nor 
will there be activation by the intense particle fluxes encountered in the South 
Atlantic Anomaly.  

• A Ten Kilometer Radio Telescope. As expanded on by Jack O. Burns [“ A 
Moon-Earth Radio Interferometer”, 1982], enabling significant advances in  
astrometry via the measurement of the celestial coordinate system – thereby 
improving celestial navigation and astronomical timekeeping and synthesis 
mapping for the mapping of radio bursts of stars, our galactic center as well as 
other galaxies to orders of magnitude greater accuracies and detail.  A more 
recent concept of one such observatory is shown in Figure 4.6. 

Figure 4.5 – 1969 Space Task Force Lunar Astronomy Recommendations
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These structures cannot ‘assemble themselves’ in the abstract, nor can they be 
operated, maintained and updated without substantial, continuous human participation 
in their deployment, maintenance and operation. 
 
Assembly, Testing and Deployment of Large Space Structures.  Indeed, the ability 
to assemble and operate in Space large structures – such as the assembly of 
International Space Station – opens up 
entirely new perspectives in the scope and 
scale of Space observations and Space 
applications – on the Moon and in all of Cis-
Lunar Space, including at various libration 
points. The implications and ‘derivatives’ of 
these vastly expanded or entirely new 
applications in communications, 
observations, navigation and information 
activities worldwide can hardly be imagined, 
much less quantified, other than to state that 
the impacts will be enormous and utterly 
beneficial to all mankind. One such future 
deployment and operation is shown in 
Figure 4.7. 
 
It is not the purpose of this report to highlight and identify all potential applications – a 
task for years to come and part of a ‘dynamic’ portfolio of Space applications and 
sciences opportunities that should be assembled as part of this initiative. Figure 4.8 is 
but one example, ultra-large interferometers deployed in this case in geo-synchronous 
orbit.4 
 

                                                 
4 Bekey, Ivan, Advanced Space System Concepts and Technologies: 2010 – 2030, The Aerospace 
Corporation, El Segundo, California and AIAA Inc., Reston, Virginia, 2003.  

Figure 4.6 – One Lunar Far Side Observatory 

Figure 4.7 – Assembly of Large 
Structures in Cis-Lunar Space
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There are dozens more proposed concepts that need investigation and reevaluation in 
light of their being enabled and supported from a Lunar base. For example, the 
abundance of energy on the Moon and the ready availability of most material resources 
on the Moon can dramatically transform the ‘economics’ of Space transportation in Cis- 
and Trans-Lunar Space. Once energy is no longer a limiting factor, building the energy 
supplies for these new modes of in-Space transportation on the Moon will be preferable 
to other locations such as the various libration points – which are of mathematical and 
esthetic importance.5   
 
 

Testbed for Revolutionary Concepts, Including 
 Production of Energy and Other Resources 

 
The Lunar base will serve in subsequent decades as a testbed for Human Exploration 
beyond the Moon – to Mars, the Asteroids or further in the future the outer planets.  As 
time passes, reductions in risk/cost and time optimization for viable mission designs are 
expected for Trans-Lunar crewed missions in the future.  CELSS and related 
Environmental Health RDT&E on Space Exploration should be directed toward 
achieving critical milestones to support NASA Exploration Missions beyond the Lunar 
base, including for interplanetary missions6.  In the most primitive sense, components of 
the ISS could be deployed on the Moon with minimal adaptations as a first step. 
 
                                                 
5 Among the many studies on lunar energy related matters: Report of NASA Lunar Energy Enterprise 
Case Study Task Force, NASA Technical Memorandum 101652, July 1989 171 p. 
6 Heiss, Klaus P. and Francis Sand, “Exploration Missions and Life Sciences: Issues and Linkages“, 
op.cit. 

 

Figure 4.8 – Ultra Large Interferometer - Extra Solar Planetary Systems 
(250 km in Diameter)
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Results from detailed Monte Carlo simulations of the effects of CELSS derived benefits 
on issues of microgravity7, radiation and human factors advances on Mars missions 
(using the mission requirements of the Mars “Sprint” mission proposed in the 1990s as 
a specific example are shown in Figure 4.9.  
 
Depending on the outcome 
of the Environmental 
Health and CELSS 
assessments and 
advances, the cost (and 
risk, schedule) impact on 
but one relatively simple 
Mars Mission (Sprint) 
would be in the billions of 
dollars. 
 
The benefits of finding out 
about these critical 
enabling parameters for 
future missions beyond the 
Moon to Mars or other 
planetary bodies are large 
indeed. Without this 
practical experience in 
near-Earth space – 
including the ability to rescue and intervene when unexpected health and safety 
problems arise, any commitment today, or even serious consideration, to proceed 
responsibly to Mars or anywhere else would occur with very limited knowledge and 
empirical data and experience.  
 
In that sense, the Moon is the ‘natural’ Space Station for Earth, an ideal and economic 
platform to find out the answers to some of the most fundamental questions as to the 
feasibility of sustained human presence at, and possibly even independent settlements 
of, Lunar outposts on a continuing journey in Space. 
 
For sure we owe posterity these investments into the future ‘prospectives’ of the United 
States and of mankind to find out whether our world is ‘closed’ – or is open for further 
unlimited exploration and expansion.  
 
Many conceptual studies have been inspired by the pioneering contributions by Peter 
Glaser dating back to 1968 – or for that matter the very first writings on practical Space 
applications by Hermann Oberth in his seminal work of the 1920s. Still, much work 
remains to be done. Yet what is certain already is that energy on the Moon, and at later 
times from the Moon, is abundant, indeed inexhaustible. 
 
                                                 
7 ibid. 

 

Figure 4.9 – Monte Carlo Simulations of Effects of Life 
Sciences Parameters on a hypothetical Mars Sprint 

Mission 
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In the initial build-up to these capabilities, the Prometheus nuclear Space power 
capabilities can more than suffice. The next significant step will be to build the first 
significant Lunar solar power generating capacity, say to achieve a 10 GW Solar 
Electric Prototype for Moon based Cis-Lunar Applications and Operations [See Figure 
4.10.]8: 
 
To provide 10 GWe for Lunar 
and Cis-Lunar uses, about 2340 
km2 to a depth of 30 cm have to 
be moved and processed – the 
equivalent to moving 1.4 billion 
tons (at 1/6 Earth gravity). Lunar 
machines to process 106 tons 
per year have been designed to 
produce glazed solar cells 
entirely with lunar materials.9 A 
total of about 800 km2 would be 
prepared. Abundant thermal 
energy for glazing is available as 
well. 
 
The science, technology and 
economic implications of having 
10 GWe available are enormous 
for any number of Cis- and 
Trans-Lunar applications. 
Practically unlimited power could 
be supplied to all Earth orbiting 
spacecraft (when compared to 
to-day’s miserly power budgets 
in Space operations) – i.e., it 
would herald the advent of 
propellantless Space 
transportation technologies near 
Earth and to destinations 
throughout the Solar system and beyond, with entirely new orbits enabled around Earth 
and, when combined with Space Sail technologies, the ability to reach up to a third the 
speed of light with Hybrid Electric Impulse Space Sails.  
 
Equally important, the RDT&E and subsequent implementation of Lunar Solar Power 
plants will have significant major “side” benefits. The maturing of technologies for the 

                                                 
8 Criswell, David R., “The Initial Lunar Supply Base,” in Space Resources and Space Settlements, eds. J. 
Billington, W. Galbreath, and B. O’Leary, pp. 207-224, NASASP-428 and testimony by David Criswell to 
the U.S. Senate, November 2003 (to be published). 
9 Criswell D. R., “Solar Power Systems: Review of the technology base of an operational LSP System,” 
Acta Astronautica (2000), Vol. 46, No. 8, 531 – 540, Elsevier Sciences Ltd. 

Figure 4.10 – Energy Distribution to Earth via 
Large Space Reflectors: #1 Solar Arrays, #2 
Microwave Transmitters, #3 Reflectors; All 

made from Lunar soils by Production 
Equipment #4, #5 and #6 [Criswell] 
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use of Lunar resources could lead to 90% or higher independence from Earth-based 
supplies.  
 
The material composition of the Moon is quite similar to that of Earth – not surprising 
given their common origin – with only hydrogen as a truly scarce element. But here 
again the same material processed for the construction of the LSPs, regolith, also 
contains significant amounts of H2 and – possibly equally important as to energy futures 
– He3, a helium isotope. Both elements are readily recoverable in regolith processing, 
the simplest method being through microwave irradiation. Pepin found that heating 
Lunar regolith (obtained from the Apollo missions) caused the He3 to be evolved above 
200° C – and by 600° C about 75% of the He gas could be removed10. It is anticipated 
that if heating to 600°-700° is achieved, various other volatiles can be collected in 
addition to He3 – e.g., H2, He4, H2O, C compounds and N2. The relative amounts of 
“by-products” from the production of a single ton of He3 are shown in Figure 4.1111. 
 
For every metric ton of 
3He, 6,100 tons of H2 
and 3,300 tons of 
water would be 
produced, in addition 
to 500 tons of nitrogen, 
4,000 tons of CO and 
CO2 and 1,600 tons of 
methane – all of these 
elements are important 
to establishing an 
autonomous Lunar 
agricultural base and 
“bio-environment”. The 
6,100 tons of hydrogen 
alone would cost 
billions of dollars if 
transported from the 
Earth to the Moon. 
This is in addition to any water that might be found e.g. at the poles as indicated by data 
from the Clementine mission.  
 
Once the “in-situ” Lunar materials processing and LSP technologies have been 
developed, they can be extended to support Cis- and Trans-Lunar missions and Space 
structures to: (a) provide power supplies for varied space operations; (b) enable 
propellant-less Space transportation and station keeping capabilities and (c) provide 
large parts of “future generation” large Space structures. The most ambitious scheme 
was proposed by Peter Glaser in 196812, inspiring most of the derivative opportunities 
                                                 
10 Pepin R. O. et al., Proceedings of the 11th Lunar Scientific Conference, Vol. 2, 1435 (1970) 
11 Cameron E. N., University of Wisconsin Report, WCSAR-TR-AR3-8708 (1987) 
12 Glaser P. E., “Power from the Sun: ist Future,“ Science, 162, 857 – 866 (1968). 

Figure 4.11 – By-Products of Helium 3 Production from 
Lunar Regolith 
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described here. The use of Lunar materials for the economic deployment of such 
structures – or power relay stations from the Moon to Earth – was identified in the 
Minority Report of the NRC on SPS in the early 1980s and studied in detail in 1989, as 
depicted in Figure 4.1213. 

“Looking out” toward Trans-Lunar Space, the Solar system and beyond, the Moon – 
combined with the power supply systems outlined herein – will be the natural “Rock of 
Gibraltar,” providing the jumping-off point to any and all destinations beyond Earth orbit. 
This is NOT because of some esoteric properties of Lagrangian equilibrium points – 
interesting as these might be for the mathematically challenged – but because of the 
Moon’s unique ‘locational’ combination of resources, ‘platform stability’, vast real estate 
for deployment of instruments and facilities and, last but not least, inexhaustible energy 
supplies. An era of ‘propellant-less’ Space transportation can be enabled by the Moon 
and from the Moon.  
 
The LSP technology and production infrastructure can be used with equal effectiveness 
and synergistically for the deployment of distributed aperture observatories across the 
electromagnetic spectrum (infrared, optical, microwave, x-ray and gamma ray, active or 
passive). As suggested by Criswell, one can combine any number of these with LSP 
facilities.  One such base could provide a 15,000 km2 Lunar front- or backside-collector-
observatory area. Specifically, comets and asteroids capable of endangering Earth 
could be detected – and possibly intercepted –in advance of a threat of impact. As 
calculated by Criswell and others, a Lunar Power base of 100 km apparent diameter, 
operating at 0.1 cm wavelength can focus solar intensity beams to a less than 100 km 

                                                 
13 Lunar Energy Enterprise Task Force, Report of NASA Lunar Energy Enterprise Case Study Task 
Force, NASA Technical Memorandum 101652, July 1989, 171 p. 
 

 
Figure 4.12 – Manufacture of Solar Power Satellites from Lunar Resources 
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spot size out to 1010 km – twice the distance from the Earth to Saturn. By irradiating 
incoming comets these would be gradually heated, giving off ejected gas and dust. 
Their trajectories can be thus modified to ‘side-step’ the Earth or the Moon. Comets of 
less than 100m diameter may be 
obliterated completely.14 
 
The same power and technology 
can be used to propel vast Space 
(Solar) Sails of 100 km diameter – 
via laser or microwave beams – to 
any point in the Solar system and to 
points beyond. More than half a 
dozen viable schemes for such sails 
were proposed and identified in the 
1992 Columbus Space Sail 
competition, which led to the flight of 
the first Solar Sail into Space on 
February 5, 1993, as indicated in 
Figure 4.12. 
 
Equally interesting – at least for near-Earth applications – will be RDT&E and possible 
deployment of “Space Elevators” to L1 (for Cis-Lunar missions) and L2 (for Trans-Lunar 
missions), a concept first proposed by Artsutanov15. If combined with electromagnetic 
launch capabilities on the Moon to 
reach L1 and L2, both locations might 
help assemble ultra-large Space 
structures extending potentially over 
100 miles to then be relocated from 
there to destinations around Earth and 
throughout the Solar system. [See 
Figure 4.13]  
 
Whereas any deployment and use of 
such elevator concepts from the Earth 
are totally outside known materials 
technology capabilities (not to mention 
the impact of the severe adverse 
atmospheric and environmental 
conditions around Earth), the Moon 
presents an ideal testbed for their 
exploration and implementation. 

                                                 
14 Weaver H. A., “HST and VLT investigation of the fragments of comet C/1999 S4 (LINEAR),” Science, 
292, No. 5520, 1329 – 1333. 
15 Artsutanov Y., Into Space without Rockets: A New Idea for Space Launch, AFSC Foreign Technology 
Division Report ADA084597, Air Force Systems Command, Wright-Patterson AFB, 1969 (first published 
in Russian on July 31, 1960). 

Figure 4.12 – First Space Sail – February 5, 
1993 – NPO Energia – Vladimir Syromiatnikov – 

Columbus 500 Entry 

 
 
 Fig 4.13 – Illustration of the Deployment 

Scenario for Space Elevators 



High Frontier 

High Frontier 4-16

 
Closure 

 
The technology and science vistas opened by the development of a Lunar resources 
infrastructure are truly breathtaking: Once the ‘mental block’ of thinking about the Moon 
as nothing but a way-station to destinations beyond the Moon – barren of any interest 
and potential of its own – has been overcome, a world of vast new opportunities for 
Earth and for human exploration throughout the Solar system will have been opened.  
 
This “Portfolio of Opportunities” remains to be filled out and described and then 
implemented where warranted by science, technology and the market. Should we desist 
in leading, others will eventually lead, like the barbarians’ of centuries past when China 
was evaluating its exploration options and their costs in 1423. 
 
We should take the first step, as a few colonists did in Jamestown about 400 years ago 
– to establish the first habitat and provide the necessary energy supplies that enable all 
other uses of resources and life support. In the long run, that may be the most 
significant impact and consequence of establishing a ‘Columbia’ Base on the Moon – to 
answer the question of the ability of humans to live and sustain themselves in Space. 
The direct benefits of such a base will go a long way to allow us an informed judgment.   
 
 
 
 
 
“With the sharp instruments , they could recognize every detail on the Earth and 
could give light signals to the Earth through the use of appropriate mirrors.  They 

would enable telegraphic connections with places to which neither cables nor 
electrical waves can reach. . . The station could observe every iceberg and could 

warn shipping. . .  The disaster of the Titanic of 1912, for example, could have 
been prevented in this way. 

 
Hermann Oberth 

Rockets to Planetary Spaces, 1923, NASA TT F-9227, pp 92-97. 
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CHAPTER 5 – COST AND SCHEDULE CONSIDERATIONS 
Rough Order of Magnitude (ROM) Costs, Schedules, Budgets 

 
As described in Chapter 2 (The Means), the ‘vision’ of a new, reusable Space 
transportation system remains to be completed. Part of what was recommended in the 
late 60s and early 70s has been accomplished with the Space Shuttle: the cost and risk 
estimates presented in the early 70s have been borne out, including the two tragic 
losses of Shuttle Orbiters. The predicted failure rate (two failures in 100 flights) – using 
solid boosters – was slightly higher than the record to date. The predicted costs per 
flight were also close to those later experienced in operations. What went wrong in the 
past three decades is described in Appendix A in some detail, the principal cause being 
an essentially dysfunctional Government and Interagency ‘management’ structure and 
process, ill suited to achieve specific goals on a specific schedule. 
 
Based on the analysis of literally hundreds of Space programs in the early 1970s and 
after exploring dozens of different possible approaches to the ‘infrastructure’ for 
deploying and sustaining a first permanent base on the Moon within a decade, the most 
cost-effective structure that emerges is the one outlined in Figure 2.2, an evolution of 
the Space Shuttle toward a full re-usable Space Transportation System. In addition, the 
specific implementation requires considerable trajectory analyses to outline mission 
support, communications and software infrastructure – so much so that Moon orbiting 
‘mission support’ satellites are required for cost-effective operations.  
Among the myriad possibilities but within, again, the constraints – budgetary and 
schedule in particular – one basic solution stands out, with two different possible 
mission profiles: in Figure 2.2 one Basic Mission and Technology profile is shown, with 
a Lunar Tug directly proceeding from LEO to the Lunar surface (the original Apollo 
mission profile), whereas in Figure 5.1 a LEO to Low Lunar Orbit Space Tug is matched 
with a Lunar Ascent and Descent Tug to accomplish the same mission.  
 
For costing purposes, a specific 
mission and trajectory analysis 
was performed using the 
mission profile shown in Figure 
5.1 [see Appendix B]. Based on 
these designs and assumptions, 
two separate and independent, 
fairly detailed, first order 
estimates were obtained – one 
accomplished in-house by 
NASA JSC and another 
accomplished independent of 
the NASA costing base, but 
using the best and most 
extensive available data base 
and technology status 
assessment within the 

Figure 5.1 – Lunar Base Deployment Mission for  
Requirements and Costing Analysis 
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Government and Aerospace industry. Both assessments came up with a close to 
identical infrastructure, the one depicted in Figure 2.2; the other in the detailed 
Summary Cost Table 5.1 below.   
 
Before discussing the rough cost estimates, it is remarkable to note that both 
assessments came up with essentially the SAME Space Transportation System 
infrastructure as the most cost-effective way to reach the historic goal–establishment of 
a Lunar Base within a decade.  Based on the existing know-how and knowledge base 
today, the most effective approach was judged to be by incorporating more current 
technology and then completing the other parts of the original Space Transportation 
System vision of the early 1970s in nearly identical ways.  
  
Obviously many details remain to be worked out and clearly further ‘optimization’ can 
and must occur at a system and subsystem level – but the basic parameters are set and 
obvious. They constitute a fundamentally different approach than the ‘brute force’ 
approach of the Apollo program, with a much more flexible and useful infrastructure 
deriving therefrom for future operations throughout Cis-Lunar, Trans-Lunar and future 
planetary missions. 
 
Based on these assumptions and qualifications the cost estimates for all major 
infrastructure components are listed in Table I below. Based on Table I and the second, 
NASA in-house cost estimate, it is anticipated that the total cost for returning to the 
Moon and establishing an operational presence there would be between $50 billion 
and $75 billion, with $50 billion as the best estimate. The $75 billion estimate includes 
not only additional infrastructure elements, such as Moon-orbiting satellites, but also a 
hefty 30% uncertainty factor.  
 
It should be noted that the $50 billion best estimate may be reduced as further 
mission parameters are optimized and refined, as was the case in the Apollo days. At 
the time of President Kennedy’s decision to go to the Moon in 1961, none of the 
infrastructure components had been built, nor had been conceived the alternative 
actually employed to orbit and land on the Moon. This later accepted approach helped 
to reduce substantially overall mission costs. Costs can also escalate, but contrary to 
widely held beliefs such escalations are not ‘inherent’ to aerospace industry. In many 
cases cost growth has resulted from undue delays and ‘stretching’ and what can be 
called ‘inside the beltway program management’ – a unique system between NASA, 
Space Interagency Groups, other entities such as OMB, Congress and sometimes even 
the Judiciary. A sad example is the ‘management’ of the Shuttle development and 
operation resulting from this unique ‘management’ setup [see Appendix A]. 
 
When government and industry have been committed to the achievement of a set goal 
within a specified time, U.S. aerospace industry has performed quite well, often ahead 
of schedule and within budget – in some cases giving rise to true legends such as the 
‘skunk works’. Very often these unique achievements are never made known, or can be 
revealed only decades later. It is this management spirit that has to be brought to 
achieving this proposed goal. 
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These overall costs break down as follows: 
 
A. Improving and modifying the Space Shuttle, including 

• Separable Crew Module (SCM) for Shuttle, also usable for manned Tug/Lunar 
Lander and ISS rescue. Such an SCM will be able to get off the stack and save 
the crew in case of an emergency during launch and can be mated in-orbit with 
the chemical propulsion Tug. The SCM will have it’s own solid rocket propulsion 
system (for abort), parachutes (parafoils) and be able to accomplish non-
powered water and runway landings. The costs include design and production of 
a new separation system; 

• Liquid Boosters to replace the Solid Rocket Motors (SRMs) 
• Upgrade Shuttles to current technology  
• Modifications and Certification of four Orbiters; 

 
The RDT&E (Research, Development, Testing and Evaluation) and the build of 5 (five) 
SCMs and 12 (twelve) Liquid Boosters is estimated at about $2.6 billion in RDT&E and 
$5.6 billion in production costs. The costs of modifying the existing orbiters are 
estimated roughly at $1.2 billion; and  the cost of certifying Orbiter with Separable Crew 
Cabin is estimated at $500 million per orbiter for a total of $ 2 billion for four orbiters. 
 
B. Shuttle – C (Cargo Shuttle): to transport large systems components beyond the 
capabilities of the Shuttle to LEO a cargo version of the Shuttle is a logical evolution and 
extension of this unique technology base. The basic requirements to accommodate all 
the volume and mass requirements deriving from the requirement to deploy a 
permanent Lunar Base within a decade are: 

• Three SSMEs (Shuttle Main Engines) on the rear end of a payload support sled 
and fairing 

• Liquid Boosters 
• A 5 (five) ft stretch to the Liquid Hydrogen Tank 
• Capablility to lift ~185,000 pounds payload, consistent with Evolved Shuttle Class 

system (93.5 x 106 tons to 30X150nm ellipse at 28.5 degrees inclination) 
 
Technical analogies and experience base: Shuttle Orbiter and past Shuttle-C designs. 
 
The estimated costs for RDT&E and procurement of 6 (six) Shuttle-Cs are 

• Non-Recurring                  $2.1 billion 
• Recurring                          $9.1 billion 
 

C. Cis-Lunar Chemical Tug (CLT), with basic design capabilities as follows: 
• Re-usable LOX/LH2 Upper Stage capable of cargo or crew transfer from LEO to 

LLO (Low Lunar Orbit) 
• With aero-break capabilities when returning to LEO 
• Assumed mass fraction of 0.8, assumed to accommodate crew support, Thermal 

Protection System for aero-braking, and a highly reliable, robust, reusable design 
• Approximately 115K lbs of propellant, 29 K lbs inert weight 



High Frontier 

High Frontier 5-5

• Starting with 181K lbs (82 ton) in LEO (delivered by Shuttle C) Tug can deliver 
o A maximum payload of 32K lbs to LLO and return to LEO, sized for an 

initial rigid Habitat; and 
o Nominal operations assume delivery of Lunar Descent/Ascent Stage 

propellant of + 15K lbs from LEO to LLO and return 11K lbs to LEO from 
LLO using aero-capture. 

 
Technology analogies/base: Tanks from Shuttle External Tank experience, engine 
heritage an RL-“X” from Centaur RL-10, Avionics from Orbiter, Thermal Protection 
System for aero-braking from Orbiter.  
 
The resulting RDT&E and procurement costs for 6 (six) CLT Tugs (two for development) 
are:  

• Non-Recurring Costs                  $2.4 billion 
• Recurring Costs (Production)      $1.8 billion 

 
D. Lunar Ascent/Descent Stage (LADS): with basic design characteristics as follows: 

• LOX/LH2 LADS for transportation between LLO, Lunar surface and back initially 
the Cis-Lunar Tog carries LADS propellant for one round trip on each of its 
nominal operations flight requires fuel transfer in LLO 

• Once SEP Cargo Hauler and Propellant Depot are established LADS will not 
require Cis-Lunar Tug to bring propellant  

• Mass fraction is 0.8, sufficient to support crew and of highly reliable, reusable 
design approximately 23K lbs of propellant and nearly 6K lbs of inert weight 

• Maximum Payload from LLO to Lunar surface and empty return is 32K lbs 
• Nominal operations assume down payload of 15K lbs and return (up) payload of 

11K lbs to LLO 
 
Technology analogies/bases: derived from parameters and assumptions for LOX/LH2 
Cis-Lunar Tug (i.e. same as stated above). 
 
Estimated costs for the LADS for an initial build of 4 (four – of which 2 for development):  

• Non-Recurring              $450 million 
• Recurring (Production) $2.5 billion 

 
E. Initial Lunar Habitat: probably the ‘Infrastructure’ item most open to change with 
further study of optimization and expansion due to desired missions from the scientific, 
technical and user community in start-up phase. The specific initial tasks and missions 
can and will be determined over the first part of the decade, and can be expanded as 
the initial habitat grows and expands with the myriad of scientific, technical and user 
community demands identified. For purposes of costing the initial Habitat and making 
use of the ISS technology base and experience, the requirements were based on a 
Rigid Cylinder analogous to ISS MPLM with a mass changed from 10.500 lbs for ISS 
MPLM to 30.5. lbs for an initial Lunar Habitat and a length of 60 ft. 
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Based on these analogies and technology experiences the estimated costs of RDT&E 
and initial built of 3 (three) for the Habitat are 

• Non-Recurring              $210 million 
• Recurring (Production) $260 million   

 
F. Lunar Satellites: to meet the necessary communications, navigation and positioning 
requirements for real time Lunar space transportation and lunar surface operations a 
number of such satellites will be deployed around the Moon. For costing purposes, the 
technical analogies and experience base were ‘scaled’ GPS satellites, with the mass 
scaled from 1.850 lbs to 1.110 lbs (60%). 
 
Based on this analogy the RDT&E and an initial build of 12 (twelve) satellites are 

• Non-Recurring                  $160 million 
• Recurring (Production)     $950 million 
• The Launch costs to Lunar orbits, assuming 2 (two) satellites per launch, are 6 

(six) Launches at $70 million / launch, or $420 million 
 
G. Lunar Utility Vehicle (LUV, Truck): the Lunar Utility Vehicle is used to transport 
cargo and crew from Lunar surface LADS landing site(s) to the Habitat, off-load the 
LADS and place payload(s) at appropriate site(s). The LUV will also be the initial Lunar 
Excursion Vehicle for trips from the Habitat for various exploration missions. 
 
Technical analogies and experience base: the Apollo Lunar Rover, with the mass 
scaled from 509 lbs to 10.200 lbs (twenty times larger). Based on these requirements 
the estimated costs for RDT&E and initial build of 4 (four) are estimated to be 

• Non-Recurring               $2,2 billion 
• Recurring (Production)   $950 million 

 
H. Solar Electric Propulsion Lunar Tug (SEP-LT): a key technology component, 
enabling a new era in Cis-Lunar Space transportation and high synergism with the early 
development of Lunar Solar Power (LSP) systems. For purposes of the Infrastructure 
cost and schedule estimates RDT&E for such a SEP Lunar Tug stage is included based 
on the following design parameters 

• (one) MW – probably magneto-plasma-dynamic) 
• 50K lbs dry weight 
• Xeon at 3800 sec ISP (specific impulse) 
• Trip time ~ 90 days 

 
Based on these design requirements the RDT&E (excluding production) is estimated at 
$870 million. 
 
I. Lunar Nuclear Power: for initial start-up a nuclear power plant is considered (another 
possibility being an immediate Lunar Solar Power (LSP) facility. Such a nuclear 
powered electric generator is assumed to provide 100KW electric. 
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Technical analogies and knowledge base: Power systems being postulated by the 
Prometheus program and from the Cassini RTGs. Based on these requirements and 
assumptions the estimated RDT&E and initial build 

• Non-Recurring                $670 million 
• Recurring (Production)   $3.6 billion (including 40 kg of reactor grade plutonium) 

 
J. Docking Mechanisms and Airlocks: extensive transfers of crew/cargo in LEO and 
LLO are required, necessitating a full development of appropriate interface systems.  
 
Technical analogies and knowledge base (albeit Russian – Vladimir Syromiatnikov) are 
Apollo-Soyuz, Shuttle-Soyuz, Soyuz-ISS and Shuttle-MIR and US experience with 
Shuttle/ISS. Based on these assumptions and analogies the estimated RDT&E and 
initial build of 20 (twenty) each are 

• Non-Recurring                 $20 million 
• Recurring (Production)   $160 million 

 
K. Software: one of the most demanding and difficult parts of estimating costs. Based 
on technical analogies and experience with the Shuttle avionics, the RDT&E and 
Production Non-Recurring cost of the requisite software is estimated to be $1.0 billion. 
 
L. Other Cost Estimates. Many variations in the design parameters, mission profiles, 
technical assumptions are possible. Many elements in this Shuttle-derived Space 
Transportation System can be ‘optimized’, changed, and improved upon. Yet, the 
estimates presented above are believed to be a good first cut based on a solid, 
‘bottoms-up’ approach, minimizing risky or speculative advances or programs wherein 
the schedule may be questionable. For example, a start-up Lunar power supply system 
using a Nuclear 100KW plant is included, although it may be entirely possible to 
immediately deploy a Lunar Solar Power plant of this capacity. If so, one significant 
saving can be affected, particularly when considering the synergies with an SEP-LT.  
 
A significant part of these 
investments will be incurred 
if recommendations from the 
Gehman Commission for 
Shuttle operations are 
carried out over the next 
decade.  
 
One other significantly, 
detailed estimate on such 
an evolved reusable STS is 
shown in summary form in 
Table 5.2.  The estimate is 
based on NASA in-house 
efforts at JSC. 
 

LUNAR COST ESTIMATE SUMMARY (RY$)

•OMV/CTV/XTV Modular Space Tugs   
•STS-Derived Launcher - Liquids 
• 2014 IOC Estimate: $ 40 to 55B 
•Estimate per mission: $ 10 to 12B 

NGLT Estimate: $3.0B 
(FY03-FY08)

SLEP Estimate: $2.0B 
(FY03 - FY08) 

In Scope: OMV/CT Lunar Crew/Cargo Space Tug(s), PPM, 
Stage, Lunar Rover and Initial EVA 

- 
C Derived Ops & Facilities, 

Out of Scope: Shuttle, ISS mods, 

Table 5.2 
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Many basic elements in this cost estimate are similar to the assumptions in Table 5.1; 
nevertheless significant other elements are included – such as an Orbiting Maneuvering 
Vehicle Tug in addition to the Lunar Cargo and Crew Tug. On the other hand, SEP Tug 
costs are not included herein, nor are Shuttle modifications and recertification. 
 
The two estimates are remarkably similar in the basic finding, namely that building on 
the existing U.S. Space Transportation technology base provided by the Shuttle and the 
ISS the U.S. can commit to the deployment of a First Lunar Base within a decade for an 
estimated cost of between $5 billion to $7 billion additional annual funding of NASA – or 
a 30% to 50% increase in the current, eroded funding of the U.S. Space effort of the 
past decade – for a total of about $50 billion. 
 
“[Within a decade], the Space Station module continues in polar orbit, and a 
Space Station Module is emplaced on the Lunar surface, while a nuclear shuttle 
provides four trips per year from Earth orbit to Lunar orbit.  The space base is 
now permanently manned, and the LM-B [Lunar Module-B] provides large payload 
capabilities between Lunar orbit and surface. In-depth geological exploration near 
the base now begins, including very deep drilling, and exploration of Lunar 
resources – especially hydrogen and oxygen from water or minerals – can begin.  
Large optical, x-ray, and gamma ray telescopes can be erected near the base.   
 
“The planned program leads toward the goal of the Lunar Exploration Program – 
To explore and utilize the Moon for the benefit of mankind. 
 
“If this goal is pursued with a suitably supported program of exploration, it is 
possible that the following levels of achievement could be reached [within 
another five years]: To have explored all major regions of the Moon; and To have 
established a permanent Lunar base. 
 
“. . . The establishment of a Lunar base would provide a center for continued 
exploration activity and furnish laboratory space for specialized science, 
applications and technological research that requires or utilizes the Moon’s 
unique environment or its isolation from Earth.  It would permit, for example, 
erection and operation of large radio, x-ray and optical telescopes on the surface.  
This would be an important milestone in the effort to utilize the Moon for the 
benefit of mankind. 
 
“In looking forward to man’s possible future in space exploration, the base could 
also be used to develop man’s capabilities to operate for extended periods of 
time on another planet and for training for manned planetary exploration.  The 
availability of laboratory facilities would also furnish opportunities cooperative 
participation by other nations.” 
 

 
An Integrated Program of Space Utilization for the Decade 1970-1980 

The Space Task Group, June 19, 1969, p. 2-131-132 
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CHAPTER 6 – RULES OF THE ROAD 
 DECLARATION OF PRINCIPLES AND PROPERTY RIGHTS 
(Legal, Institutional, Space Property and Enterprise Issues) 

 
“Wherever possible the private sector [should] be given the task of providing 

specified services or products in Space, and be free to determine the most cost-
effective ways to satisfy those requirements . . . “ 

 
Pioneering the Space Frontier 

Report of the National Commission on Space, p. 11 
Chaired by Thomas O. Paine 

May 1986 
 

The most challenging – and in some ways the most important – part of our renewed 
journey into Space will be a clear, simple statement of principles that guide U.S. and 
worldwide policy as to the role of enterprise, risk taking, costs and rewards when 
pursuing ventures in Space, be these of nations or of private enterprise, of explorers or 
merchants, of innovators or service providers. 
 
Over the decades an impressive regime of international cooperation in Space 
exploration and the uses of Space has developed – some through explicit statutory 
provisions and international agreements, some by explicit or tacit understandings, some 
by deliberate non-specificity. In some cases, these practical steps have helped to give 
appropriate guidance for Space activities.  In other cases, various agreements are 
unenforceable and have little to do with developing a regime that supports the desired 
role of entrepreneurs, private enterprise and innovative Space exploration.  
 
Space activities 
have proceeded 
under defense, civil 
and industrial 
sponsorship and 
direction. The 
policies have been 
dominated by 
defense and civil 
considerations, 
rather than the 
private sector, as 
reflected by the 
makeup of the 
space interagency 
process 
summarized in 
Figure 6.1.  But 
recently private 

 

Figure 6.1 – NASA Interagency and International Cooperation
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industry has begun to play a much more significant – and in some cases, a dominant – 
role in funding the design, deployment and operation of space systems – because that 
course is profitable. This trend should be encouraged in the proposed effort for NASA to 
establish a Lunar habitat within a decade, with incentives for entrepreneurs and private 
enterprise.   
 
Thus, the policies of the past – both the international ‘understandings’ and the 
interagency practices – need to be reviewed and updated to reflect that new reality.  
Such a serious updating should conform to the basic principles that have traditionally 
guided U.S. spirit and practice in exploring new frontiers, including the ideas embodied 
in the U.S. Constitution. 
 
In formulating such new ‘rules of the road’ for renewed Space enterprise, it is instructive 
to consider some of the most remarkable passages in human thought, written by a 
refugee from National Socialism, a guest of British hospitality in London in 1942. Of 
particular note are the concluding remarks by Friedrich Hayek in his "The Road to 
Serfdom," written in exile in London on the foundation of free societies. These remarks 
addressed to his host country, England, on the inherent dangers of totalitarianism, 
whether national or socialistic or both, are timeless and should be heeded as various 
U.S. authorities consider the policy issues of Space enterprise today. (pp.177f):1 

"The purpose of this book has not been to sketch a detailed programme of a 
desirable future order of society. If with regard to international affairs we have 
gone a little beyond its essentially critical task, it was because in this field we 
may soon be called upon to create a framework within which future growth may 
have to proceed for a long time to come. A great deal will depend on how we use 
the opportunity we shall then have. But whatever we do, it can only be the 
beginning of a new, long, and arduous process in which we all hope we shall 
gradually create a world very different from that which we knew during the last 
quarter of a century. It is at least doubtful whether at this stage a detailed 
blueprint of a desirable internal order of society would be of much use - or 
whether anyone is competent to furnish it. The important thing now is that we 
shall come to agree on certain principles and free ourselves from some of the 
errors that have governed us in the recent past. However distasteful such an 
admission may be, we must recognize that we had before this war once again 
reached a stage where it is more important to clear away the obstacles with 
which human folly has encumbered our path and to release the creative energy 
of individuals than to devise further machinery for ‘guiding’ and ‘directing’ them - 
to create conditions favorable to progress rather than to ‘plan progress’. The first 

                                                 
1 Europeans, including Hayek, all too easily overlook that these same ideals were the foundation of the 
18th century American revolution and the VIRGINIA DECLARATION OF RIGHTS of 1775 in particular, 
drafted by Messrs. Mason and Lee and recognizing the Pursuit of Property Rights specifically, adopted by 
Mr. Jefferson a year later in drafting the Declaration of Independence and ultimately included in the U.S. 
Constitution. The spiritual roots of these ideas can be traced, beyond John Locke, well back to scholastic 
thought, including the idea of the social contract foundation of all Government powers and the role 
(preference) of private property over common property. (Thomas Aquinas, Duns Scotus, and Marsilius of 
Padua - who would extend the social contract foundation even to matters of theology (c.1270 - 1342).   
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need is to free ourselves of that worst form of contemporary obscurantism that 
tries to persuade us that what we have done in the recent past was all either wise 
or inevitable. We shall not grow wiser before we learn that much that we have 
done was very foolish. 
 
“If we are to build a better world we must have the courage to make a new start - 
even if that means some 'reculer pour mieux sauter'. It is not those who believe 
in inevitable tendencies who show this courage, not those who preach a ‘New 
Order’ which is no more than a projection of these tendencies of the last forty 
years, and who can think of nothing better than to imitate Hitler. It is indeed those 
who cry loudest for the New Order who are most completely under the sway of 
the ideas which have created this war and most of the evils from which we suffer. 
The young are right if they have little confidence in the ideas that rule most of 
their elders. But they are mistaken or misled when they believe that these are still 
the liberal ideas of the nineteenth century, which in fact the young generation 
hardly knows. Though we neither can wish, nor possess the power, to go back to 
the reality of the nineteenth century, we have the opportunity to realize its ideals - 
and they were not mean. We have little right to feel in this respect superior to our 
grandfathers; and we should never forget that it is we, the twentieth century, and 
not they, who have made a mess of things. If they had not yet fully learned what 
was necessary to create the world they wanted, the experience we have since 
gained ought to have equipped us better for the task. If in the first attempt to 
create a world of free men we have failed, we must try again. The guiding 
principle, that a policy of freedom for the individual is the only truly progressive 
policy, remains as true to-day as it was in the nineteenth century." 
 

Had England only listened to Hayek! Let us not fail in Space, where the stakes, one 
may dare say, are much larger. 
 
The need to revisit, reformulate and innovate U.S. Space Policy to conform to new 
opportunities and capabilities is a paramount requirement, not only for the U.S. but for 
all free market nations worldwide.  This is necessary to assure substantial, productive 
and profitable (i.e. beneficial) uses of the vast investments made to-date by various 
governments, often with no regard nor incentive as to any practical uses. 
 
What comes to mind is not dissimilar to the situation in the Colonies over 200 years 
ago. With the opening of the vast new territories West of the Appalachians, who and 
how should one decide on property and property rights – some abstract entity in distant 
London or the people who dared to go out and open up these new spaces for 
civilization? What is needed is an application of these same principles of homesteading 
and property rights that guided our forefathers then: the Principles of the U.S. 
Constitution applied to a Declaration of Independence to and in Outer Space.  
 
A new Space Doctrine is needed along with any decision to establish the first 
permanent outpost on the Moon, assuring thereby the High Frontier for Space 
Enterprise. Critical amongst these principles – which should be established as a matter 
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of statutory rights – are the indicated in the following proposed draft “Statement of 
Principles of Space Enterprise.” 
 
Obviously this draft Declaration can be improved upon, but the core principles 
expressed herein have to be part of any such new Declaration – without which Space 
enterprise for sure will be destined to fail: we might as well burn our Space ships – just 
as the Chinese bureaucracy did in 1423 and let the ‘barbarians of Space’ visit us.  
 
Absent such a Declaration of Rights: why should we have spent our precious resources 
to go West into the new territories; why would we have set out for Oregon and the 
Pacific?  Indeed, why now risk our treasure on Space Exploration and Enterprise? 
 
Hopefully, the United States will not repeat the mistake of the Chinese World Empire of 
the 15th century – and leave the ‘new territories’ to others to explore and develop. 
 
 

PROPOSED DRAFT STATEMENT OF PRINCIPLES FOR SPACE ENTERPRISE 
A Declaration of US Space Property Rights and Independence  

(Williamsburg, Virginia) 
 

Whereas the United States has been founded on a set of well understood principles 
fundamental to the pursuit of property [Virginia Declaration of Rights, 1775] and 
freedom of man and  
 
Whereas these principles have served the United States and the community of free 
nations well over centuries past 
 
Whereas, in addition, the very discovery and development of these United States and 
the Americas were founded on the principles of the freedom of the seas, including the 
freedom to appropriate land and resources unclaimed or unused by others 
 
The United States hereby declare:  
 
(1) FREEDOM OF NAVIGATION – The new "Sea of Space" shall be open for anyone 
to navigate in and to undertake whatever enterprise in analogy to the freedom of the 
seas; the United States shall not agree to or be party to any treaty, policy, regulation or 
understanding that limits this freedom in whatever form; the United States sees no 
difference between the Open Seas of Earth and the 'Open Seas' of Space and hence 
no new principles have to be invented or agreed to that would limit such freedom of 
navigation and enterprise - for whatever purpose. 
 
(2) THE RIGHT TO PRIVATE PROPERTY – Private property is fundamental to the 
pursuit of enterprise, investment, exploration and freedom of man, be it on Earth or in 
Space; the United States shall not agree to or be party to any treaty, policy, regulation 
or understanding that limits any proprietary rights of land, resources, services, data or 
other economic and intellectual goods in Space or derived from Space. In particular, the 
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United States want to re-affirm that nothing in the ‘Outer Space Treaty’ prohibits or 
contradicts full private property rights by any citizen of Earth, nor any and all uses of 
such property for whatever private or public gain. This all the more so as ‘private 
property’ is the foundation of all free societies and has existed throughout known history 
at least since the inception of agriculture 5,000 or more years ago. On the other side 
‘national property rights’ are a rather recent artifact promoted by the French revolution, 
giving rise to ‘nationalism’ and ‘socialism’ with a concurrent notion that such ‘nations’ 
are free to steal or infringe on any such private property. The devastating consequences 
of these artifacts, when combined, were seen in the 20th century.  Specific provisions in 
the Constitution of the United States prohibit any ‘taking’ of such private property by 
government(s) without due compensation, nor can the United States be any party to a 
treaty or agreement that directly or indirectly were to lead to such a ‘taking’.  
 
Again, the United States see no difference between activities of free man on Earth and 
in Space for whatever purpose, and in particular reaffirms the right to private property of 
any and all means in the pursuit of exploration, science and commerce to be inalienable 
and fundamental to such freedom.  
 
To the extent that the United States de-facto or unwittingly may have been a party to 
different understandings and treaties, these shall henceforth be declared null and void 
to the extent that they infringe on such property rights. 
 
(3) SPACE HOMESTEADING RIGHTS – To foster the early and broadest possible 
exploration of Space and use of its vast resources the United States hereby proclaim 
Space Homesteading rights whereby - in analogy to the principles that opened the vast 
reaches of the United States to development for the benefit of their people and world 
markets.  
 
The United States will recognize the appropriation of any surface and underlying 
mineral and resource rights by anyone on the Moon or on any other Celestial body, with 
the size of homesteading rights to be determined for each of these bodies separately. 
Asteroids and Space debris can be appropriated in toto.   
 
Such Homesteading rights are granted to any person that takes physical possession of 
such surface or object, himself or through ventures financed by him at his risk and 
benefit. The proprietary rights have to be exercised through use within 99 years or 
revert to unclaimed Space status. 
 
Lands and resources claimed as private property in Space under the Homesteading 
principle by US persons shall be subject to the rights and obligations of the United 
States constitution.  
 
(4) LOW COST ACCESS TO SPACE FOR PRIVATE ENTERPRISE – Based on the 
principle that Government is formed to serve the individual, his rights, pursuit of freedom 
and property, the United States Government will henceforth make available at additive 
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costs any facilities, services, hardware and intellectual Government rights in the pursuit 
of private U.S. Space enterprise.   
 
By 'additive costs' are meant the costs added by each specific private activity to 
Government Space program, project or facility costs, and proven by Government to 
have been added by those specific activities to any one annual government budget 
appropriation.  Similar access will be granted to any other free market nation that grants 
similar rights and access to its facilities and which participates in significant co-operative 
programs in Space with the United States. 
 
(5) COMPETITION – Earth and Space are best served by open competition of ideas 
and enterprise in free markets, so that the best may succeed.  Consonant with this 
premise the people of the United States will pursue their goals and interests in Space as 
they see fit: ‘anticipatory’ regulations, license requirements, laws and other provisions 
that stifle enterprise in open markets serve no purpose.  
 
Nor is the exploration and use of Space served by 'co-ordinated' or co-operative 
programs for the sake of co-operation, if such programs deterred or stifled competition 
and enterprise by any nation and its people. After all, Spain and Portugal did not set out 
jointly to open the world for Europe. And the Soviet Union did not set out jointly with the 
United States to launch the first satellite or the first man into Space. Nor did President 
Kennedy set out to put man on the Moon and return him to Earth by the end of the 
1960's jointly with the Soviet Union.  Duplication - if any - is a low price to pay for 
enterprise and freedom in Space. 
 
(6) EXERCISE OF RIGHTS AND CLAIMS – Consonant with the positive principles of 
international law, the United States shall claim and recognize property rights in Space 
only to the extent that such rights are vested in persons that control or provide services, 
resources, land or goods anywhere in Space. The United States will not recognize any 
claims or rights based on abstract, theoretical notions of others that would infringe in 
any way on free enterprise by the United States or any other Space faring nation or 
person of mankind, or other civilizations yet to be encountered.  
 
 
We cannot foresee the ingenuity that companies, established or entrepreneurial, 

will bring to the building of new industries in the 21st century based on the 
Highway to Space. Nor can we know the individuals whose names will rank with 
Douglas, Boeing, Sikorsky, and the other pioneers of the aeronautical industry. 
But looking back for analogies, we know that one of America’s heroes, Charles 
Lindberg, practiced the skills of piloting in heavy weather, prior to his Atlantic 

crossing, by flying the U.S. mail. 
 

Pioneering the Space Frontier 
Report of the National Commission on Space 
Dr. Thomas O. Paine, Chairman, 1986, p. 21 
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Chapter 7 – Closure 
 

“The U.S. space effort has moved forward for more than 30 years [since Apollo] 
without a guiding vision, and none seems evident. In the past, this absence of a 
strategic vision in itself has reflected a policy decision, since there have been 
many opportunities for national leaders to agree on ambitious goals for space, 

and none have done so. . . . We believe that the White House, Congress, and 
NASA should honor the memory of Columbia’s crew by reflecting on the nation’s 
future in space and the role of new space transportation capabilities in enhancing 

whatever space goals the nation chooses to pursue.” 
 

COLUMBIA ACCIDENT INVESTIGATION BOARD 
Report Volume 1, August 2003 

 
This report urges that the White House, Congress and NASA support a focused effort to 
return to the Moon within a decade to establish a permanent, manned Lunar Base – 
named “Columbia” in honor of the crew of Columbia and all others who have given their 
lives in pressing our frontier outward into Space.   
 
The resulting Space operations will benefit U.S. citizens much more than NASA’s 
accumulated efforts since Apollo’s historic first Lunar landing – and is currently beyond 
the reach of any other known or potential Space faring nation.  

 
Stated another way: These capabilities in the hands of an enemy nation – if not 
matched by at least equivalent US capabilities – would signify the demise of the United 
States as the leading engine for innovation, economic growth and security.  
 
Or stated yet another way: Since the last significant Space Transportation Systems 
decision in 1972 – the decision to develop the Shuttle – the United States and NASA 
have spent about $450 billion with little to show for it when compared to what might 
have been achieved for the $100 billion investment requested by the 1969 Space Task 
Force Report to pursue essentially the program advocated here. 
 
It is time that NASA be given this historic goal, from which significant advances in 
technology, opportunities for innovation and economic and social wealth will be derived. 
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“Only 24 individuals have traveled as far from Earth as our nearest neighbor in 
Space, and only 12 have landed upon it. The total time spent by humans on the 
Lunar surface was less than two weeks, all of it in the Apollo years from 1969 to 
1972.  In those brief journeys a remarkable amount was learned: more than 800 
pounds of soil and rock were returned to be analyzed on Earth; equipment was 
set up to measure heat flow from the Moon’s interior, and to report Moonquakes 
and meteorite impacts.  Laser reflectors were set up, which have allowed us to 
measure changes in the Earth-Moon distance to a few inches.  Metal foils were 

stretched like sails to catch the wind of protons and heavier elements streaming 
from the Sun.  And with electric roving vehicles, astronauts explored outward 

from their landing sites.  But the 12 men who trod the Lunar surface in the course 
of six Apollo missions could not venture more than five miles from their landed 

spacecraft.  Quite literally, they could do no more than scratch the surface of the 
Moon.  We therefore recommend that: We return to the Moon, not only for brief 

expeditions, but for longer, systematic explorations; eventually, we should come 
to stay. 

 
“As in the exploration of Earth, our exploration of the Moon can best proceed by 
a combination of visits to specific points, and the establishment of permanent 
outposts at locations of continuing interest.  Separation of sites by purpose is 

more likely than the concentration of all activities at one “lunar base.”  
Seismologists will need locations remote from mining, to achieve seismic quiet.  

Prospectors will need to make a series of land traverses, as is customary in 
resource exploration, and the promise of the Lunar poles may draw prospectors 

at an early stage of Lunar exploration.  The first expeditions will make use of 
transfer vehicles as temporary camps on the Moon, just as the shuttle serves on 

each flight as a temporary space station.  As more is learned and we find reasons 
to zero in on specific points, the temporary camps will be enlarged.  Caches of 

food, fuel, water, and oxygen will be left there between visits and, finally, 
explorers will “overnight” at outposts through the Lunar darkness that lasts 15 

Earth days.  We will return to the Moon for diverse reasons.  As the first stage of 
the return to the Moon, we recommend: Establishing human-tended Lunar 

surface outposts, primarily for a variety of scientific studies.” 
 

Pioneering the Space Frontier  
The Report of the National Commission on Space 

Chaired by Dr. Thomas O. Paine 
A Bantam Book, May 1986, p. 63. 
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Appendix A 
NASA Directions Since Apollo1 

 
The proposal to establish a permanent presence of humans on the Moon is as old as 
the Space program itself. In fact, it predates development of the necessary rocket 
technology. For example, Wernher von Braun’s wrote in a1945 Memorandum to the 
Army that with future rocket developments beyond his V-2, “It will be possible to go to 
other planets, first of all to the Moon.  The scientific importance of such trips is 
obvious2.” 
 
Dr. von Braun’s contributions are well known – both in launching America’s first satellite 
and in NASA’s pioneering efforts leading to the Mercury, Gemini and Saturn rockets that 
carried our astronauts into Space and to the Moon.  That historic achievement – with 
the first manned Lunar landing a year earlier than President Kennedy’s visionary goal – 
was not followed by a systematic program to fully exploit a Lunar Habitat.  But not 
because there were no plans for doing so. 
 
The most detailed and precise plan to bring about such a historic achievement dates 
back to the late 1960s, when the best minds in science and technology set out to 
propose developing the transportation technology components for all of Cis- and Trans-
Lunar Space. Based on 
these studies, the 1969 
Space Task Group3 
outlined a comprehensive 
Space Transportation 
System for Cis-Lunar 
operations capable of 
routine missions 
throughout near-Earth 
and the Moon, as 
illustrated in Figure A-1.  
 
Then, as now, the key 
technology components 
to establish the first 
human settlement on the 
Moon within a decade are 
the same key items 
discussed in the body of 

                                                 
1 This Appendix builds upon Klaus P. Heiss, Some Thoughts on the Columbia Disaster and How to 
Proceed from Here, Mimeograph, April 18, 2003. 
2 “Survey of Development of Liquid Rockets in Germany and Their Future Prospects, “ Prof. W.von Braun, 
Chief, Engineer, Penemunde Group, Mimeograph to US Army, Spring 1945. 
3 Space Task Group, The Post-Apollo Space Program: Directions for the Future, September 1969, 
reprinted in NASA SP-4497, vol. I, pp. 522-543 [“Space Task Group” report]. 

Figure A-1 - The 1969 Space Task Force Cis-Lunar 
Systems Profile
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this report, namely a Space Shuttle, reusable Space Tug(s), Space based Refueling 
and Delivery Systems and a CELSS Lunar Habitat.  
 
Some important parts of the key technology were developed in the 1970s and 1980s: 
e.g., the Space Shuttle, the life sciences, large structures assembly, operating 
experience acquired in the Space Station program, and advances in information 
technologies and numerical control systems. Other important components remain to be 
developed – and some technology efforts need to be redirected because they did not 
proceed during the 1970s and 80s with a Lunar mission in mind.  In particular, the 1972 
Space Shuttle decision was made without serious consideration for its important role in 
a Space Transportation System designed for establishing a Lunar habitat.   
 
As the one in charge of the independent assessment of the Space Transportation 
System, directed by the White House for NASA in 1970 through 1972, the author will 
review the rational put forth then and – equally important – how that rationale compares 
to the “facts” thirty years later. The 1971-72 conclusion was and remains correct. The 
following sections discuss 1) the cost-efficiency case made in 1971 – combined with an 
analysis of what went wrong subsequently; 2) the promise of Space seen by the author 
in 1971 – and still today; and 3) the need for a clear, single goal for manned Space flight 
– as discussed in this report. 
 

INPUTS TO THE 1972 SPACE SHUTTLE DECISION 
 
Contrary to perceptions, the case for the Space Shuttle – and also for the Space Tug 
then an integral conceptual part of a reusable Space Transportation System (STS) to 
service to all Earth orbits – was NOT based on transportation cost savings4.  Important 
presentations by the independent assessment team in 1970-71 started with the 
realization that the Space Shuttle cannot be justified solely with the narrow argument of 
transportation cost savings5. 
 
Indeed it is this statement – that the Space Shuttle System could NOT be justified on 
the basis of transportation cost savings – and the logical exposition of the REAL case 
for the Shuttle that won the author the award to do the independent outside assessment 
by NASA in 1970 to begin with. Imagine: a $3 million contract, limited explicitly to five 
pages of substantive exposition AND a full day cross-examination as to the rational 
AND to start out the presentation with the statement: “The reusable Space 
Transportation System (Space Shuttle and Space Tug) can NOT be justified on 
transportation costs!” 
 
So what WAS the logic for having a Space Shuttle and Space Tug – other than reducing 
the cost of Space transportation? 

                                                 
4 This misperception may occur because the 1972 Shuttle decision was made to reduce near-term, non-
recurring costs – but that selection was for the more expensive (in terms of life cycle costs) and higher 
risk choice and was not the selection recommended by the author, as the following paragraphs discuss. 
5 Heiss, Klaus P. and Oskar Morgenstern, Economic Analysis of the Space Shuttle System, 3 volumes 
NASW – 2081, Princeton, NJ, January 1972. 
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The very first Table in our 1971 Executive Summary and our Main Report to NASA 
clearly and simply stated that the life cycle costs would be less for New Expendable 
(rocket) systems than for a Space Shuttle and Tug – some $11 billion vs. $12 billion, 
NOT counting the costs for manned Space flight missions!  
 
However one “massaged” the NASA and DoD mission models (we reduced the mission 
numbers given to us by the agencies by up to 67%) there was no way to “justify” the 
Space Shuttle based on transportation costs over a 10-year, 20-year or even “infinite” 
time horizon – where 
“infinity” has a way of 
shrinking drastically when 
reasonable discount costs 
are applied to “future” 
savings, which we did6. 
 
In Figure A-2, the various 
Shuttle configurations 
considered in the 1971-72 
assessment are shown 
and compared in terms of 
Total non-recurring costs 
(RDT&E, initial fleet of 
five orbiters) vs. the cost 
per flight of the various 
options. These ranged 
from a fully reusable 
version (A “707” sitting 
atop a “747” taking off 
vertically with all internal 
LOX/LH2 tanks), to Thrust 
Assisted Orbiter Shuttles 
(TAOS) and a “Reusable 
Crew Module” launched 
on expendables, 
nowadays called ‘Orbital 
Space Plane’. 
 
Also shown in Figure A-2 is the effect of interest rates on technical system choices: 
were funding, costs and risks no issue, then a case could have been made for a fully 
reusable Shuttle. However, given those constraints the TAOS set of configurations 
emerged as the choice. The ‘Orbital Space Plane’ was rejected out of hand, as with the 
intended uses (with a reusable Space Tug) for carrying all payloads to low, high and 

                                                 
6 Heiss, Klaus P. and Oskar Morgenstern, Economic Analysis of the Space Shuttle System (Executive 
Summary and 3 volumes), Mathematica, [NASA – NASW 2081] Princeton, N.J. January 31, 1972 

Figure A-2 - The 1971 Space Shuttle Decision – The 
Thrust Assisted Orbiter Shuttle (TAOS) Selection 
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geosyncronous orbit and the ensuing ‘payload effects’ the basic rationale for the new 
Space Transportation System was foregone. 
 
Also noteworthy in this context was the fairy tale of the “assumed” $5 million cost for 
each Shuttle launch.  The range of launch costs was clearly identified in ALL reports 
and testimony to Congress and in three separate GAO ‘in-depth’ reviews in the 1970s – 
and was stated as shown in Figure A-2.   

• For TAOS with Solid Boosters (the configuration ultimately chosen by NASA) 
these costs ranged anywhere from $15 million to $30 million (in 1970 dollars – or 
about $60 to $120 millions in today’s dollars) depending on assumed launch 
rates of up to 24 per year, with a clearly stated launch risk of 2% (98% success 
rate).   

• In contrast, TAOS with Liquid (Pressure Fed) Boosters would reduce these costs 
and risks by about half – and would permit the possibility of intact abort 
throughout launch.  

 
Furthermore, moving toward a fully reusable STS (using modular designs with 
standardized spacecraft components) would open up totally new ways of operating and 
assuring space missions – collectively called ‘payload effects’,7 e.g.,  

• The ability to revisit any and all satellites in Earth orbit would allow for cost 
effective maintenance, repair and updating of components of these spacecraft. 
Transportation costs constitute only one third of total STS costs. The rest has to 
do with spacecraft, instruments, data and their processing – in space and on the 
ground – and a modular design with standardized components offers great 
benefits in further reducing costs of the other two-thirds of total STS costs. 

• Standardization of Spacecraft and Space systems at the subsystem level 
was a revolutionary idea in 1970 (still unimplemented, by the way) that promised 
up to 67% cuts in support costs for spacecraft.  Standardization would facilitate 
repair and updating a satellite subsystem level – permitting relatively untrained 
personnel to exchange blue, green, pink and whatever other color boxes. As in 
1970, only a few Space missions are “outside” the scope of such standardization.  

• Reliable On-orbit service reducing the costs of required high confidence 
capabilities of key national security satellites, which is very expensive to achieve 
through redundancy of expensive satellites.  

• In-orbit modernization made feasible by such replacement and repair 
capability.  This prospect of updating expensive satellites in Space at the 
component level, is much to be desired over replacing whole systems or – 
worse – letting old technology linger in Space providing obsolete services. 

 
In this context, our 1971-72 study examined both manned and unmanned missions. We 
did not want to rationalize the Space Shuttle simply and solely on the basis of man in 
Space: that would tilt the analysis much too much in favor of the Space Shuttle. 
 

                                                 
7 In support of Study: Lockheed Missile and Space Corporation, Payload Effects Analysis Study CASI 71-
37496. 
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We observed that Space Tug and Space Shuttle would open up extensive new 
capabilities, e.g., structures larger than could be carried by any expendable system 
could be standardized and designed for on-orbit repair, replacements, updates, 
maintenance, etc8. We identified entirely new classes of Spacecraft for science, 
commerce or defense – in Low Earth Orbit, intermediate orbits, and up to and beyond 
Geo-synchronous orbits. Dozens of new Space application missions where designed 
and outlined for NASA, the DoD and private enterprise – once the Space Shuttle and 
Tug were fully operational, e.g., for 

• Space Science: one of our first visits in Princeton was to the astronomy 
department, chaired at that time by Prof. Spitzer. The result of these meetings 
was what today is known as the Hubble Space Telescope. Were it not for the 
unique capabilities of the Space Shuttle, this magnificent instrument could never 
have been built, launched, repaired, maintained and modernized.  We also 
defined half a dozen other scientific Spacecraft, some  in LEO, some in HEO and 
some in GEO, ranging from radar to infrared to multi-spectral instruments of a 
size and capability hitherto unknown and unimaginable.  

• Commercial Applications: particularly for communications and remote sensing. 
Some applications would develop with or without the Shuttle, e.g., a vast range of 
communications and navigation satellites, including GPS, a variety of Global 
resources sensing satellites, low and high Earth orbit communication satellites at 
a variety of frequency bands.  We also foresaw an entirely new class of satellites 
with vastly expanded capabilities, e.g., a new generation of communication 
platforms in geo-synchronous orbit with reduced power-requirements, on-
board switching, data processing and storage; tens of thousands of spot 
beams, and satellite-to-satellite optical and laser communications allowing point-
to-point communications to any place in the world. Direct access to repair, 
maintain and modernize these platforms was critical to providing 99.999-plus 
reliability. We envisioned a Global Resources Information System (GRIS) 
described in detail in the NRC papers of the Snowmass meetings of 1974. The 
effect on the distribution of world food supplies through the commodities markets 
alone accounted for billions of dollars in annual benefits. Environmental, energy, 
geologic and other resource observations benefited as well, including such 
arcane applications as archeology. Many of these have become reality today, as 
they can also be achieved with smaller spacecraft, not requiring the capabilities 
of the Space Shuttle and Tug system. 

• Defense Applications: at least one-third of all applications foreseen for the new 
STS were defense related. They included some of the applications realized since 
then in navigation (GPS), in observations, in communications, albeit not to the 
extent possible if we had truly developed the full Shuttle and Tug capabilities, 
with vistas for expanded uses of Space very similar to those cited for commercial 
uses above. Building on the considerations of “Bambi” and a seminal 1968 paper 
by Max Hunter – a member of our team – showing the technical feasibility (in 
principle) of a Space based laser defense against ballistic missile attacks, we 
included BOTH options in our analyses of 1971-72. While not necessary for a 

                                                 
8 In support of Study: Aerospace Corporation, Integrated Operations/Payloads/Fleet Analysis Final 
Report, CASI 72N-26790. 
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positive Space Shuttle decision, these possible space missions would have 
significantly added to the benefits of the STS then proposed. 

 
Not included in the cost-benefit analysis was a vision of future energy supplies from 
Space to Earth, e.g., large Solar Power Satellite Platforms of up to 100 square miles 
in area, first proposed by Peter Glaser of Arthur D. Little9. One such platform alone will 
be able to supply up to 10 GW of electric power to any point on Earth.  Also not included 
were any manned Space flight missions such as a Space Station, or Lunar missions 
or missions beyond. While these possibilities were recognized, we chose not to co-
mingle them unmanned Space missions which alone justified the Shuttle-Tug STS on 
the basis of a cost comparison. Their inclusion would open new horizons, indeed. 
 
Analyzing literally hundreds of different Space program scenarios, with any and all 
mixes of foreseeable Space missions and applications, we concluded by the end of 
1971 that a STS employing a Space Shuttle and Space Tug was in the interest of the 
United States, at a substantially reduced cost from the original plans of NASA (a two 
stage fully reusable design roughly a 707 on top of a 747 taking off vertically with 
internal hydrogen tanks etc.) saving the country billions of dollars in the development 
phase (cutting the RDT&E costs by 50% or more) AND allowing a cost effective, new 
range of Space operations and uses. The author presented this result to the NASA 
Administrator in an October 29, 1971 Memorandum (to assure consideration in the Final 
Design Selection process set for early November and still limited to two stage designs 
only)10.  This memorandum was followed in January 1972 by a three volume report and 
separate Executive Summary, documenting the extensive work done by our group in 
Princeton with support from Aerospace Corporation (Mission modeling) and Lockheed 
Missile and Space Corporation, the leading contractor for military11. Notably, this report 
explicitly stated that the risk of Shuttle Missions failure was one in fifty. 
 
The variation of cost-effectiveness vs. flight rate is shown in Figure 2.312 – ‘break even’ 
for the TAOS Shuttle configuration was/is around 25 flights (again including all launches 
out of East and West coast sites) to all orbits. Two broad ‘families’ of Space programs 
were analyzed: ballistic missile and other DoD programs (the upper range of results 
depicted in Figure 2.3) and scenarios without such advanced uses. Obviously the case 
for the Space Shuttle system was better with additional uses in low earth orbits. 
 
Contrary to perceptions held by some, NASA did not ‘assume’ 600 or more space flights 
to ‘justify’ the Shuttle. This is simply not the case as indicated by all of the testimony 
throughout the Space Shuttle decision hearings before Congress in the 1970s. 
 
                                                 
9 Glaser, Peter E., “Power from the Sun: its Future“, Science, 162, 857-866 (1968).  
10 Heiss, Klaus P. and Oskar Morgenstern, „Factors affecting a Space Shuttle Decision“, Memorandum to 
James C. Fletcher, NASA Administrator, October 29th, 1971. 
11 January 1972 Report to NASA., op. cit.; Lockheed Missile and Space Corporation, Payload Effects 
Analysis Study CASI 71-37496; Aerospace Corporation, Integrated Operations/Payloads/Fleet Analysis 
Final Report, CASI 72N-26790. 
12 Heiss, Klaus P. and Oskar Morgenstern, Economic Analysis of the Space Shuttle System, op.cit., 
Executive Summary.. 
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However one “massaged” the NASA and DoD mission models (we reduced the mission 
numbers given to us by the agencies by up to two-thirds) there was no way to “justify” 
the Space Shuttle based on transportation costs over a 10year, 20 year or even 
“infinite” time horizon – where “infinity” has a way of shrinking drastically when 
reasonable discount costs are applied to “future” savings, which was done. 
Transportation costs were at best a “draw”.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The real reason for reusable STS capabilities – to LEO, GEO and beyond, ideally 
including Lunar orbits – is in the profound effect these capabilities would (will) have on 
the very conduct of Space missions, their reliability and capabilities. They would lead to 
a fundamental change in how to conduct ‘Near-Earth’ Space missions.  
 
Thus, the opening up of the Moon as our ‘natural’ Space Station and Operations base 
for Cis- and Trans-Lunar activities will transform and change forever on how we operate 
and use Earth and Near Earth Space. 
 
Today, thirty plus years later, the author would not change a single sentence, 
conclusion or recommendation made in 1971.  The concluding observations to NASA 
deserve highlighting: The economic basis for the Space Shuttle and Tug were 
sound and solid – AS LONG AS NASA AND THE NATION HAD AN ACTIVE SPACE 
PROGRAM ALONG THE SCALED BACK SCENARIOS OUTLINED AND USED BY 
US. 
 
Never, ever would it have occurred to us, that NASA and the nation would abdicate the 
pursuit and conquest, indeed domination of Space. 
 

 
Figure 2.3 - Space Shuttle Flights and ‘Breakeven’: 

With and Without Advanced Space Applications 



High Frontier 

High Frontier A-8

 
A 30 YEAR ROAD TO DISASTER 

 
The initial Space Transportation System Recommendations of 1971 – The 1972 
decision to proceed with a new Space Transportation System – including the TAOS 
Shuttle and the Space Tug – was the last significant, courageous and strategic Space 
program decision assuring an aggressive U.S. Space strategy for the rest of the century 
to well into the next millennium: all this at an affordable budget profile substantially less 
than that expended on the Apollo program of the 1960s, the vision for which President 
Kennedy and his generation will be remembered in millennia to come. The salient 
technical transportation components recommended at that time were : 

• TAOS instead of Two Stage Fully Reusable Shuttle. The TAOS Orbiter 
Shuttle represented a substantial reduction in development costs, risks and 
schedules over the desire by NASA to develop a two stage fully reusable Orbiter 
AND Booster – with the estimated development costs reduced by a factor of 
three to four (from 50 to $60 billion in 1970 dollars to 15 to $20 billion for TAOS, 
a savings of at least $40 billion  

• A reusable Space Tug To assure access to all Earth orbit missions to the new 
STS and its new philosophy of payload standardization for in orbit repairs, 
refurbishment, updating and rescue for high mission availability; 

• An Ambitious Unmanned Space Missions program, including all 
“conventional” DoD programs then deployed; two novel DoD missile defense 
missions, one “kinetic” (then called ‘killer bees’), one laser based (Max Hunter’s 
concept of 1968); “conventional” science and commercial programs such as 
communications, observations, navigation and life sciences programs; an entirely 
new class of science and commercial space capabilities (such as Large 
Astronomy Observation platforms – e.g. the Hubble Space Telescope and 
several others which availed themselves uniquely of the new STS capabilities – 
and large geosyncronous Space communications platforms of entirely new 
dimensions allowing global point to point communications without ground 
networks.); and  

• Enabling whatever Manned Space Program the U.S. might wish to pursue as a 
“side benefit” of these capabilities. 

 
Had NASA and the nation fully pursued these programs in the afterglow of the Apollo 
program achievements, the dominance of the United States in Space would have been 
absolute. Some of these programs have immensely contributed to changing the 
strategic perceptions and relations anyhow, others, indeed most still languish to be 
implemented.  The course charted out then still remains to be taken. Most notably in 
manned Space flight.  
 

Early Open Questions and Compromises 1972 
 
After having identified the TAOS as the most cost-effective of “hybrid” Space Shuttles, I 
the top experts from industry and NASA met in Princeton in June/July of 1971 for a 
week of meetings on all the critical issues.  The meeting pitted all the different 
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engineering approaches and groups against one another in a truly historical debate, 
sometimes reaching rather high decibel levels. The following were notable findings:  

• Solids vs. Pressure-fed “assists” to the Shuttle at take-off eliminated the need 
for NASA’s proposed 747-size reusable booster with parallel rocket boosters for 
needed “extra lift.” Two principal options were considered: either solid rockets, 
such as those produced by Thiokol for expendable rockets, or – like the main 
external tank – two additional pressure fed rockets using the same fuel (oxygen 
and hydrogen) as the Main Space Shuttle Engines. The former had an 
“irreducible risk”, among others as to simultaneous ignition and the inability to cut 
off such ignition should problems develop at or during launch. Pressure Feds not 
only could be shut off in case of emergency, but with “cross-feed” from the other 
tanks (Main tank and/or the other parallel burn booster) ALL engines could be fed 
from whatever tank(s) were available or operable. Indeed of all the Shuttle 
launches the most impressive was the one that did not take off AFTER the 
SSMEs had ignited (Shuttle Main Engines) but BEFORE the Solids had ignited, 
quite a feat to avoid disaster on the Shuttle’s maiden launch. The worst Shuttle 
accident has not happened: ignition of only one of the Solids and a “cartwheel” of 
the Shuttle and tanks and solids right on the take-off stand.  After discussion of 
these considerations, we left the choice open because pressure-feds with cross-
feed had not been tested operationally and required an additional $500 million in 
RDT&E costs when compared to solids. Still, it was noted that Solids would 
double the cost per launch. The agreed group consensus was that, if NASA 
decided on Solids initially, they should move quickly to adding pressure feds to 
Shuttle operations to reduce risk and the high cost per flight. 

• Thermal Tiles vs. Metallic Composites Heat Shields to provide for the 
tremendous heat arising during re-entry into the atmosphere was the other big 
issue.  Grumman was considering an ingenious scheme related to tiles. The 
other major option was to develop new metallic/composites able to withstand 
these stresses and environs. The tiles approach was more immediate, requiring 
less new materials development. The metallic protection, while requiring a 
significant materials development and testing program would dramatically reduce 
turn-around times, refurbishment needs and thereby launch costs and times.  

• Space Shuttle Main Engines – With ignition at lift-off and burn all the way to 
Earth orbit, significant new requirements were imposed on rocket engine 
technology. Indeed, the development and total success of the SSMEs to this date 
constitutes the major technology achievement in the Space Shuttle program, a 
feat no other space-faring nation has accomplished to-date. Yet the uncertainties 
at the meetings in that June/July week were significant, the RDT&E inescapable 
and hence committed to. 

• Gradual Evolution of Space Shuttle to a fully reusable Spacecraft was the core 
component to the review group’s considerations – but this would lead NASA to 
give up on its dream of a fully reusable, two stage Space Shuttle of incredible 
technological challenge in favor of a “hybrid” TAOS approach.  This vision was as 
follows: 

o Initial fleet size and subsequent procurements: Based on launch 
requirements, anticipated “attrition”, material and technical obsolescence 
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an initial procurement of five Orbiters was proposed with additional 
Shuttles to be procured at a rate of about one a year, for a total of 
between nine to twelve for the initial decade of full operations.  

o Two launch sites – ETR (Kennedy Space Center) and WTR (Edwards 
in California for polar orbit launches) were anticipated.  

o Gradual Technology Upgrades: As the experience and technology 
progressed certainly the solids would be replaced by pressure feds, the 
tiles with metallic composites and payload capacities could be dramatically 
increased with e.g. a dual parallel launch of two Shuttles simultaneously, 
with  the tanks between them, vastly expanding the mass and size of 
payloads to be transported to LEO. 

o Evolution toward a Fully Reusable Shuttle: Ultimately even more 
radical innovations could evolve from the TAOS, such as the “Stage-and-
A-Half” envisioned by the team member Max Hunter, with up to sixteen 
Shuttle engines and delta wing shaped fuel tanks attached (and 
recovered). 

 
The October 1971 Compromise on Solids vs. Pressure-Feds: 

 
The author prepared a Memorandum of the group’s conclusions concerning the Space 
Shuttle, configurations and options – intended to support a possible November 1971 
NASA decision13. 
 
Because of cost-per-flight and risk  -- including intact abort requirements during launch 
and throughout flight, the ideal option was the pressure-fed version of TAOS.  Every 
aspect of Space flight operations indicated this preference.  That should have been the 
recommendation, because if NASA were given a “choice,” Solids would be the outcome 
for two reasons: 1) Solids meant $500 million less in funding requirements in the 70s 
and, 2) Thiokol produced the solids and was from Utah, as were the Chairman of the 
Senate Committee presiding over these issues (Senator Moss) and the Administrator of 
NASA. No other component subsystem of the Shuttle could be produced there. So 
NASA would invariably come to a preordained (wrong) conclusion in this matter. 
 
The author wanted his professor, Oskar Morgenstern, to co-sign the proposed 
memorandum. But after having the need for such an input and the various attendant 
open issues explained, Morgenstern agreed to co-sign the Memorandum only if the two 
options left open.  In 2002, the author learned upon a visit to Princeton at dinner with 
the President Nixon’s Science Advisor, Mr. Edward E. David, that NASA Administrator 
Fletcher had come to him in early 1972 on this very issue and that David had not 
recognized the need for him to intervene, for which Dr. Fletcher was basically begging, 
not realizing that if left to NASA there was no choice. Fletcher’s words to David: “There 
was all this pressure to go for Solids while pressure feds clearly held promise”. David 
did not intervene and asked Fletcher to resolve matters “in house”.  So was the “Solids” 
decision ordained. 
                                                 
13 Klaus P. Heiss and Oskar Morgenstern, Factors for a Decision on a New Reusable Space 
Transportation System, Memorandum for NASA Administrator James C. Fletcher, October 28, 1971. 
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The other major component of that Memorandum assumed that NASA and the nation 
would have a manned Space program to go with the Shuttle.  
 
Thereafter success was nearly total. An effort was mounted by OMB to “downsize” the 
Space Shuttle to less than what was required to carry the whole range of civilian and 
military payloads. To thwart that attempt, we literally “camped out” at NASA for ten 
days, day and night, working with our support teams in Princeton, El Segundo 
(Aerospace) and San Jose (Lockheed MSC) with the central point being that no costs 
would be “saved” with smaller configurations. Indeed, re-entry by a larger delta winged 
spacecraft was less problematical than smaller craft, since the total mass was not that 
much reduced by downsizing whereas the protective area slowing down the Shuttle 
during reentry indeed was reduced by such variations. We won that battle hands 
down.14 
 
The Senate and House hearings were equally extensive and – in the end satisfying.  
The lead opponent of the Space Shuttle program was Senator Mondale, who in the 
footsteps of Senator Proxmire tried to make a “name” for himself as a big aerospace 
program ‘killer’. After everything was presented and reviewed, including “showdown” 
sessions with the proponents led by the author and opponents led by Mondale, 
Proxmire turned to the author and said – in front of Mondale: “I would like to compliment 
you for the work done and the thorough analyses. While I will not come out in favor of 
this vast program I will certainly not oppose it.” That meant the approval of the program.  
 
Numerous investigations and exams by GAO and others followed, including a later 
Ph.D. thesis by Hum Mandel, demonstrated that, despite serious delays in procurement 
schedules, our 1971 estimates of RDT&E costs of the Shuttle program came within 5% 
of the actual costs realized. 
 
But all was not well. 
 

Price Controls, Inflation and the Shuttle Development Impacts 
 
To finance the war in Vietnam while opposing tax increases in an up and coming 
election year, President Nixon demonetized the Dollar and imposed price controls. What 
resulted after 1972 was a period of the worst inflation ever experienced by the U.S. – 
and NASA had made a “pre” inflation budget deal with OMB. OMB directed the Shuttle 
be developed according to the budget profiles, so inflation required that programs be 
cut.  “Non-destructive” testing was invented to replace reality simulations and, at every 
junction where NASA had the choice to do more expensive technologically advanced 
components, the cheaper way was chose:  On Solids vs. pressure-feds, on heat tiles vs. 

                                                 
14 Call of George Shultz to Klaus Heiss and Oskar Morgenstern, Monday, January 3rd, 1972 and 6 pm 
meeting on same Monday between James Fletcher and George Low with George Shultz, Caspar 
Weinberger, Don Rice, Edward David and Peter Flanigan; in: T.A. Heppenheimer, The Space Shuttle 
Decision: NASA’s Search for a Reusable Space Vehicle, NASA-SP 4221, 1999, pp.408-415. 
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metallic/composite shielding on upper stages, etc. The program was stretched, another 
“fund-raising” mechanism in Government accounting and procurement. 
 
Notably, the “European” Space Tug: was cancelled, with devastating consequences for 
the vision propounded by the 1969 Space Task Force and the comprehensive 1971-72 
review discussed above.  Over 60% of all Space missions are above LEO, the orbits 
reachable by the Shuttle alone. To implement the vision for a reusable Space 
Transportation System required a reusable Stage – the Space Tug. But NASA had 
inadequate funding.  
 
So the first attempt to recover a Space Tug program was to talk the Europeans into 
joining us in the development of the STS, with the Europeans (ELDO, a predecessor of 
ESA) developing the Space Tug. After a 12-month crash program, things were coming 
together: ELDO agreed to fund and build the Space Tug in co-operation with NASA. 
Less than six months later, NASA was directed by the Space Interagency Group to 
cancel any such agreement with ELDO/ESA.   
 
Instead the DoD undertook a “long march” to nowhere, in the next decade spending $3-
5 billion – some of it with and through NASA – with all programs failing either in infancy 
or in technological stillbirths, e.g., the IUS (interim upper stage), the TOSS, the Centaur-
in Shuttle, etc.  So no such stage exists today – meaning that over 60-percent of all the 
potential Space missions envisioned in the 1969-72 period were aborted.  Further, the 
infrastructure to maintain the launch capability for these “out-of-reach” missions was 
retained, and became a reason not to pursue a fully reusable upper stage. With the loss 
of the Space Tug went a range of innovative new military, scientific and commercial 
Space applications. The negative impact of this single decision – and its consequences 
for the decades to follow, cannot be overstated. Few are aware of this even today. 
 
The disaster for the Space Shuttle program solidified with the advent of the Carter 
administration. With Vice President Mondale’s “experts’ in key “second-tier” positions 
throughout the government, particularly in OMB – a blood bath set in for the Shuttle 
program. Mr. Mondale made sure he would be proven right as to the deficiencies of the 
Space Shuttle. The components of this demolition effort was varied and devastating:  

• Cutback of Shuttle launch sites from two (East and West Coast) to one (East 
Coast).  These “savings” were arrived at by some obscure logic that fewer launch 
sites would mean lower costs – however, it meant was that no polar launches 
could be made with the Shuttle, again leading to a further loss of applications and 
traffic. Of course, the Vehicle Assembly Building at Vandenberg had already 
been started and a billion dollars invested therein. In addition, it also meant 
critical DoD “bureaucratic” support in annual budget battles. Somebody in SIG 
and the White House did not like the Shuttle. 

• Cutback of Shuttle Orbiters from five to four – after initially attempting to cut the 
fleet to three. This decision, combined with the closing of the Western launches 
of the Shuttle – practically meant the end of the Space Shuttle long before its first 
launch. Not only were the missions for the Shuttle cut back substantially to a 
debilitatingly low level, negating most advantages, if any, for reusable systems – 
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but by “freezing” the procurement the technological evolution of the Shuttle 
beyond the initial compromises was foreclosed.  

• Disastrous budgetary implications were that the end result of this “policy” 
would be substantially added expenditures, if only the additional $2 billion per 
year for maintaining the Titan launch infrastructure and capabilities, leaving aside 
for the moment the several billions already spent on the Western Test range to 
actually launch Shuttles from there. The U.S. could have procured Two Space 
Shuttles a year just for the Titan closedown and saved money! 

• Lack of Space missions making use of Shuttle capabilities – Once NASA 
had the task of developing the Shuttle and was mired in the yearly battles for the 
budget to see to its development, all other programs were subordinated or 
forgotten in favor of this single development.   

 
While astronauts were completing the spectacular missions to the Moon – through 
Apollo 17, NASA launched a Space Station larger than the “current” ISS – called Skylab 
– but did not sustain it.  NASA was unable even to raise $100 million or so to boost 
Skylab to a higher orbit and so preserve our Space station capabilities into the 1980s – 
a failure of titanic proportions in its shortsightedness. The “conjecture” was that – 
without a Space Station in orbit the “next” program for the 1980s would be – you 
guessed it – a Space Station for the 1990s, albeit smaller than Skylab. This alleviated 
NASA and SIG from any and all thinking of truly new missions and applications, such as 
the ones outlined by the 1969 Space Task Group or our [Heiss/Morgenstern] 1971-72 
comprehensive study based on the work of hundreds and thousands of the best 
aerospace minds. All this occurred before even the first Space Shuttle launch in 1981.  
 

Attempts to Salvage STS after Fatal Cutbacks in Shuttle Program 
(Private Funding for Orbiter V) 

 
Round I of the private funding for Orbiter V. Fresh from the “mandate” to arrange 
private funding for Orbiter V (with OMB convinced no such effort would succeed), the 
author arranged an aerospace consortium around Boeing as the main (or lead) investor. 
Boeing had been “left out” of the Space side of the aerospace business, having done 
the Saturn II stage in the Apollo program and playing a significant role in the Skylab 
program.  Also, Boeing’s capital and sales base, when compared to that of the rest of 
aerospace industry, was firmly grounded by then in commercial markets. In addition, 
Boeing had the largest operating experience and data base on aircraft operations, 
which might be applicable to Space Shuttle operations. 
 
The consortium formed around a Space Transportation Company concept not dissimilar 
to the Comsat model established in the 1960s for Civilian Space Communications. It 
included Boeing in a lead role, and included Martin-Marietta, United Technologies, 
Thiokol, North American Rockwell and some other companies.  
 
But just as the venture was about to take off, “infighting” began within the consortium, 
each contractor trying to grab a larger share of the pie, with each of the Space Shuttle 
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contractors asserting that Boeing had little, if anything, to contribute; forgetting that none 
of the other companies had Boeing’s capital base nor its operations experience.  
 
A Trip to Paris and the Founding of Arianne Space.  Having raised the prospect of 
private funding of the Fifth Orbiter and the formation of a Space Transportation 
company to see to the marketing of this capacity, French aerospace and government 
officials invited the author and Boeing officials (Gil Keyes) for a one week meeting in the 
French Senate to explore what Europe should do in operating the Arianne launcher 
program. Our proposal was simple: form a company under private corporate law, 
involve banks, financial institutions, aerospace companies and government institutions 
and keep Government oversight functions via the Board, basically the Comsat example 
set under President Kennedy for Space communications in the early 1960s. Any other 
approach was not likely to succeed in the market place. The French and the Europeans 
formed what today is known as “Arianne-Space” within six months of that meeting. 
Arianne Space is today the most successful Space launch company in the world. 
 

Reorganizing  
 
On February 29th 1980 the author along with others from High Frontier briefed 
“Candidate” Ronald Reagan on the technical prospects of ballistic missile defenses and 
the associated need. At lunch, Reagan said that should he become President he would 
initiate such a program. The author came away from this meeting determined to save 
the Space Shuttle program from the debilitating path set for it by the Carter/Mondale 
reign re. Space matters. I had come to the conclusion that an aerospace consortium 
was not likely to succeed for the reasons stated above. Given the strong and positive 
financial case for the Fifth Orbiter, the facts supported the need to continue, with 
Aerospace in a leading contractor role. 
 
To such purpose the author incorporated the Space Transportation Company and 
brought a group of investment bankers into the venture – former partners of Morgan 
Stanley, White Weld and Co. Eastman Dillon and various legal and accounting talents. 
After the business analyses were completed and a framework of understanding worked 
out with competent NASA officials, Prudential came on board, with William Field 
Prudential had to reinvest every year about $6 Billion, or $30 Million each business day. 
The case for the Shuttle, subject to reaching agreement with NASA, was ironclad. 
Prudential had an additional motivation: being the largest insurance company, invariably 
Prudential was also the premier financing entity of any and all commercial Space 
ventures, principally communications satellites. What good were these “investments” if 
they could not be launched to orbit? 
 
This led to an additional “complementary” investment: commercial launch back up with 
expendable rockets. After a survey of available options, and aware of the need to back 
up any and all Space Shuttle payloads that also might develop in the future, there was 
one and only one system fulfilling such requirements: the Titan family of launch 
vehicles. After intense negotiations we signed an exclusive worldwide agreement with 
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Martin Marietta on October 29th at Cape Canaveral in Florida on occasion of the first 
launch of the Titan 34 D, later to be christened the Titan III. 
 
In 1982 Federal Express joint the SpaceTran venture and President Reagan formed the 
Space Commercialization task force. The road to substantial private funding and 
involvement in U.S. Space transportation seemed open and imminent. At the 
UNISPACE meetings in Vienna, Austria in the Summer of 1982 we celebrated the 
agreements in principle and the then NASA administrator, Jim Beggs, seemed ecstatic. 
 
However, we had not checked with the “hidden” Government structure, the Space 
Interagency Group, a group determined to “save” the United States and mankind from 
any such undertaking. And the “obstacles” to such enterprise were NOT buried in the 
Department of Defense, the usual villain of the academic community of “experts” and 
“cognoscenti”, but the civilian side of the Space government community. 
 
Worse yet, whereas the President and the White House clearly were on our side and 
the side of more commercial involvement, it was this civilian government core of 
bureaucrats who saw their “well earned” spot in the sun of government power whittle 
away just at the point of “fruition”, e.g.,  

• On Expendable (“Rocket”) Space transportation: Instead of following the 
Comsat example on how to organize U.S. Space activities in areas of 
commercial potential and of national security concerns (and Intelsat for 
international uses) – or the example just set by Arianne Space (a combination of 
financial, industry and government investments), the USG set out to splinter US 
Space activities and invented yet another bureaucracy at the U.S. Department of 
Transportation which swiftly set out to foster all U.S. expendable rockets 
aerospace companies and systems and incentivise – in a rush of hubris – even 
new ones, all of which subsequently failed or cost the sponsoring companies 
untold billions in unrecovered costs, or costs burdened to government contracts. 
Of course, Space Shuttle operations and marketing were to stay a monopoly of 
the US Government, in this case NASA. 

• On Privatizing or Commercializing Remote Sensing: Again, rather than follow 
the Comsat precedent set in the 1960s and despite the explicit desire and intent 
of President Reagan, the SIG set out to sabotage the privatization of remote 
sensing, be it of land and ocean resources, be it of weather satellites. The very 
day President Reagan announced his desire to commercialize and privatize 
these government activities (Spring of 1984), all the media (newspapers and 
special television reports) had lead articles on how stupid any such endeavor 
was judged to be by worldwide comments and reactions well orchestrated by SIG 
and their ideological co-brethren. How could it be that even before the President 
had announced his policy U.S. and world reaction was negative to any such 
restructuring of USG monopolies? 
 
Yet worse was to come: as some of us in industry had organized an international 
consortium to do exactly what President Reagan advocated – commercial remote 
sensing using the Space Shuttle and combining Comsat, private U.S. investors 
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and international aerospace firms – in a panic of regulatory overreach SIG 
imposed what euphemistically was titled the Landsat Commercialization Act of 
1984 wherein Title 4 of that same act outlaws any and all private ownership of 
original Space data (!) this despite the fact that we already had a signed contract 
with NASA wherein under specific and explicit standard agreement all those data 
indeed were to be our private property. The SIG had to revert to such 
constitutionally suspect brutality since otherwise they had no “handle” on our 
making untold millions from applications and technology SIG was negligent of 
having thought about or implemented. (In a meeting in the Roosevelt Room of 
the White House in 1984, it dawned on SIG that they had totally missed the fact 
that we did not need U.S. Government frequency approvals as we put all the 
data on other media – hence SIG could not dictate to us “fair pricing” policies set 
to ruin any attempted private activity). The fact that the same legislation also 
outlawed the operation of any and all television cameras in Space and from 
Space in clear violation of first amendment rights was of little, if any, concern to 
this policy group. 
 
Now, TWENTY YEARS LATER, the same Space bureaucracy finally has come 
around to conclude that indeed it is advantageous and efficient for the US 
Government to avail itself also of commercial, private remote sensing 
capabilities. How much further could we have advanced by now, at what untold 
savings to the U.S. Government: NIMA and its predecessors in the 1980s would 
have saved up to $1 billion in multispectral and panchromatic imaging and map 
making alone had they allowed the Stereo MOMS venture to proceed in 1984. 
 

• Turning Down Private Funding for the Space Shuttle: Instead of jumping at 
the opportunity to provide a “zero Government cost” back up and continuation of 
Shuttle production capabilities NASA did everything imaginable to sabotage the 
venture. First it did not believe that such a venture could be funded on the merits, 
then – with Prudential Insurance and Federal Express joining SpaceTran – NASA 
went to infinite length to “study” the economics of the venture, while all along we 
were not asking for any government guaranties except an assurance of six 
launches a year from the fleet of Shuttles with all incremental costs reimbursed to 
NASA. After years of negotiations and deliberations NASA turned down our 
proposal for funding the Fifth Orbiter (at a negotiated price from Rockwell of 
about $1 billion) because NASA alleged we would be making too much money 
and not taking enough risk – like loosing an orbiter: that is the NASA testimony in 
March 1986 after the Challenger explosion. Orbiter V would have been rolled out 
in July 1986. Instead the US could not launch any spacecraft for over two years 
and the Fifth Orbiter cost US taxpayers about $3 billion. 

 
• The 1992 Columbus 500 Space Sail Competition.  Having failed to bring about 

substantial private and commercial involvement in the U.S. Space program I 
made a final attempt to foster and bring about such independent and market 
based involvement of  non USG people. The Columbus 500 Space Sail Cup was 
conceived by me and the Hon. James Symington, former Chairman of the House 



High Frontier 

High Frontier A-17

Space and Sciences committee in the 1970s. Needless to say, despite 
overwhelming US participation and proposals NASA could not be moved to 
facilitate or support any such effort. As a result the only group actually launching 
such a sail was a Russian team led by the very same Vladimir Syromiatnikov of 
Apollo Soyuz fame: on February 4th 1995 the first Space Sail set out and stayed 
in orbit for several days, substantially longer than a similar first, the flight of the 
Wright brothers nearly 100 years before. 

 
Many other examples and many other ventures could be added to this “honor 
roll” of ill conceived, self-serving , if not mean spirited,  policy decisions of SIG in 
their pursuit of preserving the USG monopoly on Space and access to Space: 
any venture likely to fail SIG would consistently support, any venture likely to 
succeed outside the boundaries of absolute and total USG control they would set 
out to sabotage, prevent, if necessary by ex-post-facto legislation. 

 
WHERE DO WE GO FROM HERE? 

 
Looking now at the shambles and ruins of 30 years of ill-begotten SIG policy and NASA 
management of the U.S. Space program, where should we go from here?  As argued in 
the body of this report, A worthy program, at little extra cost would include: 

• The First Step on the road to reclaiming leadership in Space by setting a firm, 
overriding goal for Manned Space Exploration, namely the establishment of a 
Permanently Manned Lunar Base to test out the full range of Closed Ecological 
Life Support Systems (CELSS) leading ultimately to the capability of totally 
autonomous, Earth independent Homesteads of mankind in Space. This can all 
be accomplished efficiently and safely on the Moon, without any need to proceed 
further at immense costs, risks and potential loss of life. Any discussions of 
“plans” or “programs” or “missions” beyond such a Lunar Base should be 
considered as smokescreens to detract from a viable manned Space program. 
One first has to learn how to take these first steps before setting out to 
unrealistic, possibly fatal, interplanetary missions. Once this has been set as the 
driving goal the other decisions follow logically: 

• Upgrade Space Shuttle to 2000 Technology – The technology upgrades and 
choices are clear: the SSMEs (Space Shuttle Main Engines) work great – the 
major accomplishment of the initial Shuttle RDT&E. What needs upgrading are 

o Thermal protection technology: replace the “tiles” approach with new 
metallic/composites suitable for routine reuse; 

o Thrust assist – replace the solids with pressure feds/liquids, allowing 
intact abort, cross feeding, redundancy, and substantially lower 
transportation costs; 

o Continuous procurement of new Orbiters, allowing thereby the upgrade 
of U.S. low Earth orbit space transportation capabilities; 

o Evolution toward fully reusable Space Shuttle Technology as 
technology and operational experience evolve a gradual evolution toward 
a fully reusable Shuttle is possible; and 
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o In Orbit Crew Rescue Capability – this capability already exists with the 
Soyuz-Shuttle docking capability demonstrated in the 1980s. All that 
needs to be done is implement it operationally, at little cost. 

• A Reusable Upper Stage (Space Tug) – as a central piece of the 1969 Space 
Task Force recommendations and the 1972 STS review decision, this key 
technology should now be implemented, including a capability to Lunar Orbit, 
Landing and Return missions. 

• Significant New Space Science and Application Mission Platforms – some 
of these missions have been outlined in the 2003 NASA strategic plan, but key 
applications technology initiatives are missing, e.g., in the information technology 
areas. Large geo-synchronous platforms – and beyond - building on our Space 
infrastructure should be a principal component, in applications but also in the 
sciences.  

 
These goals can be achieved over the next decade and form a real basis for 
future U.S. manned missions throughout the Solar system. More important, the 
United States will be able to set the historic precedent of a homestead outside Earth, 
able to, ultimately, function without any support or input from Earth – a true 
“Independence Base” – crucial for the survival and expansion of mankind throughout 
our Solar system and ultimately beyond. 
 
Everything else should be secondary to this NASA STS program; science and 
technology: aeronautics, astronautics, life sciences, astronomy and many of the other 
areas of innovation – important as they are – should be funded at levels commensurate 
with their support to achieving the goal of establishing a Moon base within a decade.  
 
NASA’s rationale – its raison d’etre – is Manned Space Exploration.  
 
NASA seems to have forgotten this and – at least for the past three decades – has 
been meandering around, apparently not knowing what to do and where to go.  It 
is time for a new day. 
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Appendix B 
Lunar Transportation Planning for  

Initial Habitat Deployment Within a Decade 
5 DEC 03 
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Gravitational const.  => G 6.6725910 11−
⋅

m3

kg sec2
⋅

⋅:=  

Physical const. for Earth: 

Mass => ME 5.98 1024
⋅ kg⋅:=  

Radius => RE 6.378 106
⋅ m⋅:=  

Gravitational Parameter => µE 3.986105
⋅

km3

sec2
⋅:=  
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Physical const. for Luna: 

Mass => ML .0123 ME⋅:=  

Radius => RL 1783 km⋅:=  

Gravitational Parameter => µL 4.9028103
⋅

km3

sec2
⋅:=  

Distance from Earth => D 384400km⋅:=  

Angular Rate => ωL 2.649 10 6−
⋅

rad
sec
⋅:=  

Orbital Speed => vL D ωL⋅:=  vL 1.018
km
sec

=  

Patched-Conic Lunar Trajectory [1,2]: 

Lunar Sphere of Influence => RS D
µL

µE

⎛
⎜
⎝

⎞

⎠

2

5

⋅:=  RS 6.618 104
× km=  

Select initial Earth departure conditions: 

r0 RE 185 km⋅+:=  

v0 10.95053177207593
km
sec
⋅:=  

φ0 0 deg⋅:=  

Calculate conditions at arrival at Lunar SOI: 

Select desired intersect angle => λ1 35 deg⋅:=  
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r1 D2 RS
2

+ 2 D⋅ RS⋅ cos λ1( )⋅−:=  r1 3.324 105
× km=  

ε
v0

2

2

µE

r0
−:=  ε 0.777−

km2

sec2
=  H r0 v0⋅ cos φ0( )⋅:=  H 7.187 104

×
km2

sec
=  

v1 2 ε
µE

r1
+

⎛
⎜
⎝

⎞

⎠
⋅:=  v1 0.919

km
sec

=  

φ1 acos
H

r1 v1⋅
⎛
⎜
⎝

⎞
⎠

:=  φ1 76.386deg=  

γ1 asin
RS

r1
sin λ1( )⋅

⎛
⎜
⎝

⎞

⎠
:=  γ1 6.558deg=  

p
H2

µE
:=  p 1.296 104

× km=  a
µE

2 ε⋅
−:=  a 2.564 105

× km=  e 1
p
a

−:=  e 0.974=  

Calculate Time of Flight: 

ν0 0 deg⋅:=  

ν1 acos
p r1−

r1 e⋅
⎛
⎜
⎝

⎞

⎠
:=  ν1 170.491deg=  

E0 acos
e cos ν0( )+

1 e cos ν0( )⋅+

⎛
⎜
⎝

⎞

⎠
:=  E0 0deg=  

E1 acos
e cos ν1( )+

1 e cos ν1( )⋅+

⎛
⎜
⎝

⎞

⎠
:=  E1 107.705deg=  
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TOF
a3

µE
E1 e sin E1( )⋅−( ) E0 e sin E0( )⋅−( )−⎡⎣ ⎤⎦⋅:=  TOF 54.351hr=  

Convert to Lunar Reference Frame: 

γ0 ν1 ν0− γ1− ωL TOF⋅−:=  γ0 2.343rad=  

v2 v1
2 vL

2
+ 2 v1⋅ vL⋅ cos φ1 γ1−( )⋅−:=  v2 1.112

km
sec

=  

ξ2 asin
vL

v2
cos λ1( )⋅

v1

v2
cos λ1 γ1+ φ1−( )⋅−

⎛
⎜
⎝

⎞

⎠
:=  ξ2 4.129deg=  

ε
v2

2

2

µL

RS
−:=  ε 5.437 105

× m2 sec-2
=  

H RS v2⋅ sin ξ2( )⋅:=  H 5.297 103
×

km2

sec
=  

Calculate Velocity and Altitude at Perilune: 

e 1
2 ε⋅ H2

⋅

µL
2

+:=  e 1.506=  p
H2

µL
:=  p 5.722 103

× km=  

r4
p

1 e+
:=  r4 2.283 103

× km=  r4 RL− 500km=  

v4 2 ε
µL

r4
+

⎛
⎜
⎝

⎞

⎠
⋅:=  v4 2.32

km
sec

=  
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Calculate ∆v Required for mission:

Translunar injection=> ∆v0 v0
µE

r0
−:=  ∆v0 3.157

km
sec

=  

Lunar Orbit Capture => ∆v1 v4
µL

r4
−:=  ∆v1 0.855

km
sec

=  

Decent Burn => ∆v2
µL

r4
1

2 RL⋅

r4 RL+
−

⎛
⎜
⎝

⎞

⎠
⋅:=  ∆v2 0.093

km
sec

=  

Landing Burn => 
∆v3

µL

RL

2 r4⋅

r4 RL+
⋅

RL 2⋅ π⋅

28 day⋅
−:=  ∆v3 1.753

km
sec

=  

The total delta-V required for the mission is: 

∆v ∆v0 ∆v1 ∆v2+ ∆v3+( ) 2⋅+:=  ∆v 8.558
km
sec

=  

Spacecraft Design 

PLLander Design 

Payload Down Mass => mPL1 7. tonne⋅:=  

Payload Up Mass => mPL2 5 tonne⋅:=  

Specific Impulse => Isp 465 sec⋅:=  

Structural Coefficient => ε .2:=  
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Lander ∆v requirement for each mission leg => ∆v ∆v2 ∆v3+:=  ∆v 1.85
km
sec

=  

Landing Mass Ratio =>  MR1 exp
∆v

g Isp⋅
⎛⎜
⎝

⎞
⎠

:=  MR1 1.499=  

Liftoff Mass Ratio => MR2 MR1:=  

Structural Mass: 

ms ε
MR1 MR2⋅ mPL2⋅ MR1 mPL2⋅− MR1 mPL1⋅ mPL1−+

1 MR1 MR2⋅ ε⋅−
⋅:=  ms 2.627tonne=  

Propellant Mass => mp ms
1 ε−

ε
⋅:=  mp 10.51tonne=  

Gross Decent Mass => ms mp+ mPL1+ 20.13tonne=  

Gross Rendezvous Mass => ms mPL2+ 7.63tonne=  

Interorbit Ship Design 

PL

 

Payload Up Mass => mPL1 7. tonne⋅ mp+:=  mPL1 17.506tonne=  

Payload Down Mass => mPL2 5 tonne⋅:=  

Specific Impulse => Isp 465 sec⋅:=  

Structural Coefficient => ε .2:=  
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First Leg ∆v => ∆v ∆v0 ∆v1+:=  ∆v 4.01

km
sec

=  

First Leg Mass Ratio =>  MR1 exp
∆v

g Isp⋅
⎛⎜
⎝

⎞
⎠

:=  MR1 2.41=  

Return Mass Ratio => MR2 exp
∆v1

g Isp⋅

⎛
⎜
⎝

⎞
⎠

:=  MR2 1.206=  

(Assumes aerobraking) 

Structural Mass: 

ms ε
MR1 MR2⋅ mPL2⋅ MR1 mPL2⋅− MR1 mPL1⋅ mPL1−+

1 MR1 MR2⋅ ε⋅−
⋅:=  ms 12.98tonne=  

Propellant Mass => mp ms
1 ε−

ε
⋅:=  mp 51.94tonne=  

Gross Departure Mass => ms mp+ mPL1+ 82.43tonne=  

Gross Returned Mass => ms mPL2+ 17.98tonne=  
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“Present tentative plans call for major reductions or change in NASA, by 
eliminating the last two Apollo flights (16 and 17), and eliminating or 
sharply reducing the balance of the Manned Space Program (Skylab andf 
Space Shuttle) and many remaining NASA programs. 
 
“I believe this would be a mistake. 
 

1. The real reason for sharp reductions in the NASA budget is that 
NASA is entirely in the 28% of the budget that is controllable.  In short we 
cut it because it is cuttable, not because it is doing a bad job or an 
unnecessary one. 

2. We are being driven, by the uncontrollable items, to spend more and 
more on programs that offer no real hope for the future: Model Cities, OEO, 
Welfare, interest on the national debt, unemployment compensation, 
Medicare, etc.  Of course, some of these have to be continued, in one form 
or another, but essentially they are programs not of our choice, designed 
to repair mistakes of the past, not of our making. 

3. We do need to reduce the budget, in my opinion, but we should not 
make all our reduction decisions on the basis of what is reducible, rather 
than on the merits of individual programs. 

4. There is real merit to the future of NASA, and its proposed programs.  
The Space Shuttle and NERVA particularly offer the opportunity, among 
other things, to secure substantial scientific fall out for the civilian 
economy at the same time that large numbers of valuable (and hard to 
employ elsewhere) scientists and engineers are kept at work on projects 
that increase our knowledge of space, our ability to develop for lower cost 
space exploration, travel, and to secure, through NERVA, twice the existing 
propulsion efficiency for our rockets. 

5. . . .  
6. “[Canceling Apollo 16 and 17] would have a very bad effect, coming 

so soon after Apollo 15’s triumph.  It would be confirming, in some 
respects, a belief I fear is gaining credence at home and abroad: That our 
best years are behind us, that we are turnings inward, reducing our 
defense commitments, and voluntarily starting to give up our superpower 
status, and our desire to maintain our world superiority. 
 
“America should be able to afford something besides increased welfare, 
programs to repair our cities, or Appalachian relief and the like. . .” 
 

Casper Weinberger 
Bureau of the Budget Deputy Director 

August 12, 1972 Memorandum to President Nixon 
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Bioastronautics Critical Path Roadmap 
 

Summary Table on Risks, Rank Order, Type and Discipline Area 
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Memorandum 
 

 by  
 

Wernher von Braun 
 

To the US Army  
 
 

“Survey of Development of Liquid Rockets in Germany and 
their Future Prospects” 

 
 
 

Spring 1945 
 
 
 
 

Photocopy from the  
 

‘Special Collections Material’ 
 

The Brotherton Library, University of Leeds 
 

Leeds, England 
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In addition to the web sites and books mentioned here, readers may want to consult a list 
of NASA History publications, several of which are now available on the World Wide 
Web. See, also, NASA Histories On-line  
Sources of Apollo photos and videos are discussed in the Photos and Video chapter.  
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Web Sites of Interest 
The Apollo Flight Journal will detail all aspects of the Apollo missions not covered in the ALSJ. 
Editors David Woods and Frank O'Brien Have completed Apollo 15 and are currently working on 
Apollo 8. Highly recommended.  

Kipp Teague's Apollo Archives contains excellent high-resolution images, film clips, and other 
marvelous material.  

The Alan Bean Online Gallery contains scans of all of Alan's artwork.  

For those in need of ready arguments to refute claims that the Apollo Landings never happened 
(the so-called Moon Hoax), the following sites are recommended: Moon Base Clavius, Jim 
Scotti's Apollo Page, Neil Atkinson's site, and Phill Plait's Bad Astronomy/Apollo Hoax page. All 
these sites have links to other sources of information.  

Ron Monsen has an on-line 3D LM Simulator which is currently undergoing "major systems 
tests". Windows only, unfortunately. Check out the movie!  

Rob Godwin's Mission Reports are important sources of background material and high quality 
multimedia concerning Apollo and related programs.  

Sam Russell was a member of the TV Support Team at NASA's Manned Spacecraft Center 
(Houston) during Apollo 15 and his website contains some lovely detail.  

Karl Dodenhoff's Little Space Museum contains a great deal of marvelous material including 
equipment drawings and photos and info about space models.  

The Lunar and Planetary Institutes webpage Exploring the Moon contains a wealth of 
information not only on Apollo but on lunar programs before and since.  

The Astromaterials Curationwebsite contains a wealth of information about the lunar sample 
collection.  

Dan Durda has created a fascinating site with views of the Apollo landing sites from Earth and 
then with ever better precision down to the best pan camera frames.  

Accurate co-ordinates for the six landing sites are available at the National Space Science Data 
Center website. I am told that Clementine data is being used to update our knowledge of the 
shape of the Moon and the co-ordinates of the landing sites will soon change again. Note, also, 
that the co-ordinates at the NSSDC site do not necessarily agree with those which were 
determined at in immediate post-mission analysis because of changes in the global lunar grid in 
the intervening years.  

Chuck Maddox has created a detailed site concering Watches worn on or near the moon.  

Phill Parker calls our attention to Boeing's webpage for the 30th anniversary of Apollo 11 and, in 
particular, a collection of Apollo memories written by Boeing employees.  

Journal Contributor and Commercial Pilot Gary Neff calls attention to Peter Yost's article 
NASA's Vomit Comet: Hitchin' a Ride on a Buckin' KC-135  

A browser for the Clementine Baseline Mosaic provides access to 100m/pixel maps of the entire 
Moon.  

The Lunar Orbiter Photographic Atlas of the Moon is now available in digital format. The Lunar 
Orbiter Photographic Atlas of the Moon by Bowker and Hughes (NASA SP-206) is considered 
the definitive reference manual to the global photographic coverage of the Moon. The images 
contained within the atlas are excellent for studying lunar morphology because they were 
obtained at low to moderate Sun angles. This digital archive consists of the complete set of 675 
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plates contained in Bowker and Hughes. Images in the archive have been enhanced to display 
the best photo quality possible. For accuracy and usability surface feature information has been 
improved and updated, and multiple search capabilities added to the database.  

A discussion of the role played by NASA's Honeysuckle Creek Receiving Station during Apollo 
has been compiled by former Deputy Director Mike Dinn; and a detailed account of the role 
played by the Parkes Radio Observatory, Australia, in the reception of the Apollo 11 TV signal 
has been compiled by John Sarkissian. Both are recommended. See, also, the October 2000 
Australian film "The Dish", which deals with the same material, albeit in a highly fictionalized 
form. The film takes considerable liberties in characterization, with events at Parkes, and 
completely ignores the central role of Honeysuckle Creek; but is both funny and moving. Di and 
I highly recommend it.  

The complete collection of paintings by Apollo 12 LMP Alan Bean is now available at the Alan 
Bean Gallery  

Gert-Jan Bartelds calls our attention to John Duncan's Saturn V Reference Page, which 
contains a great deal of useful information and photographs.  

A collection of Apollo Press Kits is now available on-line. Readers are warned that these are 
very large pdf files.  
Various technical diagrams and drawings for the Mercury, Gemini, and Apollo Programs are 
available at a new site at the NASA HQ History Office. Scanning was done by Journal 
Contributor Kipp Teague.  

The Lunar and Planetary Institute's Stereo Atlas of the Solar System includes a number of 
Apollo stereopairs and other wonderful material. Ordering info for the CD-ROM version is 
available on the Website.  

The Lunar and Planetary Institute's site also contains mission summaries and a superb 
collection of landing site images.  

Mark Wade's Encyclopedia Astronautica contains a detailed description of the Soviet Lunar 
Programs, among many other things.  

David Woods, editor of the Apollo Flight Journal, calls our attention to Eugene Dorr's excellent 
site dealing with mission patches for Gemini, Apollo, Skylab, and ASTP.  

Ulli Lotzmann calls our attention to the USS Hornet Museum, which provides fascinating details 
about the prime recovery vessel for both Apollo 11 and Apollo 12.  

David Sander is building a replica A7LB EMU (Extravehicular Mobility Unit). His site includes 
photos and links to related sites.  

Ry Alford calls our attention to Frank Pullo's Lunar Module Space/Craft Assembly & Test 
webpage, which contains photos and other useful information about the LM.  

Journal Contributor Ken Glover points us to:  

A Field Guide to American Spacecraft  

NASA Watch  

Justin Wigg's Links  

Apollo QuickTime VR  

Jim Oberg's Page Other space resources can be accessed through the NASA Human Spaceflight 
webpage.  
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