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Seeking to reenergize AmericAnS’ 
passion for the space program, the value of 
further exploration of the Moon, and the impor-
tance of human beings on the final frontier, 
Claude A. Piantadosi presents a rich history 
of American space exploration and its major 
achievements. He emphasizes the importance 
of reclaiming national command of our manned 
program and continuing our unmanned space 
missions, and he stresses the many adventures 
that still await us in the unfolding universe. 
Acknowledging space exploration’s practical 
and financial obstacles, Piantadosi challenges 
us to revitalize American leadership in space 
exploration in order to reap its scientific bounty.

Piantadosi explains why space exploration, a 
captivating story of ambition, invention, and 
discovery, is also increasingly difficult and why 
space experts always seem to disagree. He argues 
that the future of the space program requires 
merging the practicalities of exploration with 
the constraints of human biology. Space science 
deals with the unknown, and the margin (and 
budget) for error is small. Lethal near-vacuum 
conditions, deadly cosmic radiation, micrograv-
ity, vast distances, and highly scattered resources 
remain immense physical problems. To forge 
ahead, America needs to develop affordable 
space transportation and flexible exploration 
strategies based in sound science. Piantadosi 
closes with suggestions for accomplishing these 
goals, combining his healthy skepticism as a 
scientist with an unshakable belief in space’s 
untapped—and wholly worthwhile—potential.

Claude a. Piantadosi, MD, is professor 
and director of the F. G. Hall Environmental 
Laboratory at Duke University. Educated at 
the University of North Carolina–Chapel Hill 
and the Johns Hopkins University School of 
Medicine, he trained in undersea medicine and 
saturation diving in the U.S. Navy and in respi-
ratory physiology and pulmonary medicine at 
Duke. He spent thirty years as a resource con-
sultant to NASA. He is an author of more than 
three hundred scientific papers and The Biology 
of Human Survival: Life and Death in Extreme 
Environments.

“A whole generation has grown up with tales of the glory of man’s 
excursion into space, and this fact-filled and stimulating book 
ties the story together and extends it to further exploration of the 
Moon again and Mars.”
BruCe d. Butler , University of Texas Medical School 
at Houston

“Mankind Beyond Earth offers a wide-ranging analysis of the 
challenges facing human space exploration. Using examples 
from polar expeditions, aviation history, undersea voyages, and 
space missions, Claude A. Piantadosi shows that exploration is 
unforgiving to those who fail to plan. Piantadosi details the 
barriers that must be surmounted for humans to leave Earth for 
long voyages. He supports his case with information from diverse 
disciplines, including microbiology, radiation physics, botany, 
astronomy, and physiology. He also makes a strong argument for 
the United States to refocus on exploring the Moon and to use 
Moon exploration both for scientific discovery and as preparation 
for longer trips to Mars.”
Jay C. BuCkey, MD, former payload-specialist astronaut, 
professor of medicine at the Geisel School of Medicine 
at Dartmouth College
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“Finally, a give-it-to-me-straight 
account of why space exploration 

matters. In Mankind Beyond Earth, 
Claude A. Piantadosi folds together 

science, politics, and culture to
 demonstrate why a civilization 
without a spacefaring future is 

doomed to extinction.”
neil deGrasse tyson , 

astrophysicist, American Museum 
of Natural History, author of 
Space Chronicles: Facing the 

Ultimate Frontier

 ““In this engaging book, 
Claude A. Piantadosi presents a 

concise and accurate history of how 
our nation’s space program arrived 

at its current uncertain juncture, 
supplementing it with powerful 

insights into a wide range of fields, 
from planetary science to human 

physiology. This is a compelling 
work from a scientist committed to 

expanding the human exploration 
of our universe.”

MiChael l. Gernhardt , 
NASA astronaut, manager of 

the Environmental Physiology 
Laboratory at the Lyndon B. 

Johnson Space Center
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Civilization is obliged to become spacefaring—not because of 
exploratory or romantic zeal, but for the most practical reason 
imaginable—staying alive.
C A R L  S A G A N
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 P R E FA C E 

 NASA’s space shuttles retired in 2011 after an impressive thirty-year 
career. Two terrible accidents aside, the Space Shuttle Program’s 135 mis-

sions epitomize the best of human spacefl ight since the Apollo lunar landings 

of 1969 through 1972. The shuttle program produced many unforgettable 

highlights, but most important, without it we could have never built the In-

ternational Space Station (ISS), a technological tour de force of which we all 

should be proud. 

 Not all the news, however, is good. The reasons to explore space fi rst 

dawned on me as an eighth grader, when I carefully prepared my fi rst sci-

ence project on the Red Planet, and the urgency of those reasons has only 

increased. But in becoming a scientist, I was taught to see problems, and 

Houston,  we have a problem . The shuttle program confi rmed the high risk 

and cost of sending people into space, despite the attendant benefi ts, and the 

reality took the bloom off the rose long ago. 

 The shuttle was expensive, undependable, and overdue for the museum 

when the program ended, but we have no consensus on what’s next for Amer-

ica’s manned spacefl ight program. Should we focus on our investment in the 
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ISS, intercept an asteroid, or go back to the Moon? And what about Mars? 

These are all fi guratively and literally moving targets, and the decisions we 

must make are diffi cult ones. 

 The ISS was expensive to build, and it has been underutilized and un-

dercapitalized. NASA understood this and managed to extend its working 

lifespan until 2020. Yet today, NASA has no heavy-lift launch capability. Thus 

we are now paying the Russian Federation to transport our people to the ISS. 

The 2011 deal pays the Russians 62.7 million dollars per seat to ferry, in 2014 

and 2015, on Soyuz spacecraft, a dozen American astronauts to the ISS, and 

the test date for a new American launch vehicle has slipped to 2017 at the 

earliest. Confronted with these facts and fi gures, I hope you ask, “How did 

we arrive at this state of affairs?” rather than, “We farm out everything else, 

so why not space exploration?” 

 This situation is unprecedented. America has been the unquestioned 

leader in space since Project Apollo, but today we seem indifferent, at best, 

about our space program. In a world of virtual worlds, we can explore every-

thing under the sun without ever leaving our Web browser, but cyberspace 

offers only what someone, someplace already knows—nothing more. The 

discovery of the unknown is the purpose of science, and therein lies real ex-

citement. There is much to learn in space, and people (astronauts) can still 

discover things that machines (robots) cannot. 

 I don’t want to give the wrong impression: robots are indispensable and 

will always go where we cannot. We need complementary goals for manned 

and unmanned space exploration, and both implemented at a price we can 

afford. What new space technologies are essential? Where should the govern-

ment focus its investment in spacefl ight? Which private-sector enterprises 

should be capitalized by federal dollars? 

 These are big questions at a time when a postrecession federal budget has 

spiraled out of control, government expenditures are huge and expanding, 

and our elected offi cials are hamstrung by confl icting priorities and political 

insecurities. Moreover, many politicians are skeptical of the ability of Ameri-

cans to make informed judgments about science, and some infl uential people 

have become confused, indifferent, or even obstructionist. President Obama’s 

speech at Cape Canaveral in 2010 opened some eyes when he cancelled Proj-

ect Constellation and said, “I understand that some believe that we should 

attempt a return to the surface of the Moon fi rst, as previously planned. But 

the simple fact is we have been there before.” 
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 Project Constellation was indeed in political and fi nancial trouble, but the 

Moon is 1.5 times larger than North America, and we have only explored 

an area of it the size of Manhattan. Imagine if Isabella had decided not to 

send Columbus back to the New World because he had been there before! 

Mr. Obama has appeared to support human space exploration, but he has 

taken highly questionable advice in pointing us at near-Earth asteroids, un-

der the guise of avoiding celestial Armageddon. Statistically, life on Earth be-

ing annihilated by an asteroid is far less likely than some of the terrible things 

we humans can already—and may very well—do to ourselves. Astronauts 

may not fl y under the Stars and Stripes again until 2020, leaving just fi ve years 

to prepare for an asteroid mission, and this policy has raised eyebrows for 

those people committed to the continuity of space exploration. 

 Most Americans are either unsure of what to make of this or are too pre-

occupied to notice. Indeed, public perception of our manned spacefl ight pro-

gram is fi ckle, and a certain amount of disinterest can be chalked up to our 

waning scientifi c literacy. According to the National Center for Education 

Statistics, in 2006 the average American high school student ranked seven-

teenth internationally in science knowledge, between Iceland and the Slovak 

Republic—and well below our Canadian neighbors. Perhaps it’s no surprise 

that so few of us seem concerned about how this portion of our tax dollars 

are being spent. 

 In opinion polls, most Americans do view the space program favorably, 

at least until cost and risk are factored in, but most also do not see a com-

pelling reason for a continued human presence in space—nor the value in 

the tax dollars spent on it. But even during the heady days of Apollo, only 

half of Americans felt that the money spent on lunar exploration was worth-

while. This is a curiously weak endorsement of an achievement that occupies 

a niche in history alongside the discovery of the New World. Some respect-

able scientists, too, question NASA’s scientifi c returns on investment, but 

these critics rarely suggest realistic milestones as alternatives. Given all of this, 

there is good reason for a nonaligned but informed scientist to explain, in 

plain language, the fi scal, technological, and biological problems involved in 

pushing human exploration of space to the next level. In fairness, I am not 

fully disinterested; my center has worked on NASA contracts on and off for 

twenty years—but I am not a NASA man. 

 In writing this book, I chose a historical approach because it helps us see 

where we are, how we got here, where we might be headed, and, in particular, 
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why things take so long. The thoughtful reader will see a way forward and, 

I hope, become enthused about scientifi c discovery and convinced that space 

exploration is worth the investment. It is a model for scientifi c progress and 

a part of human evolution. 

 This book emerged from a course entitled “Extreme Environments,” 

which we have offered for more than ten years at the Duke University School 

of Medicine. However, this is not a medical textbook; it is written specifi cally 

with the general science reader in mind. It requires nothing more than a little 

introductory physics, chemistry, and biology, and a bit of persistence. 

 The course has covered many things, ranging from the origins of life on 

Earth to the limits of the depths of the oceans, the rarifi ed atmosphere of the 

highest mountain peaks, the near vacuum of space, and the possibility of life 

on other planets. In examining these striking aspects of our world, my col-

leagues and I noticed that depth and breadth in these areas are hard to fi nd. 

We accumulated a lot of information, and I have assembled and presented 

the best of it here in nontechnical language, to make it accessible to as many 

people as possible. 

 I also chose Carl Sagan’s celebrated words as the epigraph for the book 

because it affi xes a survival imperative to human space exploration. Whether 

or not you agree with Sagan, after only fi fty years, human space exploration 

seems stuck in low Earth orbit, and his far-reaching vision seems to have 

been drawn into space’s vacuum. To quote my friend and colleague “Q,” an 

MIT-trained engineer and former NASA scientist: “Ultimately, we need a 

backup plan.” 

 Regrettably, our bodies are not designed to live in space, and without the 

protective umbrella of our terrestrial atmosphere and magnetic fi eld, it is an 

insuperable barrier. Space is a  something  in physics, but to us it is  nothing —

we die almost instantly from unprotected exposure. There is no atmosphere, 

no water, too little or too much gravity, and it is too hot or too cold. To make 

matters worse, it is shot through with lethal cosmic radiation, and safe havens 

are few and far between. In order to explore our Solar System, these issues 

must be confronted decisively, and I will present some ideas and solutions 

proposed by the experts, without getting mired in too many technological 

details. 

 This quest seeks to solve space’s impenetrability by setting the horizon just 

right, melding the practicalities of space exploration with the constraints of 

human biology. In presenting the challenges, I have emphasized continuity 

and why good science and patience are the keys to unlocking the door to 
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space. In short, I hope you will better appreciate why space exploration is 

important, why it is diffi cult, and why, as a member of a scientifi c society, you 

are vital to seeing it into the future. 

 Before embarking on this fascinating journey, I thank my editors at Co-

lumbia University Press, my colleagues and our students at Duke, and our 

many visiting scientists for their special insights, penetrating questions, and 

patience with my reductionist and sometimes constricted view of the world. 

I have done my best to blend the excitement of that boy learning all about 

Mars with the healthy skepticism of a lifelong scientist. I hope to kindle in 

you a sense of excitement for some of the great adventures still awaiting us as 

a nation. The fi ts and starts are inevitable, but space exploration will always 

teach us to live within our means—fi rst and foremost, here on Earth. 
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1

 A  S H O R T  I N T R O D U C T I O N  T O  T H E 

S C I E N C E  O F  S PA C E  E X P L O R AT I O N 

 Shortly after the opening of the Space Age, in the third quarter of 
the twentieth century, a dozen men famously went to the Moon and back, 

at levels of acceptable risk and certainly with all the “right stuff.” However, 

by the time the last space shuttle was retired in 2011, the sum of all human 

experience in space totaled about the lifetime of one centenarian. Today, a 

few astronauts circle the planet for a few months at a time on the Interna-

tional Space Station (ISS), learning to live there. The ISS has been inhabited 

continuously since November 2000, but the crew battles a slew of problems. 

The cost has been astronomical; each shuttle mission cost 450 million to 

1.5 billion dollars (Shiga 2011). In retrospect, by almost any metric, this in-

vestment did not yield its potential dividends. 

 Fifty years after we fi rst entered space, our prospects there are still uncer-

tain. In the United States, the White House’s 2004 Vision for Space Explo-

ration had raised the bar by proposing to return to the Moon by 2020 and 

reach Mars by 2035. Enthusiasm for the Moon-Mars initiative was limited, 

and its poster child, Project Constellation, was canceled before it ever got 

off the ground. Sentiments ran high among the stakeholders, and the coals 

of the post-Apollo debate on robotic versus human missions reignited. The 
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dispute boiled down to money, and a scuffl e broke out in 2006, when NASA 

began slashing its science programs to meet the goals of the initiative. Al-

though the prospect of returning to the Moon and going to Mars fascinates 

everyone, many critics, including many physical scientists, have asked why 

we need to send  people . This question needs an answer, but so do our space 

pioneers and our citizens hurt by the shuttle retirement and the cancellation 

of Moon-Mars. 

 Moon-Mars collapsed America’s space program into a huge thirty-year 

package at great cost. Opponents thought such a massive venture with no 

scientifi c agenda was a bad idea. The initiative was immediately pounced 

on by the American Physical Society, an esteemed enclave of physicists that, 

while it favors human exploration, lobbies against the big-mission mental-

ity. The big mission on everyone’s mind, Mars, will be more dangerous and 

expensive than the fi rst Apollo lunar landing was in 1969. To get to Mars, 

astronauts must function in deep space for years and will face huge challenges 

in doing so. 

 The criticisms of “big missions”—their high cost, high risk, and low re-

turn, not to mention that there may be higher priorities at home—do not 

invalidate an argument for human space exploration. In space science, as in 

all of science, the mission is to discover the unknown and collect information 

that improves how we do things. If done correctly, costs come down over 

the long run. We also have a record of big unmanned projects, too, like the 

Hubble Space Telescope, which is rarely disparaged for producing a wealth 

of perplexing astrophysical data. The protestor often assumes that the infor-

mation acquired by such research is predictable   a priori, but predictability 

takes experience, which is a posteriori. To explore is to travel, literally or 

metaphorically, for the purposes of discovery. And discovery entails the inter-

pretive skills and resolution of the human mind—sharply honed by working 

closely with a problem. In this respect, space exploration fi ts easily into the 

larger context of science. 

 For much of the twentieth century, the world looked to America for the 

best in science and technology, but today we are in a battle to maintain our 

scientifi c preeminence. In 2012, U.S. spending on science and technology 

research still exceeded that of any other country, but the big nations in the 

Far East are steadily gaining ground. If this trend continues, it risks putting 

us off the global pace of science because progress is proportional to the time 

and money invested in research. Such investments can pay considerable eco-

nomic dividends, which will also be endangered. If science in America falters, 
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it will be felt quickly not only in the space sciences but also in biomedicine, 

information technology, and the physical sciences. Moreover, it will be re-

fl ected in further weakening of our economy. 

 Each year, the budgets of the National Science Foundation, the National 

Institutes of Health, and NASA must be rescued from the chopping block. 

Too many of our elected offi cials are oblivious to the power of scientifi c in-

vestment and to the consequences of cutting it. This obliviousness is often 

hidden behind economic distractions, but it refl ects our low science literacy 

compared with other technological nations. Americans have traditionally 

been fascinated by new science and technology, but the rise of scientifi c il-

literacy leads to confusion about how to evaluate new science—as well as a 

tendency to devalue it. Misunderstandings arise because everything offered 

under the guise of science is not science, and knowing the difference takes 

science literacy and common sense. 

 This is not too surprising. Even seasoned scientists can have trouble evalu-

ating the merits of something totally new. Science is built on objective truth, 

and the politically popularized notion that there is no objective truth is more 

than specious; it engenders false dichotomies and pointless arguments. We 

cannot know everything, but science is a method of discovery. If you are not 

a full-time scientist, it is worth a minute to examine how this is true. If you 

are, please forgive the extra page or so that follows. 

 To scholars, science is the discipline by which incontrovertible core knowl-

edge is discovered, validated, and expanded in the face of new ideas. Armed 

with core knowledge, also called science, an observer can quantify, predict, 

or implement a change in the state of an object or the local environment 

with a quantifi able assurance that the outcome will fi t the information base. 

For instance, knowledge of the genetic code and the cell allows the molecular 

biologist to effect novel changes in life processes. When new facts don’t fi t, 

something is wrong with the hypothesis, the methods, or the paradigm, and 

it is incumbent on the observer to fi nd out which of those is wrong, and why. 

 Science is defi ned by ideas that might be disproven by experiment but that 

nonetheless stand the test of time. An idea that can be validated by experi-

ment is a theory, and ideas that cannot be tested are sometimes confused with 

theories. A theory is testable; the nontestable is metaphysics. Evolution and 

intelligent design have both been called theories, but evolution passes test 

after test: it is science. Intelligent design can never be tested by human beings. 

 These constraints make it easy to identify the two kinds of science. The 

fi rst acquires core knowledge simply for the sake of understanding; the 
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second acquires it as a means to an end. Scientists tend to split knowledge 

acquisition into basic and applied research, for example, physics and engi-

neering. Good basic science, however, almost inevitably leads to applications, 

and applications often raise more basic questions, particularly if those appli-

cations fall short of their stated goals. 

 The use of science as the means to an end—good or evil—has long given 

pause to scientists, philosophers, and scientifi c policy makers. The most 

controversial example is the Manhattan Project, where the research in nu-

clear physics necessary to design an atomic bomb was secretly funded by 

the American taxpayer, while the so-called Interim Committee, a handful of 

political, military, and technological leaders under a wartime administration, 

directed its construction and advocated dropping it on Japan. 

 The appropriate use of the scientifi c information from the federally funded 

technological advances of the Cold War remained a serious concern as the 

United States and the USSR wrestled for geopolitical dominance. The strug-

gle included the Space Race and, in the end, spawned the Science Wars, an 

interminable debate between scientists and science critics about who should 

have the last word in setting the direction and constraints of science con-

ducted with public funds (Fuller 2004). Scientists of the Cold War era largely 

refrained from criticizing the government’s use of their research, in return for 

freedom of inquiry. This pact with the devil has deep historical roots dating 

at least to the Age of Reason, but NASA was born of the Cold War, and, since 

the collapse of the Soviet Union, it has suffered the slings and arrows of the 

Science Wars. 

 Science often gives rise to technological opportunity because it lets us 

think clearly about the unknown and to use that thinking to solve a prob-

lem. Progress fl ows more smoothly if trained scientifi c thinkers set the re-

search priorities within boundaries set by informed citizens on the ethical 

constraints of the knowledge. This means a literate and principled society is 

necessary to decide whether new discoveries should be reduced to practice. 

 Space exploration is an opportunity both to think differently and to de-

velop practical solutions to modern problems. The space program gave tech-

nological legs to unforeseen solutions to diffi cult problems. This is called 

“spinoff.” The term implies that some problems can be solved only by a 

unique line of thinking, perhaps not directly related to the problem, that 

lays the groundwork for that solution. Spinoffs abound not just in the space 

program but throughout the history of science and technology. Chance does 

indeed favor the prepared mind. 
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 Space science has produced many spinoffs, for instance, in aviation ef-

fi ciency and safety, which we tend to take for granted, as well as in new 

technologies for monitoring and purifying air and water, satellite commu-

nications, the small size and high resolution of infrared cameras, and bet-

ter methods of food preservation, like ready-to-eat meals for soldiers and 

refugees. In space medicine, the need to track the well-being of the astronaut 

remotely from Earth in the 1960s later gave rise to telemedicine: the trans-

mission of a patient’s heart rhythm from the ambulance to the emergency 

room or from pacemaker to the cardiologist, for instance. Other biomedical 

spinoffs have included better kidney dialysis machines, better hazardous-gas 

detectors, and greatly improved prosthetic limbs. 

 There are two other reasons that space exploration is important. First, 

space science gives us the capacity to detect certain problems before they 

harm us. We are all skeptical of forecasting, but we also take it for granted. 

Satellite tracking of massive weather systems, like blizzards and hurricanes, 

provides early warnings that save lives. Other satellites identify and track 

emerging problems before they become critical, such as the size of the ozone 

hole in the stratosphere or the rate of the melting of the Greenland ice sheet 

from climate change. 

 The acquisition of reliable scientifi c data on these world-changing physi-

cal trends is crucial to understanding them. The ozone layer over Antarctica 

has been monitored every year since the run-up to the International Geo-

physical Year in 1956 because it protects us against damaging ultraviolet rays. 

By the 1970s, an alarming expansion of the ozone hole was detected each 

spring, which led to the discovery of a major culprit, chlorofl uorocarbons 

(CFCs). This led to an accord, the 1987 Montreal protocol, and to an action, 

a phased-in worldwide ban of CFCs in new products. Common sense tells us 

this is a success, even though no one ever formally proved that CFCs alone 

were responsible for the hole or that ultraviolet radiation passing through 

a colossal ozone hole would seriously increase our cataract and melanoma 

rates. 

 Climate change is altogether a different problem. We have failed to act 

because we cannot agree on the science, and without science, someone might 

as well just fl ip a coin when deciding what to do. Our planet is warming, 

but Mars is, too. Atmospheric CO 2  levels are rising, but CO 2  is neither a 

pollutant nor the only greenhouse gas; methane (CH 4 ) is twenty times more 

powerful. We know that we contribute to climate change but not how much. 

The climate models used by the Intergovernmental Panel on Climate Change 
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(IPCC) are under fi re for predicting huge anthropogenic effects on sea level 

without considering that our climate resonates with or is synchronized to a 

set of natural frequencies in the Solar System (Scafetta 2012). We know that 

too much of a rise in the sea level is bad for our coastal infrastructure and 

commerce, but what about for the planet we live on? The only thing that 

makes sense here is more research. 

 Second, there is a rationale for pure research in fi elds like astrophysics, 

which strives to understand the universe. Each new astrophysical discovery, 

such as exoplanets, supermassive black holes, and the universe’s accelerating 

expansion, changes our perception of the world and our relationship to it, 

including the Earth as a system and as a member of systems—the Earth-

Moon pair, the system of inner planets, the Solar System, and the galaxy. For 

instance, the Moon stabilizes the Earth’s tilt, which helps steady our climate, 

and changes in space weather can disrupt our communications and power 

grids. 

 The science of space exploration fi ts the historical fl ow of physical, bi-

ological, earth, and information sciences and the rapid technological pace 

of the twenty-fi rst century. It interfaces with advances in genetics, neuro-

science, computing, artifi cial intelligence, and robotics. The assimilation of 

new information and its dissemination into society transforms our ideas of 

how things work and what is possible, and these ideas are constantly evolv-

ing. Thus, human space exploration is an embodiment of modern scientifi c 

discovery. These important themes have shaped the worldview expressed in 

this book. 

 Our world is changing and so is our worldview, and human space ex-

ploration is a force for this change. There is no argument that it is not safer 

and cheaper to send robots rather than people to explore Mars or Titan or 

to search for offworld life. The tiny fi eld of astrobiology has been fueled by 

the discovery both of an ever-widening array of earthly extremophiles and 

of thousands of new exoplanets. No matter how skeptical of life on other 

worlds, no one with any imagination can dismiss the possibility. The issue 

is oddly woven into our consciousness, even if the notion of fi nding alien 

“footprints” by peering through massive telescopes strains the credibility of 

all but the most sanguine. 

 Exobiology may not be recognizable, or it may be weird, but like those of 

physics and chemistry, the principles of biology may be universal. The right 

temperature and the right chemistry on the right planet might lead inexora-

bly to life. The discovery of an Earth-like planet with signs of life would be 
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stunning, but such an assertion would also be highly contentious. Just recall 

the furor in 1996 over Mars asteroid ALH84001, which was put directly un-

der the microscope! 

 Extraterrestrial life is a needle in a haystack, and fi nding it probably  would 

 require a microscope; hence astrobiology has all but fallen off the radar. 

However, the telescope is telling us in which haystacks to search. We are such 

natural explorers and so deeply curious about our place in the universe that  

space exploration is ultimately about us . But we evolved here, and our biology 

practically forces us to stay here. Life is thus the purpose of space exploration 

as well as its specter. That is also a theme of this book. 

 Spacefl ight is sometimes likened to the high adventures of the Age of Ex-

ploration, when tough explorers succeeded by painstaking preparation and 

by trial and error. They passed along their wisdom until technology caught 

up. This time-honored method breaks down in space, where life-sustaining 

technology is the heart of everything. If the technology fails, the mission fails, 

and people die. Today’s technologies are adequate for low Earth orbit and for 

the Moon but not for Mars or beyond. Deep space calls for technologies that 

interface seamlessly on the edge of nothingness not just for months or years 

but, for all practical purposes, in perpetuity. This imperative is synoptic with 

human space exploration, and it too drives this book. 

 For the traditional explorer, the survival imperatives were water, food, and 

shelter. The modern explorer can visit a more deadly range of environments, 

for instance, underwater, where even air is lacking. However, the lack of air 

in space is a different animal all together, because it is so far from home and 

safety. Space cocoons us inside our technology, so we need to tinker with 

and perfect that technology in space. This was part of the rationale for the 

ISS; the closer to home we tinker, the safer we are. We even have our own 

splendid natural platform in near space, the Moon, despite some odd com-

motion about it being boring. Even if the Moon were boring, we have few 

other practical options. Asteroids aside, our searingly hot evil twin, Venus, 

lies in one direction, and in the other is Mars, tantalizing but farther away, 

with a wafer-thin atmosphere and the deep freeze of Antarctica. 

 What about that asteroid mission, for instance, to one of the Apollo group? 

This plan plays on subliminal paranoia over Earth-orbit-crossing asteroids, 

but must people go? Asteroids of this type are tiny (unless they are about to 

hit Earth) and can be explored (and nudged away) more safely and cheaply 

by robots. We can visit one, but we could not stay. Why substitute an asteroid 

for the Moon, and why do it now? 
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 All nearby celestial objects share two problems: they are the wrong tem-

perature, and they lack air. The Moon oscillates around 500 °  F and has es-

sentially no atmosphere. These problems are exactly the same as those of low 

Earth orbit. Low Earth orbit has let us size up microgravity and troubleshoot 

advanced life-support systems, but it is not optimal for implementing other 

important technologies that we need in space. The Moon is essentially just 

overhead and has resources and intrinsic value in teaching us how to do this 

correctly. This is the best value in human exploration; therefore, returning to 

the Moon is an explicit agenda of this book. 

 Using the author’s prerogative, the fi rst chapter also lets some air out of 

the distracting “human versus robot” dichotomy in favor of integrated explo-

ration led, of course, by robots. This is a pragmatic approach that optimizes a 

return on investment in space exploration and that has been steadily evolving 

for fi fty years. Since the Apollo program, it has been clear that a robots-fi rst 

orientation is the road to success. Probes will establish the physical param-

eters—the exact environment—as well as the level of scientifi c interest in 

distant worlds. This creates a “Goldilocks problem”—robots cover distance 

more safely and cheaply than people, so how do we prepare for both kinds of 

missions, unmanned and manned? There is no certain recipe, but the  proper  

 timing  of each step is an important principle. 

 Since proper timing is inescapable, this book too is arranged on a timeline. 

Part 1 is a chronology of how we reached our current situation. Part 2 deals 

with contemporaneous plans for a home away from home, emphasizing new 

technology, robots, people, and the Moon. Part 3 explores our near-term 

prospects for the exploration of an ever-expanding fi nal frontier. We will 

undeniably get to Mars, but just when no one can say for sure. I have no 

crystal ball for Mars or for deeper space exploration, but it is clear that we 

face bottlenecks that will require breakthroughs in science and technology in 

the decades to come. 

 Space is unconquerable in the traditional sense, and I will depend on hy-

pothetical examples and analogies to explain why. For instance, the astute 

reader may have noticed that planetary scientists are developing a type of 

space biogeography comparable in some respects to the biogeography of 

remote places—isolated islands and mountaintops on Earth. This analogy 

helps us see the issues but is limited by not knowing whether life exists or 

can persist beyond the Earth. The analogy also incorporates two closely con-

nected problems of scale—time and distance. For Mars and beyond, the time 

taken in travel will involve prolonged exposures to radiation and micrograv-
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ity and conservation and replenishment of critical resources such as oxygen 

and water. These are two key benchmarks, but eventually the scarcity of all 

resources will preoccupy us in the vast, highly eccentric reaches of space. And 

outside the Earth’s atmosphere and magnetic fi eld, we must avoid the lethal 

radiation that rains down from the Sun and cosmos. 

 In the next few chapters, you’ll see how temperature, atmosphere, water, 

food, microgravity, and radiation set the stage for the establishment of a 

meaningful human presence in space. But fi rst, you may want to know how 

these problems evolved and have infl uenced the balance between men and 

machines. 
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 1 .  M E N  A N D  M A C H I N E S 

 In December 2003, America’s commemoration of the hundredth 
anniversary of the Wright brothers’ fi rst heavier-than-air fl ight took place 

in Kitty Hawk, North Carolina. I had considered riding down to the Outer 

Banks from Durham to watch the event, but it turned out to be a cold, rainy 

day, and I wasn’t too excited about seeing the actor-turned-scientologist John 

Travolta introduce President Bush. At Duke, the folks in our lab were hoping 

Mr. Bush would announce NASA’s return to the Moon. I skipped it, nothing 

happened, and the Wright biplane replica didn’t get off the ground. 

 The celebration of powered fl ight is not the only noteworthy anniversary 

of mankind’s achievements above the Earth. The pressurized cabin, invented 

by the balloonist Auguste Piccard, had marked its seventy-fi fth birthday, and 

 Sputnik  was forty-six. Yuri Gagarin’s fi rst orbital fl ight saw its fi ftieth anniver-

sary on April 12, 2011, and the  Apollo   11  lunar landing celebrated its fortieth 

anniversary on July 20, 2009. In 2010, the International Space Station (ISS) 

celebrated ten years of continuous habitation. These milestones passed qui-

etly, but what a remarkable pace for such great achievement! In the twentieth 

century, our technology took us from being Earthbound to spending months 

at a time in space. 
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 In 1972, Harrison Schmidt and Eugene Cernan left the Moon on  Apollo 17 , 

and no one has been there since. The Moon-Mars timetable had planned a 

return for 2020 (NASA 2004a, Congressional Budget Offi ce 2004a, Brumfi el 

2007), but there was no funding for it. A manned Mars landing planned for 

2035 went up in smoke when Project Constellation became mired in con-

troversy. A mission to Mars, despite rhetoric to the contrary, remains in the 

realm of science fi ction. 

 A HOUSE DIVIDED 

 The United States and Russia have poured huge amounts of resources into 

their space programs for fi fty years. Canada, Japan, and Europe have more 

recently entered the arena, but the costs continue to escalate. For a decade, 

students have heard me complain in my lectures about a “bottleneck” in hu-

man space exploration. In 2003, China threw its hat into the ring by launch-

ing a man into orbit, and, on paper, it has charted an ambitious space pro-

gram. The Chinese have proposed, if they can afford it, landing astronauts 

on the Moon by 2025, and the former NASA administrator Michael Griffi n 

noted that they might get there before the United States is able to return. Cost 

will keep things from escalating into another Space Race, but you can already 

see why we cannot get out of the spacefaring business altogether, lest we will-

ingly cede our technological edge. 

 Americans blame NASA for an unimaginative and ineffi cient space pro-

gram, and NASA bashers cite poor management, mountains of red tape, a 

lack of vision, and industry pork ( New Atlantis  2005). This barking grew 

louder over the last few years of the shuttle program, although similar 

complaints can certainly be leveled at any large federal agency. I gently re-

mind people that NASA invented America’s space program; they put men 

on the Moon, built the ISS, and send sophisticated remote probes billions of 

miles to other planets with precision and accuracy—all under close public 

scrutiny. 

 NASA’s large federal and civilian infrastructure makes use of a bit less than 

1 percent of America’s tax dollars. This budget has been disparaged as a work 

subsidy for America’s rocket engineers and space scientists and as an inef-

fi cient expenditure of taxpayers’ money. Yet NASA is neither a benefi ciary of 

federal largesse nor responsible for stockholder-driven aerospace companies. 
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The agency has always operated in reaction to the pressures and constraints 

of a fi ckle bureaucracy and a politicized aerospace industry. 

 Although NASA is not the problem, there are problems at NASA. For de-

cades, the agency was caught in a vicious cycle of trying to maintain in-house 

expertise in all areas of space research. This is a formula for trouble because 

something inevitably goes wrong. And when it does, the manager micro-

manages, the persnickety snuffl e and stifl e, and the innovator vanishes into 

the private sector. Even contract work is made tougher when the “all-stop” 

mentality takes over, with NASA experts scrutinizing every decision. These 

issues have been voiced within NASA and by outside contractors and labora-

tory directors for years. So has the need for less intrusive documentation and 

more constructive review policies. This was emphasized by the Columbia 

Accident Investigation Board (CAIB) in 2003, which faulted the managerial 

culture at NASA (CAIB 2003, NASA 2004b, and NASA 2007). 

 Most federally sponsored research in the United States is funded by grants 

issued to scientists in academia and private industry. The National Institutes 

of Health, for instance, funds biomedical research mainly through a large 

extramural program, and its infrastructure is supported by separate budget-

ary lines. The best projects are initiated by investigators, and the worst are 

mandated by Congress. By analogy, one could argue that America’s space 

dollars should support NASA engineering and transportation infrastruc-

ture separately from NASA-funded, peer-reviewed science. Depoliticization 

would buffer NASA programs against partisan realignments and engage uni-

versities and corporations in long-range strategies to interface their scientifi c 

excellence with NASA’s spacefl ight expertise and infrastructure. This could 

insulate America’s long-range investments in space from abandonment for 

the political reasons  du jour . 

 Financial realities have forced NASA to outsource certain things, such as 

cargo delivery to the ISS, in order to maintain a pioneering program  (Aldridge 

et al. 2004). In 2008, Congress approved payments to the Russian Federation 

their Soyuz spacecraft to support the ISS, and this outsourcing will continue 

until our new system is ready. In 2009, under a Commercial Orbital Trans-

portation Services (COTS) program, NASA gave commercial contracts to 

Orbital Sciences and Space Exploration Technologies (SpaceX) to ferry cargo 

to the ISS. The SpaceX design, called the Dragon, is a reusable spacecraft 

consisting of a pressurized capsule and unpressurized trunk for Earth-to-

LEO (low Earth orbit) transport of pressurized cargo,  unpressurized cargo, or 
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crew. This transition to privatization marked by the Dragon’s fi rst  rendezvous 

with the ISS in May 2012 is a new beginning, but it is still expensive, and 

private companies expect to turn a profi t. 

 A decade of fi scal constraint created a proverbial house divided in the 

space exploration community. In 2006, NASA had proposed fi nishing the ISS 

by 2010 via sixteen shuttle fl ights, which meant fl ying a system fi ve times a 

year that had fl own only twice in the previous three years. To the frustration 

of its international partners, NASA cut $330 million from its biological and 

life-sciences programs in order to fi nish the ISS before retiring the shuttle 

and to jumpstart Project Constellation. The International Federation of Pro-

fessional and Technical Engineers snorted, recommending instead scrapping 

the shuttle even earlier and moving on (Klotz 2006). 

 NASA stuck to its program, weathering the shuttle foam fi asco, completed 

the ISS in 2011, and retired the shuttle. Unfortunately, in the disagreement’s 

aftermath, today we lack spacefl ight capability. Until our space transportation 

system is ready for people, perhaps by 2020, we will pay the Russians or com-

mercial ships to get crew and cargo onto the ISS in a trickle. This has obvious 

fi nancial and strategic disadvantages. 

 This situation is the direct result of a fl awed Moon-Mars initiative that 

allowed for minimum new capital and required the reallocation of already 

encumbered funds to expensive new technology. The fi xed resources were 

split among the shuttle, the ISS, the new hardware, and the eight-hundred-

pound gorilla in the room, a $4.5 billion science program. 

 The shuttle was thirty years old and obsolete, but designing and acquiring 

new hardware is very expensive and competes with the earth and planetary 

sciences programs, which too are crucial to U.S. space exploration’s future 

viability. For any new mission to the Moon to be successful, the exact loca-

tions of recoverable water and oxygen-rich soils on the Moon are vital factors 

(Lawler 2007). Luckily, efforts to collect more data for a lunar exploration 

plan were not derailed, and in 2009 the Lunar Reconnaissance Orbiter (LRO) 

provided new information on lunar water and allayed the concerns that there 

might be none there at all. 

 The tense situation of 2006 and 2007 was followed in 2008 by massive 

cost overruns in the Mars Science Laboratory at the Jet Propulsion Labora-

tory. Over the years, under a quarter of NASA science missions have come in 

on schedule, and a quarter are well over budget, producing a domino effect 

(Lawler 2009). Cost overruns will never go away, but the large cash shortfalls 
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in both science and spacefl ight have produced an unworkable model. Indeed, 

NASA had recruited a highly talented science director, S. Allen Stern, who 

left in frustration after just one year. 

 During the 2009 economic recession, the situation became extremely 

bleak, fl attening the NASA budget and ISS funding and causing decades of 

international investment to languish. The main ISS research laboratory, the 

1.5-billion-dollar, 4.5-meter-diameter Columbus Module, was not installed 

until February 2008, after some twenty-fi ve years in the making. This mod-

ule, the European Space Agency’s (ESA) main contribution to the ISS, had 

been planned for 1992, to coincide with the fi ve-hundredth anniversary of 

the discovery of the New World. Equipped with ten telephone-booth-sized 

racks, it was designed for experiments in the life sciences, materials science, 

and fl uid physics. It has a ten-year life expectancy, and the ISS crews, coached 

by ground researchers via video and data link, perform the experiments. 

 ESA touts its studies on microorganisms, cells in culture, and small plants 

and insects, as well as the European Physiology Module, which can measure 

the long-term effects of spacefl ight on the body. This expensive infrastruc-

ture compares how organisms behave in microgravity versus Earth gravity. 

However, because the ISS is protected from most cosmic radiation by the Van 

Allen belts, which limit its detrimental effects on astronauts and other living 

things, radiation research on the ISS is not cutting edge. 

 The Columbus laboratory inadvertently generated controversy over an-

other instrument, a seven-ton cosmic ray detector, the $1.5 billion Alpha 

Magnetic Spectrometer (AMS), designed to study the invisible universe. The 

AMS searches for the existence and distribution of dark matter and antimat-

ter. The scientifi c reviewers found these issues innovative and important, but 

for a while, it looked like the AMS would never fl y. In 2008, Congress fi nally 

authorized an extra shuttle mission to convey the instrument to the ISS. STS-

134 carried the AMS up in April 2011, and it was duly installed on the ISS 

National Laboratory. 

 The issue of timeliness also affected the Japanese Experiment Module, Kibo, 

which was twenty years in production. Kibo includes a facility, a “terrace,” that 

allows nonbiological studies to be conducted in open space, but such studies 

are still being conducted under the protective wings of the Van Allen belts. 

 These are examples of “science too little too late,” resulting from the ex-

pense and time it takes to integrate experiments into a mission and to train 

neophyte mission specialists to conduct them. This waste of time and money 
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really irritates scientists. Escalating costs along with federal budget cuts have 

endangered the ISS, which could be prematurely abandoned because of a lack 

of funding. The ISS would then be remembered mainly for the construction 

of the  station itself , not for any of its scientifi c discoveries. This is a tangible 

legacy for NASA, but many people have hoped for something more. 

 NASA’s forte is its superb engineers, and its expertise is building reliable 

space hardware. Only NASA has experience ensuring a seamless interface be-

tween space technology, people, and the environment. Historically, attempts 

at keeping the astronaut’s environment as normal as possible has caused a lag 

in human space biology research. The logic of trying to maintain normalcy 

aboard a spacecraft fails because the astronaut’s environment is not normal, 

thanks to microgravity (or partial gravity on the Moon), radiation confi ne-

ment, and perpetual twilight. These factors have broad implications, but un-

derstanding them will require longitudinal human studies in space. 

 Microgravity has stumped science and medicine since it was recognized 

the 1950s, and some engineers want to solve the problem by making it disap-

pear: using “artifi cial gravity,” for example, with rotating spacecraft or per-

sonal centrifuges. But enormous spinning tops are hard to control, and on 

the Moon, it may be that partial gravity can stress bone and muscle enough 

to protect them from osteoporosis and atrophy, respectively. We also have a 

lot to learn about cosmic radiation, especially about physical and biological 

shielding beyond the Van Allen belts (Cucinotta et al. 2002). 

 The strategy of establishing orbiting stations that are easily supplied from 

Earth was the selling point of the ISS, and it holds for any future Moon ex-

pedition, as well. We will learn to use indigenous lunar resources while still 

being close enough to receive some support from Earth. Proximity to Earth 

reduces the consequences of making mistakes, which won’t be the case when 

landing on a hurtling asteroid or on distant Mars. 

 ROBOT DAYS 

 As a rule, NASA’s planetary sciences and robotic exploration programs exem-

plify how space research should be conducted by expert investigators. Robotic 

hardware costs a tenth of what manned hardware does, and it can yield truly 

spectacular planetary data leading to a better understanding of the origins of 

our Solar System and life on our planet. In the 1990s, this fact heightened 

the “man-in-space” problem, as America drifted away from the paradigm of 
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the astronaut in the white suit and toward robotic hardware (Lawler 2002). 

Infl uential physical scientists argued for a strictly robotic paradigm because 

electronics and optics are cheaper and can reach farther than human explo-

ration. The American Physical Society’s rebuke of Moon-Mars pointed to 

the successes of probes such as the Mars rovers and the NASA-ESA  Cassini-

Huygens  Saturn mission (APS 2004). The point is indisputable, but it is also 

not fair to compare apples and oranges. Both robotic and manned space ex-

ploration have their place. 

 The Mars rovers  Spirit  and  Opportunity  landed on the Red Planet in Janu-

ary 2004 and have returned to us reams of photographic and geochemical 

data about Mars.  Cassini-Huygens  completed a near-perfect seven-year mis-

sion to Saturn, collecting gigabytes of data about the planet, its rings, and its 

moons, especially Titan. In January 2005,  Huygens  set down on Titan, broad-

casting data to Earth during its descent and for two hours on the surface. 

 These robotic missions far eclipse our meager human spacefl ight capabili-

ties, but robots have their limitations too, and failures are common. Probes 

are sent throughout the Solar System, even to asteroids and comets, but each 

is directed principally to one or two targets. Instrumentation and sampling 

sites are prearranged, and routes and routines are not easily changed across 

the vast expanses of space. A radio signal from Earth to Pluto, for instance, 

takes four hours to travel each way. 

 Robotic missions are successful when a probe hits the target and returns 

some data. For planetary objects, this involves a miniscule area, because 

the planets and their “little” moons are actually huge. Although consider-

ably smaller than the Earth, since it lacks oceans, Mars has roughly the same 

amount of land area as our planet, and the largest asteroid, Ceres, has more 

land than Texas and Alaska combined. Clearly, astrophysical jargon like 

“tiny” and “close” is based on a different frame of reference than that of the 

traditional explorer. 

 The multiyear performance of the Mars rovers, which had been designed 

for ninety-day missions, is amazing and bears out the value of probes for 

planetary exploration.  Spirit  retired in May 2011 after a 4.8-mile trip, and 

 Opportunity  reached the rim of the Endeavor crater some thirteen miles from 

its landing site, remaining active into 2012. In their fi rst year of operation, 

however, the rovers crawled about one hundred meters a day, which an as-

tronaut on foot could cover in about two minutes. They confi rmed a his-

tory of surface water but found no evidence of life. In the fi rst Martian year 

(687 Earth days), the rovers traversed a golf-cart-wide path for about seven 

C6029.indb   19C6029.indb   19 10/12/12   9:41 AM10/12/12   9:41 AM



HINDS IGHT AND FORES IGHT

20

miles. This is like crawling forward on your hands and knees for two years in 

order to understand the whole of the Earth’s geology. It makes sense if you’ve 

never seen dirt before and if the region is of particular interest, but for the 

Red Planet, this claim has worn a bit thin. 

 Remote sensor technology is improving at a phenomenal rate, yet ev-

ery probe built and launched from Earth is obsolete by the time it arrives 

at its destination. This obsolescence refl ects Moore’s Law, which originally 

held that the number of transistors that can be placed in an integrated cir-

cuit doubles about every eighteen months. Figuratively speaking, electronics 

moves even faster than robotic spacecraft. As long as Moore’s Law is in play, 

the obsolescence factor is overcome only by spacecraft velocity. Moreover, 

the complex instruments needed for these measurements are susceptible to 

failure as they drift for years through space. A one-way trip is the norm, and 

samples are rarely returned to Earth for study. 

 Case in point is the  New Horizons  spacecraft, the fi rst mission to Pluto and 

the Kuiper Belt, which launched on January 19, 2006, on a ten-year, three-

billion-mile mission to the outer Solar System. The Kuiper Belt, a distant 

region of ancient, icy bodies, is a fascinating and variegated feature of our 

Solar System. There are other Kuiper objects the size of Pluto—as well as the 

Kuiper Cliff, an area cleared out by some mysterious large object, perhaps the 

elusive Planet X, the Sasquatch of the Solar System. When  New Horizons  was 

launched, Pluto was defi ned as a planet, one with three moons; now it is con-

sidered a “dwarf planet” with at least four companions. Pluto lovers can take 

solace in the word  plutoed —meaning “demoted”—the American Dialect So-

ciety’s 2006 word of the year. But notwithstanding its newly plutoed status, 

Pluto; its barycentric companion Charon; two other tiny moons, Hydra and 

Nix, discovered with the Hubble (Schilling 2006); and the recently discov-

ered P4 are interesting for many more reasons than when the mission began. 

  New Horizons  is the size of a piano and weighs half a ton. So far from the 

Sun, solar power is not possible, and the spacecraft, like  Cassini-Huygens , is 

powered by a radioisotope thermoelectric generator (RTG). The RTG con-

tains plutonium, which its discoverer Glenn Seaborg named after the then 

ninth planet. The RTG contains roughly eleven kilograms  (24 pounds) of 

plutonium dioxide packaged as ceramic pellets that generate heat from the 

isotope’s radioactive decay. This heat is converted to electricity by solid-state 

thermocouples, initially providing about 240 watts of power. Over a de-

cade, this falls to about 200 watts, roughly the same amount as a handheld 

hairdryer. 
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 In 1821, a reliable apparatus to convert heat into electricity, the thermo-

couple, was invented by Johann Seebeck, who connected dissimilar metals 

at different temperatures to each other. Thermocouples, having no moving 

parts, are ideal for use in space. In the RTG, the heat is generated by radioac-

tive decay, so the isotope’s half-life is important; for instance, the plutonium 

on  New Horizons , though expensive, has a half-life of eighty-seven years. 

Available cheaper isotopes have half-lives that are too short for a ten-year 

mission. Construction and use of an RTG always triggers the concern and 

wrath of antinuclear groups, even though the Department of Energy had cal-

culated the probability of  any  plutonium being released by a launch failure 

at one chance in 350. Compared with the actual catastrophic failure rate of 

the shuttle (fi ve times higher), the risk of launching twenty-four pounds of 

plutonium into space to learn about the edge of the Solar System is negligible. 

  New Horizons  was the fastest probe ever fl own, whizzing past the Moon 

in nine hours, a three-day trip for Apollo astronauts. In early 2007, it fl ew to 

within 1.4 million miles of Jupiter, sending back photographs and data.  New 

Horizons  passed through Jupiter’s powerful magnetosphere and found huge 

plasmoids, enriched in oxygen and sulfur, pulsing far down the magnetotail 

from the moon Io (Krupps 2007, McComas 2007). Jupiter’s mighty gravita-

tional fi eld then hurled the craft toward Pluto at fi fty thousand miles an hour, 

shortening the mission by three years. 

 In 2015,  New Horizons  will fl y to within six thousand miles (9,600 kilome-

ters) of Pluto and take photographs, record spectra, and collect physical data 

on the dwarf planet. For fi ve months, it will have a clearer view of Pluto than 

the Hubble Telescope does. In 2006 dollars, the total cost of the mission was 

a mere $650 million. This is cheap for a potentially big payoff. 

  New Horizons  says two things about human spacefl ight. First, failsafe 

power is critical in space, and second, low velocity and interplanetary dis-

tance makes sending people unworkable. The longest anyone has spent in 

orbit is fourteen months, and no one could live in deep space for ten years 

on old technology. Until we invent high-speed interplanetary propulsion, the 

huge outer Solar System is beyond the reach of human exploration. A life in 

the great voids between planets is not for terrestrial humans, but  New Ho-

rizons  technology could make Earth–Moon journeys as convenient as a trip 

from Chicago to Tokyo on a jetliner. 

 Time and distance are part of the ebb and fl ow of the history of explora-

tion. It takes time to collect the knowledge and experience needed to cross 

any frontier. In space, time has a dual role—the  lead  or  learning time  and 
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the  proper timing . Lead time and proper timing together determine when the 

progress actually occurs, as transportation and life-support technology are 

interleaved. In other words, the frontier settles out at a point determined by 

the balance between technological capability and travel time. 

 New technology is expensive, and only market demand and “fi ddling 

time” brings the cost down. The Moon is in low in demand, and lunar mis-

sions need a long fi ddling time. A moonbase will come later and be more 

expensive than most people realize, but a moonbase is the necessary step 

before a Mars base, and Mars is a necessary step before we reach the outer 

Solar System. Only then can we begin to think about nearby stars. 

 The huge distances of our Solar System are shown by the scale of the or-

bits of the eight planets. The inner system, including the Asteroid Belt, is 

only one-sixth the size of the outer system between Jupiter and Neptune, 

and the Kuiper Belt is larger still. Exploration of the outer system must rely 

on probes until fast propulsion, shielding, surplus power, and foolproof life 

support are in place. In theory, power, oxygen, and water can be generated 

from elemental hydrogen by fusion—“star” technology. This is certainly the 

future, but right now it remains the future: the world’s state-of-the-art To-

komak fusion research reactor won’t reach the power breakeven point until 

2020 at the earliest. 

 SO FEW PLAUSIBLE OPTIONS 

 Our greatest experience in space has come from the extravehicular activity 

(EVA) needed to assemble the ISS. People built an infrastructure actually to 

live there. The ISS is proof-of-concept for a lunar base that would allow us 

to learn to live outside the protective Van Allen belts. The pursuit of inter-

national collaboration, cost sharing, and commercialization of the Moon has 

become hackneyed, but nothing else is sustainable. The Moon is the only 

platform large enough and close enough to build a community in space. 

 In the original Moon-Mars proposal, Project Constellation would have 

chewed up the original $104 billion, plus another $2 or $3 billion a year, and 

still not gotten us back to the Moon by 2020 (Shiga 2009). Washington gut-

ted it, leaving only the Orion capsule, which can be adapted to various mis-

sions, including a future Mars Transit Vehicle. A  3.9  - billion-dollar contract 

was awarded to Lockheed-Martin in 2006 to build the Orion. 
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 Constellation needed two new rockets, the Ares I and Ares V, named so 

because of Ares’ association with Mars, and new iterations of those launchers 

may have taken us there (NASA 2007). The Ares V would have launched the 

lunar  Altair  lander (or Lunar Surface Access Module, LSAM) and an Earth 

Departure Stage (EDS) similar to the old Apollo system but reusable and 

2.5 times larger.  Altair  and EDS would have docked with the Orion astro-

nauts for the Moon trip. This system was oriented around existing NASA en-

gine technology, but cost and feasibility drew fi re from dissenters who cham-

pioned the military’s traditional Atlas V system. The criticism had merit, and 

the frightening cost overruns made Constellation a Washington tar-baby. 

When the project was cancelled in 2011, NASA turned to the Russians for 

space transportation. 

 According to NASA, the Space Launch System (SLS), built at the Marshall 

Spacefl ight Center, is a new type of heavy-lift capability for human explora-

tion. It will also back up commercial and international transportation to the 

ISS. This is NASA’s fi rst go at developing a fl exible, evolvable system designed 

to support either crew or cargo missions and be safe, affordable, and sustain-

able. The SLS uses liquid hydrogen /liquid oxygen fuel and existing Space 

Shuttle main engines, along with solid-fuel boosters for main propulsion. It 

will lift seventy metric tons (roughly 154,000 pounds) into orbit,  including a 

crew vehicle (the Multi-Purpose Crew Vehicle, or MPCV) based on the Orion 

design. As the SLS evolves, the lower-stage solid boosters can be modernized 

and the upper stage adapted for a new rocket engine, the J-2X, to increase 

its lift capability to 130 metric tons. This would exceed the capability of the 

Saturn V that carried Apollo astronauts to the Moon. 

 The list of workable destinations in the twenty-fi rst century for this new 

system is short. The possibilities, costs aside, were spelled out in 2011 by 

NASA’s Human Space Exploration Framework Team (HEFT) as LEO (low 

Earth orbit), HEO (high Earth orbit), and NEO (near-Earth objects such as 

asteroids), but with little prioritization. They also emphasized near-lunar 

space (Lagrange points L1 or L2 or lunar orbit) and the lunar surface before 

attempts at the moons or surface of Mars. The destinations are illustrated in 

fi gure 1.1. 

 It is safe to say that the organization of this book reveals my own pre-

dilections. Apart from the ISS, logic points to near-lunar space (near L2) 

and the Moon. The Moon is the only place for testing infrastructure crucial 

for habitats, radiation protection, and indigenous-resource utilization. It has 
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one-sixth of Earth’s gravity, it is a prime location for astrophysics and to ac-

cess the cryogenic near vacuum of space, and it is a goldmine of primordial 

geochemistry. Astronomers, already famous for putting their telescopes in 

inaccessible places, require little imagination for lunar-based astronomy. An 

ongoing lunar exploration program is critical to biophysical and planetary 

research and vice versa (Piantadosi 2006). 

 Misgivings about an NEO mission are prevalent, mainly because of the 

superabundance of nearby objects, our escalating robotic capabilities, and 

the overwhelming need for  surface technologies , as we will see throughout this 

book. That epic visit to Mars will depend on these same technologies as well 

as on a substantial remote lift capacity. We are primed for the challenges, but 

a Mars mission simmers technologically, fi scally, and politically on the back 

burner for now. 

L1
L3 L2

L4

L5

LEO HEO

NEO

Earth
Sun

L1
L3 L2

L4

L5

LEO HEO

NEO
Mars

Earth
Sun

  FIGURE 1.1.    FEASIBLE DESTINATIONS FOR HUMAN SPACEFLIGHT IN THE TWENTY-FIRST 
CENTURY. 
 The diagram illustrates the solar orbits of the Earth-Moon (right) and Mars (left) systems. L 1  
through L 5  are the Lagrange points in the Earth-Moon-Sun system, where the gravitational pull of 
two large masses (the Sun and the Earth-Moon) cancels out centripetal acceleration, enabling a 
third smaller mass to orbit at a constant distance from them (Earth-Moon Lagrange points are not 
shown). L 1  is home to the  Solar and Heliospheric Observatory  ( SOHO ) and other observatories, 
and L 2  is the destination for the James Webb Space Telescope, 1.5 million km (932,000 miles) 
from Earth. L 1  and L 2  may be used for future manned space observatories and supply depots. 
Other destinations are low Earth orbit (LEO), high Earth orbit (HEO), near Earth objects (NEO), 
lunar orbit, the Moon, the Martian moons, and Mars. 
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 2 .  A  S PA C E  L E X I C O N 

 The space lexicon is famous for acronyms and buzzwords; some 
are quite useful, but others are peculiar or even confusing. As far as I can tell, 

the curious nonspecialist needs a simple working vocabulary that can handle 

three things: an idea of destinations and distances, a nomenclature for the 

technological and biological aspects of spacefl ight, and a framework for the 

approaches that can limit risk and prevent damage to people who are plan-

ning to travel such distances. 

 Ours is the only habitable planet in our Solar System, so in space, we will 

be stuck living inside cocoons or   artifi cial   space  habitats . We have learned 

to do this in the fringes of our upper atmosphere, in  low Earth orbit  (LEO). 

However, the ISS, which is roughly like living in a military cargo plane or a 

jetliner on a perpetual around-the-globe trip, represents the bare minimum 

in terms of habitat. We can see our next steps, which are limited to a couple 

of Lagrange points, the Moon, and some asteroids, with Mars further on 

down the list. One day we might visit a few moons in the outer Solar System 

or perhaps an  exoplanet  around a nearby star. But fi rst, we must have habitats 

that, like our homes, are comfortable, effi cient, safe, and durable. 

C6029.indb   25C6029.indb   25 10/12/12   9:41 AM10/12/12   9:41 AM



HINDS IGHT AND FORES IGHT

26

 Habitat development is a priority at NASA. When the crew arrives at its 

destination, they want to work and explore, not worry about their living 

space. Many experts fi nd this a compelling reason to focus on the Moon and 

not an asteroid or Mars. The strategy of establishing habitats in advance of 

the inhabitants is also the prevailing opinion because it reduces the risk of 

catastrophic double failures. All missions have defi ned periods of risk, such 

as the launch, docking, and landing, and NASA requires human spacefl ight 

systems “be designed so that no two human errors during operation or in-

fl ight maintenance or a combination of one human error and one failure 

shall result in permanent disability or loss of life” (NASA 2003). 

 The ISS taught us that construction in space is challenging, analogous in 

some respects to assembling a submarine while underwater. Common sense 

dictates that submarines be built at the dock and then launched, so why can’t 

the same hold true for spacecraft? Unfortunately, our planet is so massive that 

launching a submarine-sized spacecraft into orbit is beyond the capability of 

chemical rockets. Space offers no choice but to assemble large structures on 

site from prefabricated modules. The mass of each ISS module is substantial, 

and a heavy lift capacity is required for getting them off of Earth, but once in 

orbit, the components are essentially weightless and fairly easy to maneuver. 

 Advanced, lightweight habitat designs, including infl atables, are also being 

developed, and these could be deployed and assembled robotically in space 

or on the Moon. Such habitats are appealing because people do not have to 

be present to install them. The process would be the same whether the base is 

on the Moon or on Mars, but the steps are more expensive and complicated 

for the latter mainly because Mars is a thousand times farther away. The idea 

of a moonbase has had its detractors because even with the best technology, 

it won’t be like home. Innovations in space transportation should allow us to 

go back and forth from Earth to Moon as we learn to live there and to cope 

with the naked cosmos. The moonbase can be supported from Earth as we 

learn to exploit lunar resources, and it will act as a bridge to Mars. 

 Space is harder to explore than other extreme environments, including the 

seabed, because of the unique engineering challenges it poses. Habitat design 

crosses disciplines, and habitat durability exemplifi es the difference between 

 getting there  and  staying there . This distinction will become increasingly im-

portant, and here I will focus mainly on the problems of staying there. 

 The fi ve key problems are not the typical medical aspects of human space-

fl ight one reads about in textbooks. Those problems include motion sickness, 
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  FIGURE 2.1.    THE TYPICAL PHYSIOLOGICAL PROBLEMS OF HUMAN SPACEFLIGHT IN 
MICROGRAVITY AND THEIR USUAL TIME COURSES. 
 Over a period of one year, the most important problems are radiation exposure and loss of bone 
and muscle mass. 

salt and water balance, anemia, radiation effects, and loss of bone and muscle. 

A graph of how these problems develop over one year in space is shown in 

fi gure 2.1. Of these, I will emphasize radiation and the effects of microgravity 

on bone and muscle as well as three additional problems: life support, water, 

and food. 

 First of all, however, staying anywhere requires energy. On Earth, our en-

ergy comes from a star, the Sun. In space, having a power source is just as 

important, and the Sun again fi lls this role nicely for the inner Solar System, 

but eventually, as we go farther out, it will become too dim to support us. As 

distance from the Sun increases, the density of energy and other resources 

diminishes, requiring conservation and reutilization. 

 On Earth, organisms settle into niches by evolving into their ecosystems. 

These ecosystems are fi nely tuned, and our ability to disrupt them on a 

global scale is familiar to us all. We may have put ourselves, the inhabitants 

of “Spaceship Earth,” in a precarious position for disturbing nature, but the 

idea that we can expand our civilization and increase our population by us-

ing the resources of the rest of the Solar System is naïve (Boulding 1966). 

This brings us to our fi rst problem. You may have wondered how natural 
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ecosystems settle into quasi-steady states and act “just right.” We simply 

don’t know, and experiments with closed ecosystems on Earth, such as Bio-

sphere 2, have been unsuccessful. 

 Reliable  life-support systems  supply a clean, breathable atmosphere of an 

appropriate composition and temperature. These systems really consist of 

multiple subsystems, integrated,  backed up, and operating continually. Some 

engineers refer to this as “mature technology,” which is true for low Earth 

orbit, because   the life-support systems are supported from Earth. It is an al-

together different matter to support such technology on the Moon and even 

more diffi cult on Mars, where you cannot call your NASA HVAC man to ride 

up on the next  Soyuz  to fi x things. 

 Fundamentally, life-support systems are  nonregenerative  (open) or  regen-

erative  (closed). In regenerative systems, energy is spent to recycle used re-

sources into some new resources, saving on resupply costs. Ordinarily, it is 

less expensive to repair your old car than to buy a new one. A closed system 

reuses everything by constantly recycling resources, using energy but no new 

stock and leaving no permanent waste. Perfectly closed systems are not allow-

able in thermodynamics, and shipments of cargo or harvesting of resources 

will be required to replace the resources that are irrevocably lost. NASA calls 

the latter  in situ resource utilization , or   ISRU, which we’ll examine later with 

respect to oxygen and water. 

 Second, water and food are essential, and they are coupled to the removal 

of waste and the recycling of resources. These processes will eventually be 

integrated with atmosphere control into a controlled ecological life-support 

system. In essence, this would replicate the life cycle of the Earth and is the 

Holy Grail of space exploration. 

 Next is cosmic radiation, which requires monitoring and shielding, and 

then microgravity, which is tolerable for a short while but soon spells trou-

ble for bone and muscle. Here, the optimal physical and pharmacological 

countermeasures must be defi ned. Finally, our long-term fi tness for space is 

unknown because there are subtle issues with hormones, bone marrow, the 

immune system, and biological rhythms, as we will see in later chapters. 

 THE THIN BLUE LINE 

 Our atmosphere is much more than a breathable blanket of air; it, along 

with our magnetic fi eld and our oceans, is our protection against solar and 
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cosmic radiation. An  atmosphere  is any envelope of gas surrounding a planet 

or contained within an artifi cial environment such as a pressurized airliner, 

submarine, or spacecraft. Science fi ction writers often pretend that we can 

be moved like tropical fi sh in a plastic bag of water from one aquarium to 

another, but it’s more complicated than that: we have tight constraints for 

barometric pressure, temperature, oxygen, carbon dioxide, and pollution. A 

clean, breathable atmosphere at the right pressure—a stable bubble—is re-

quired of every manned spacecraft. 

 The Earth’s atmosphere, the thin blue line as viewed from space, is the 

column of air of uniform composition bound to the planet by gravity. It 

is densest at sea level and gets thinner, or more rarifi ed, with altitude. The 

mass of the entire air column exerts a pressure at sea level of 14.7 pounds per 

square inch (psi), 760 mm Hg, or 1,013 millibars (mbar). 

 Our atmosphere is many miles thick, and it is divided into fi ve layers with 

different thermal characteristics. However, we can live unaided only at the 

bottom half of the bottom layer, the  troposphere , which is about 30,000 feet 

(9,000 m) thick at the poles and 56,000 feet (16,800 m) thick at the equa-

tor. In fact, half of the mass of the entire atmosphere is found in the fi rst 

18,000 feet (5,400 m) from sea level up. 

 The mixture of atmospheric gases called  air  contains approximately 20.9% 

O 2 , 78% nitrogen (N 2 ), 0.9% argon (Ar), 0.04% carbon dioxide (CO 2 ), vari-

able amounts of water vapor, and traces of many other gases. These standard 

defi nitions of atmosphere and air are used throughout the book. A “standard 

atmosphere” is defi ned by an idealized profi le of a steady-state atmosphere at 

moderate solar activity encompassing a group of physical parameters includ-

ing gas temperature, pressure, density, and viscosity (Johnson 2002). 

 Artifi cial atmospheres may or may not contain the precise proportions 

of gases that constitute air, but if we are to breathe them, they must contain 

O 2 . Closed atmospheres are prone to trace contaminants, some of which can 

damage the lungs. On Earth, natural processes, including atmospheric chem-

istry and precipitation, help clear pollutants from the air, especially soluble 

gases and airborne particulates. Solar and cosmic radiation also help rid the 

air of contaminants, but few, if any, pollutants dissipate into space. 

 The importance of our atmosphere is immediately apparent to anyone 

who fl ies on a commercial jetliner. As you peer out the cabin window into 

thin air, the ear popping and changing temperature are little reminders that 

outside pressure is changing but that the cabin is keeping you safe from 

the dangers of high altitude. A spacecraft cabin is the same, but with no 
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 appreciable atmosphere outside. Other forces, such as acceleration, tempera-

ture, radiation, and microgravity, also factor into spacecraft environments 

and affect the range of   tolerance. 

 Our ability to tolerate such stresses varies, and not because of physics, which 

is set quantitatively, but because individuals respond differently to physical 

stress. These differences refl ect our physiological abilities to adapt and lead to 

differences in  tolerance  in people in the same environment. For example, only 

one in four climbers who set out for the summit of Mt.  Everest reach it, even 

with the correct motivation, fi tness, climbing experience, and acclimatization. 

It is simply too far beyond the tolerance limits of some people. 

 The importance of adaptation is seen by comparing the aircraft and Ever-

est examples above. A normal pretzel-eating business-class passenger would 

pass out in two minutes if cabin pressure is lost at 29,000 feet, while certain 

Sherpa can ascend Everest without supplemental O 2 . This variability engen-

ders various opinions and some disagreement among physiologists about 

how long an individual can tolerate being close to such physical limits. To 

understand these differences, we need the science of  limit physiology . 

 THE SCIENCE OF LIMITS 

 Survival limits are part of a specialized fi eld of medicine called  biomedicine —

the study of the  human body and survival in physically stressful environments 

and within protective alterations to that environment.  Biomedicine tells us how 

we perform under stressful conditions. All medical research is essentially bio-

medical, but I will limit my discussion to processes that maintain biological 

stability, or  homeostasis , as our surroundings change. This defi nition sets en-

vironmental medicine apart from disease ( pathology ). Sharp lines between en-

vironment and disease are diffi cult to draw, but often the distinction is moot. 

 For instance, when you are cold, you shiver, and the blood vessels in your 

skin constrict. But the cold also promotes coagulation and predisposes to the 

formation of blood clots, which increase the risk of stroke and heart attack, 

especially in older people. In other words, suffi ciently intense or prolonged 

physical stresses can cause disease. Moreover, specifi c environmental factors 

may permanently alter one’s risk for diseases like cancer and asthma. 

 Biomedical research is also not restricted to people but includes our evo-

lutionary co-players, especially microbes. It is easy to see that microbes might 

become less important to us in space, but we have coexisted for so long that 
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we may not be easily separable. Another staple is plants, which perform oxy-

genic photosynthesis and provide nutrients. Yet even with synthetic nutri-

tional substitutes, no one knows for sure how we would fare without plants. 

Special consideration thus attends microbes and plants in long-term human 

activities in space. 

 The term  stressful  also has a physiological defi nition. It is used to describe 

any environment that places an excessive demand on homeostasis. This is 

easy to grasp in extreme conditions but hard if the environment seems nor-

mal. As long as you feel well, crossing the line can be hard to tell. For in-

stance, it is not particularly stressful to walk through the arid desert during 

the early morning or even continue into the heat of the day, if you have a hat 

and water. However, within a few hours of draining your canteen, the desert 

becomes quite stressful. On the other hand, some unhealthy environments 

never seem stressful because there are no imminent effects, for example, in 

an overpopulated, polluted, drug-ridden metropolis. 

 Stressful environments by defi nition affect our physiology— our bodies 

respond physiologically to avoid putting life and limb at risk. If it is too hot, 

we sweat; too dry, we concentrate the urine; too cold, blood vessels constrict 

in the skin; and too high, our breathing increases (hyperventilation). These 

responses protect what the nineteenth-century French scientist Claude Ber-

nard called the  milieu interieur  and the American physiologist Walter Can-

non termed  homeostasis  (Cannon 1932). These responses protect us in two 

ways: the immediate physiological changes reduce stress on our system, and 

we can sense those changes and choose to change our behavior to avoid or 

further diminish those stresses. 

 A change in environment that invokes a response that subsides after the 

end of the exposure is called a  stressor  or  adaptagent . When the stressor ex-

ceeds some threshold, the response is a  strain . A constant strain may initi-

ate  compensation , which may allow a gradual decrease in the intensity of the 

body’s responses. This  tolerance or habituation  is   a hallmark of  adaptation . 

In other words, a prolonged but tolerable strain leads to  acclimation  or  ac-

climatization , which are reversible adaptations (Fregly 1996). The inability to 

compensate means that the stress is over the  limit  and that homeostasis will 

be lost. This reduces  survival time . The famous “fi ght-or-fl ight” response is 

an acute frontline defense that includes the release of adrenaline and other 

hormones that increase blood pressure and heart rate. Although  energizing, 

it can only be used temporarily, for escape, and cellular compensation must 

come into play to avoid injury or death. 
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 These principles are all nicely illustrated by our responses to high altitude. 

As the altitude increases, the air becomes thinner as the barometric pressure 

(P b ) falls, but the percentage of O 2  in the air (the fractional O 2  concentration) 

remains constant at 20.9%. That is, the total number of O 2  molecules in any 

volume of air decreases with P b . This air has a low O 2  content, a problem 

called hypoxia. 

 At about the altitude of Denver (5,280 feet), hypoxia causes us to breathe 

more deeply and rapidly, or  hyperventilate . This keeps the O 2  content in our 

lungs up by lowering the level of CO 2 . The reciprocity between the pressures 

of O 2  and CO 2  in the lung is an effect of Dalton’s law of partial pressure—each 

gas in a mixture of gases (like air) exerts a partial pressure, and the sum of the 

pressures is the total pressure. As we go higher, the lungs receive less O 2 , so 

we breathe harder to lower the lung’s CO 2  level to make room for more O 2 . 

 High altitudes are also cold, which invokes other responses to avoid  hy-

pothermia . The skin’s blood vessels constrict to reduce heat loss, and our 

muscles shiver to generate extra heat. Shivering utilizes more O 2  and causes 

a further increase in ventilation. High altitude thus stimulates breathing by 

two mechanisms, hypoxia and cold. This exemplifi es the fact that stressful 

environments often contain more than one stressor. 

 If the body responds immediately, the response is an  accommodation , while 

a slower response, for example over days, is an  adaptation . If one stressor is 

involved, the body  acclimates , and if multiple stressors are involved, it  accli-

matizes . All adaptations have intrinsic rates, and the intensity, duration, and 

sequence of responses depend on the intensity of the stimulus, the body’s 

defensive hierarchy, and the physical reserves. 

 Once a stress is removed, adaptive responses also dissipate at different 

rates. The reversal is usually complete, and unless an injury has been incurred, 

things return to normal. This reversibility also usually pertains to structures, 

such as the increased number of circulating red blood cells at high altitude 

or salt conservation in the heat. These principles of biological adaptation are 

not unique to us; they are shared throughout the vertebrate animal kingdom. 

 The stress responses depicted so far are transient and reversible, but per-

manent genetic adaptations also occur. These affect the lives of individuals, 

but they will affect community survival only if reproductive fi tness is altered. 

Humans have managed to adapt in many extreme environments, but high al-

titude is perhaps the most diffi cult. Altitude is also an evolutionary challenge 

because, among other things, hypoxia impairs the ability of a mother to carry 
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a fetus to term. This biology is fascinating in its own right, but it also teaches 

an important lesson about what might happen genetically to people in space. 

 GENES AND ADAPTATION 

 The highest human homes are at elevations above 4,000 meters (13,333 feet) 

on the high plateaus of the Himalayas and the Andes. The Tibetan plateau ap-

pears to have been settled about 24,000 years ago, and the Andean Altiplano 

about 11,000 years ago. These two groups of people both live where the air 

has only 60 percent of the O 2  at sea level, but they have followed different 

biological paths to life at high altitude. 

 The Tibetans have normal concentrations of the major O 2 -carrying pro-

tein, hemoglobin, in their blood, while the Andeans have high hemoglobin 

levels, similar to lowlanders who acclimatize to high altitude. The indigenous 

women of both populations bear children at elevations above 12,000 feet de-

spite the combined physiological stresses of pregnancy and hypoxia. There 

are, however, several problems. 

 Andean mothers develop the prenatal syndrome of preeclampsia more 

often than do lowland mothers, and the fetus develops more slowly because 

of the growth-inhibiting effects of hypoxia. Infant birth weights are generally 

about one-tenth below normal for gestational age, but they are higher for 

infants of native Andean mothers than mothers of European descent who 

live at the same high altitudes. Native Andean mothers have adapted mainly 

through the ability to increase the blood supply to the placenta. 

 Tibetans do not get mountain sickness or show maladaptive increases in 

blood pressure in the right side of the heart or the pulmonary circulation at 

high altitudes. During exercise, their muscles take up the same amount of O 2  

as do those of people who live at sea level. This means Tibetans have found 

a unique way of overcoming hypoxia, the major limitation of the high life. 

 A few years ago, a team of anthropologists from Case Western Reserve 

University found that Tibetans compensate for low O 2  levels by doubling the 

rate of blood fl ow to the forearm muscles (Beall 2010). Presumably, this re-

sponse also refl ects the conditions in the major internal organs. The team 

found that Tibetans, compared with residents at sea level, had tenfold higher 

nitric oxide (NO) levels in their blood. Nitric oxide is a natural dilator of 

blood vessels and allows more blood to be delivered to the tissue capillaries. 
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 This large amount of NO seems to have no ill effects, and the Tibetans are 

physiologically normal. However, it is not clear how they arrived at this state 

or whether it would eventually develop in lowlanders who permanently mi-

grated to high altitude. Asked to comment, my innovative colleague Jonathan 

Stamler said it best: “These remarkable data in Tibetans provide a beautiful 

demonstration of how Nature has evidently exploited nitric oxide to offset 

the effects of high altitude.” 

 Genetic studies have also determined that Tibetans have actually lived 

at high altitude long enough to show heritable changes. Only a handful of 

the twenty-fi ve thousand human genes seem to have played a role in their 

 adaptation, but the exact nature of the adaptation biochemically and physi-

ologically has remained elusive. There are a few rather remarkable obser -

vations. 

 The fi rst was the fi nding of a gene for which the inheritance of only one 

of its alleles is suffi cient to confer a higher O 2  affi nity to the hemoglobin of 

children of mothers whose families have lived at high altitude for many gen-

erations. Genes are made up of two alternative alleles carrying essentially the 

same information and occupying the same position in homologous chromo-

somes: one from each parent. The allele of interest helps the red blood cell 

take up O 2  as it pass through the lungs, and it offers a survival advantage to 

children who inherit it. 

 Another study found a genetic variant in Tibetans that seems to help them 

live comfortably at high altitude without having to increase the blood hemo-

globin content (Xi et al. 2010). This variant is a point mutation, or SNP, in a 

gene called  EPAS1 . SNP is an acronym for single nucleotide polymorphism, 

the substitution of a single DNA base in the genetic code, and SNPs can sig-

nifi cantly alter the function of the protein encoded for by the gene.  EPAS1  

encodes a transcription factor, a protein that promotes the expression of one 

or more other genes. The EPAS1 transcription factor regulates genes that are 

involved mainly in the response to changes in the amount of O 2  available to 

the body. 

 This genetic fi nding created an intriguing puzzle for physiologists. Almost 

90 percent of high-altitude Tibetan people carry the  EPAS1  SNP, but it is 

found in only 9 percent of the closely related Han Chinese, who live near 

sea level. Yet the two groups show no differences in blood hemoglobin or O 2  

carriage. The investigators who discovered this phenomenon speculated that 

carriers of the “Tibetan allele” have an unusual way of maintaining the level 
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of O 2  in tissues at high altitude without needing to increase the hemoglobin 

levels. 

 EPAS1 is a hypoxia-inducible factor, or HIF, a protein made in respond 

to hypoxia. HIF proteins regulate the expression of genes for glucose break-

down, hemoglobin production, and the density of small blood vessels and 

capillaries in the tissues, and their levels in the cell nucleus increase during 

persistent hypoxia. EPAS1 is found mainly in the endothelial cells lining the 

inside of blood vessels in the heart, lungs, and placenta and is implicated in 

the growth and development of new blood vessels. This implies that Tibetans 

have an adaptation that increases the blood supply to tissues that rely most 

heavily on O 2  and that EPAS1, through some unidentifi ed relationship to NO, 

introduces a change in the structure and/or function of blood vessels. 

 The Tibetans have also undergone the fastest evolutionary change ever 

chronicled in humans. According to statistical models, the difference in the 

prevalence of  EPAS1  between the Tibetans and the Han compared with a 

control population in Denmark is such that the two Asian groups seem to 

have diverged from each other only 2,750 years ago. This is quite rapid, yet 

the Tibetans had been living on the plateau for roughly one thousand genera-

tions before the  EPAS1  mutation emerged. 

 What are the implications of such natural selection for space travel? Per-

manent adaptations in space will occur only when people live there perma-

nently, so it is all but impossible to predict what will happen. This has not 

stopped people from speculating, of course, some thoughtfully and some 

wildly. I prefer the thoughtful approach, but there is a defi nite implication 

that given enough time, the capacity for human adaptation may be nearly 

inexhaustible, provided the leaps from one evolutionary lily pad to another 

are not too far apart. 

 Spacecraft environments, for obvious reasons, must remain under our 

control, but there may be enough wiggle room that you could reasonably 

expect spacefarers on a multigenerational voyage to arrive at a distant planet 

in a rather different biological state than their ancestors who left Earth. A 

gradual decrease in cabin O 2  concentration, for instance, might ultimately 

lead to a Tibetan-like resistance to hypoxia in the crew. This could be useful, 

because it would decrease the need for O 2  recycling on the ship. Of course, 

the Tibetans could decide that they already have an edge as space explorers 

and outcompete the Han for all the taikonaut slots! Similarly, over time, the 

resistance of the crew to cosmic radiation could be augmented. 

C6029.indb   35C6029.indb   35 10/12/12   9:41 AM10/12/12   9:41 AM



HINDS IGHT AND FORES IGHT

36

 Agents such as cosmic radiation and toxic chemicals can lead to adaptive 

or maladaptive (injury) responses. Composite responses may be confusing, 

and subsequent adaptations can be diffi cult to tell from maladaptive effects 

of injury or disease. Some physical changes, like genetic mutations, may be 

permanent but go undetected for years. The classical example is radiation 

exposure, which produces cancer-causing mutations as well as mutations in 

germ cells passed along to progeny. If these mutations become widely distrib-

uted and lead to decreases in fecundity, they are maladaptive. Other nonge-

netic, or  epigenetic  changes, to our traits are not transmitted in the genetic 

code given to your children but are instead temporary, transmissible chemi-

cal modifi cations to the nuclear proteins that help regulate gene expression. 

 Random mutations may profoundly affect small, isolated populations. 

Mutations have positive, negative, or neutral implications, where  positive  

means the mutation imparts a particular trait with a reproductive advantage. 

That trait might give an offspring a greater chance of surviving a fi rst winter 

or let it move into a less competitive niche. A long-term change in the en-

vironment may also allow a trait that originally had a survival advantage to 

be deselected at random. If neutral, the trait is not missed, but if the original 

stress is reintroduced, offspring who lack the trait may be in trouble. If loss 

of a trait becomes  fi xed  (absent in all individuals of reproductive age), rein-

troduction of the stress may have dire consequences. In a small population, 

the fi xation of such a trait may ultimately drive that population to extinction, 

a potential concern in space. 

 SOME ASTRONOMICAL CONCEPTS 

 Beyond Mars, distances are disproportionately high compared with space-

craft velocities, and as time in space increases, our biological problems get 

harder to solve. Earth to Jupiter is the equivalent of eight Earth–Mars trips. 

There may be a waypoint between Mars and Jupiter at Ceres, but Ceres is 

cold beyond belief. Saturn’s Titan is roughly twenty, Uranus forty, and Nep-

tune sixty Mars trips. A trip across the asteroid belt by conventional rocket 

is prohibitive: it takes too much fuel. Years of monotonous confi nement in 

twilight, weightlessness, and radiation exposure, punctuated by the threat 

of cosmic storms, meteorites, and atmosphere degradation, would wear you 

out. Even with advanced propulsion systems, such missions may be so ardu-
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ous that future astronauts would become the grim risk takers of science fi c-

tion who live fast and die young. 

 I have implied that  population ecology , especially for endangered popula-

tions, may one day apply in space. The biogeography of islands that formed 

the basis for the thinking of Darwin, Wallace, and other evolutionary pio-

neers may also predict our dispersal in space. This is illustrated nicely by an 

analogy with space travel, which will also provide the opportunity to intro-

duce painlessly some astrophysical terms into our discussion. 

 When large distances are encountered in this book, I have used astro-

nomical units (AU) inside the Solar System and light-years or parsecs outside 

the Solar System. One AU, traditionally set by the distance between the Sun 

and the Earth on its axis (~93,000,000 miles, or 149,598,000 km), is defi ned 

as the distance from the center of the Sun that gives a circular orbit an orbital 

period of one Gaussian year (365.2569 days). 

 The speed of light,  c , is 186,000 miles per second (~300,000 km /second). 

A light-year (Ly), the distance light travels in a year, is about six trillion miles. 

The Earth is eight light-minutes and Neptune four light-hours from the Sun. 

The Sun’s nearest neighbor star is 4.3 light-years away. 

 For distance, astronomers prefer the  parsec  (pc), shorthand for  parallax 

second , a trigonometric measurement of an object in the sky, like a star. This 

requires observing it from two spots a known distance apart, for instance 

when the Earth is at opposite sides of its orbit.  Parallax  is thus the apparent 

motion of a fi xed object because of a change in the observer’s position. 

 Stare for a few seconds at one spot on this page, close one eye, and then 

switch eyes. The page “jumps” horizontally relative to the background. This 

is parallax, and it is inversely proportional to distance. Closer objects have 

greater parallax than distant ones, and because the parallax of celestial objects 

is tiny, precise measurements are needed to estimate their distances from 

Earth. The parsec takes the 360 degrees of a circle and divides them into 

angular, or arc, measurements. Each degree is has sixty minutes, and each 

minute sixty seconds, or arc-seconds. One parallax-second is 1/3,600 of one 

degree of arc, and thus one parsec is 3.26 light-years, or 206,265 AU. 

 Distances in light-years are set by observations at different points in times; 

an object is fi xed at the location where it was when the light that we are 

seeing from it now left it (e.g., for the star Gl581, 20.4 years ago). The use 

of light-years is reasonable for nearby stars but less so for distant objects 

like other galaxies. Let’s plan a hypothetical trip to the “nearby” class M star 
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Gliese 581 (Gl581). This red dwarf is 20.4 light-years (6.26 parsecs) away in 

the constellation Libra (Udry 2007). If our ship travels at 1 percent of  c , the 

voyage would take 2,040 years, or about one hundred human generations. 

Red dwarfs are long-lived stars, and thus we expect the star to still be there 

when we show up. 

 Gl581 has a planetary system. Two of its planets—the so-called super-

Earths Gl581c and Gl581d—have attracted attention since their discovery 

(Udry 2007). Gl581c has a mass of about fi ve times the Earth—at the time of 

its discovery it was the most Earth-like of all exoplanets. Gl581c orbits its star 

every thirteen days, at a distance of 0.073 astronomical units, which is only 

6.8 million miles (10.9 million km). Given the luminosity of Gl581 (1.3 per-

cent of the Sun’s), the planet’s surface temperature is probably between −3 ° C 

and +40 ° C. This is within the habitable zone (HZ) of the star, meaning that 

liquid water may exist on the surface, but its true temperature will depend 

on the atmosphere and the strength of the greenhouse effect. Gl581d is more 

massive, 7.1 Earths, but orbits at a more comfortable 0.25 AU, with a period 

of 83.6 days, placing it at the outer edge of the HZ. The width of the HZ varies 

greatly among types of stars, as shown in fi gure 2.2. 

 There may be up to six planets circling Gl581, although the unconfi rmed 

Gl581g and Gl581f would also be closer than Mercury is to our Sun. All these 

planets are tidally locked— one side faces the star in perpetuity—and each 

has a cold and a hot hemisphere. And these high planetary masses mean a 
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  FIGURE 2.2.    THE THEORETICAL HABITABLE ZONE (HZ) OF A STAR. 
 The HZ has a temperature at which liquid water can exist on the surface of a planet. It is a function 
of stellar mass and distance from the star. The Sun and the inner planets of our Solar System are 
shown on the X-axis. The Earth is located at the intersection of the axes. The dots on the X-axis to 
the left of Earth are Mercury and Venus, and to right is Mars. The Y-axis key indicates the types of 
stars. Both axes are on a log scale. 
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greater gravity than we are used to, but let’s posit a breathable atmosphere for 

Gl581d, a smaller iron core, and a thick arctic mantle, making it less dense 

than Earth and giving it a surface gravity of 2  g . A 75 kg (165 lbs) astronaut 

would thus weigh 150 kg (330 lbs). 

 Suppose the voyage is made in weightlessness and that some of the crew 

carries a recessive gene for a disease called  dysautonomia , in which people 

with two copies (alleles) develop severe orthostatic hypotension. These peo-

ple faint from low blood pressure when they stand up (this is orthostatic 

hypotension). Carriers of one (heterozygotes) or two copies of the gene (ho-

mozygotes) would have no problem in zero gravity. They notice nothing; the 

trait is silent and undetectable without genetic typing. If this trait, for some 

reason, offered a reproductive advantage in microgravity, it could for reasons 

that don’t matter here become fi xed in all children born on the ship after 

forty or so generations. After one hundred generations, the ship arrives in or-

bit around the planet. If the ship’s crew does not know that a genetic change 

has altered their fi tness for gravity, a landing would be calamitous, because 

no one would be able to stand up on the planet (it has a gravity of twice that 

of Earth)—nor tolerate the g-force to return to space. 

 Orthostatic hypotension is an actual problem commonly seen when as-

tronauts return from even a few days of weightlessness. Weightlessness has 

cardiovascular effects that cause fl uid to shift to the face and upper body. 

This causes the cardiac stretch refl exes to act as though the circulation is 

overloaded, and the kidneys in response excrete “excess” salt and water   

(fi gure 2.3). This  diuresis  is familiar to every kid in a swimming pool, espe-

cially in cold water, but most astronauts still develop the “puffy-face bird-leg 

syndrome” in space. 

 Here is another example. Air conditioning offers relief from the summer 

heat, but most of us can still acclimate to hot weather. Physiologically, how-

ever, old folks adapt less well to heat, and if the air conditioning in a nursing 

home breaks down during a heat wave, the residents start to die. This hap-

pened during the European heat wave of August 2003: 14,000 people unex-

pectedly died in France over a ten-day period. The deaths were mainly among 

those seventy-fi ve years old and older, and two-thirds were in hospitals, nurs-

ing facilities, and retirement homes that were not air conditioned. Infants 

and small children are also very susceptible to heat. 

 Behavioral adaptation comprises actions that avoid or alter an environ-

ment to prevent stress. We manipulate our environments to make them “bet-

ter,” and these “improvements” are good if we retain the ability to live in 
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  FIGURE 2.3.    CHANGES IN BLOOD VOLUME DURING AND AFTER SPACEFLIGHT IN 
MICROGRAVITY. 
 The volume of blood plasma decreases in microgravity in response to the movement of blood into 
the heart and great vessels. This centralization of blood activates the body’s baroreceptor (pres-
sure) reflexes and stretch receptors, which causes diuresis and may lead to cellular dehydration. 
This results in orthostatic hypotension when the astronaut leaves microgravity and returns to Earth. 

the native environment. This means that space exploration is not just about 

technology; it is also about biology. 

 Exploration is physically toughest when extreme conditions and vast dis-

tances are involved, and space exploration exemplifi es both. Not surprisingly, 

the slow rate of space exploration is comparable to that of early continental 

or undersea exploration. Yet we are making progress, and no one doubts that 

our descendants will marvel at our having gone to the Moon on something 

as archaic as  Apollo 11 , just as we do at the  Santa Maria  crossing the Atlantic. 

 THE TORTOISE AND THE HARE 

 The hare may have won the race to the Moon, but today the tortoise has the 

advantage. Slow and steady goes a lot farther in space than haste and waste. 

All manned space missions share key elements, but if the goal is to stay and 

work in space, an asteroid mission is an expensive detour; a small moonbase 

is the steady, logical next step. The work on the ISS has been focused on un-

derstanding the problems of exploring the Moon and later Mars. 
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 The stepwise logic in space exploration is the rationale for part 2 of the 

book, and those chapters cover the specifi c issues that must be settled before 

going to Mars. The architects of the NASA lunar prospectus hold the high 

ground here over those who fret over unnecessary delays in interplanetary 

travel. The Moon is   in deep space but also practically next door; the more we 

use it, the better prepared we will be for Mars. A Mars mission requires land-

ing on and leaving from another sizeable planet, not a tiny asteroid; it is very 

far away and offers no leeway for major technological failures. A race to Mars, 

even if it didn’t cost trillions of dollars, increasingly seems like a bad idea. 

 Mars fi rst captured our imaginations through the  canali  drawings   of 

Giovanni Schiaparelli (1835 –1910). These were misinterpreted as deliber-

ately constructed canals, sounding the alien alarm. Modern data on terrain 

and atmosphere make it clear that Mars will not be easier to explore than the 

Moon. People will probably visit Mars in the second half of the twenty-fi rst 

century and perhaps even stay in the following century. This may seem slow 

even for the tortoise; however, the appeal of the Red Planet is slowly being 

eroded by robotic explorations that have exposed its bleakness. Based on a 

sustainable rate of technological investment, a manned Mars mission with 

a high probability of success is fi fty years away. Of course, this is the same 

estimate that was given after Apollo. 

 The other planets of the inner system, Venus and Mercury, offer different 

quandaries; both are hot, and Mercury is bombarded by solar radiation. The 

images of living too close to the Sun and rampant climate change on our own 

planet are enough to be hesitant about either. Our evil twin, Venus, orbits the 

Sun at 67 million compared with our 93 million miles (we are 1.0 and Venus 

is 0.72 AU). Venus is on the edge of the HZ for the Sun, and its surface tem-

perature would normally be higher than Earth’s by about 90 ° F (50 ° C). Liquid 

water might have once existed there, but a CO 2  atmosphere a hundred times 

as dense as ours has made it a runaway greenhouse, and its average surface 

temperature is 872 ° F (464 ° C). Venusian life likely would be similar to the 

tubeworms living near a hydrothermal vent 3,300 feet beneath the sea. Still, 

exobiologists speculate about life evolving on Venus, since it was the warmer 

incubator throughout prebiotic history. 

 Mercury is farther away than Mars but orbits the Sun at just 36 million 

miles (0.38 AU). Mercury is tidally locked and has an eighty-eight-day year; 

the hemisphere facing the Sun broils at 878 ° F (467 ° C), while the other freezes 

at −300 ° F (−183 ° C). It has no atmosphere, and it is a dense onion of iron 

and silicate as hard as a frying pan (5.43 g/cm 3 ), although it may once have 
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had additional, less dense outer layers that were baked or blown away. The 

core is partly molten, with depth and spin, and the planet has a weak mag-

netic fi eld, about 1 percent of that of Earth (Margot 2007). It may contain an 

alloying element, like sulfur, which affects its melting temperature and may 

have allowed the core to remain a liquid for billions of years. 

 It would be conceivable to land on Mercury, in shadowed craters near the 

poles, and some of the deeper ones might contain ice. A peek up at the Sun 

would reveal an orb three times as large as it is on Earth. Mercury’s proximity 

to Sol makes it unlikely that we would spend much time there, and the idea of 

being caught in a solar storm in transit is a terrifying prospect indeed. 

 In the outer Solar System, there is no hare, only the tortoise. The science 

required to travel there requires surmounting three formidable obstacles: dis-

tance, cold, and cosmic radiation. The cold refl ects a falling energy density 

or falling energy per unit-area, elegantly demonstrated by the decline in tem-

perature as the Sun’s heat spreads out over an enlarging sphere. Since energy 

falls by the inverse square law (with the square of the distance), spacecraft 

will require more than solar power to travel beyond Jupiter. Distance aside, 

we are also constrained by radiation and gravity, but I will use Ceres, Jupiter’s 

moon Callisto, Saturn’s moon Titan, and Neptune’s moon Triton as examples 

not because these frozen worlds are suitable but because they illustrate barri-

ers to interplanetary exploration. 

 The fi nal chapter picks up in the Kuiper belt and fi nishes with leaving the 

Solar System. Kuiper objects are distant, dark, and cryogenically cold. These 

objects sweep out enormous arcs at long periodicities, compared to a hu-

man lifetime. Eris, for instance, twice as far from the Sun as Pluto, orbits the 

primary every 557 years. Our current level of science is dauntingly thin, but 

perhaps bodies rich in H 2 O or O 2  ices could be found and heated to release 

and capture gases for life support. 

 The problem of resources is readily illustrated by an island analogy. Before 

Westerners arrived, New Zealand had no indigenous terrestrial mammals, 

only two species of bats, and hundreds of species of birds. It had been geo-

graphically isolated for so long that terrestrial mammals, having a limited 

ability to disperse by water, could not reach it. As a result, all of the ecological 

niches were fi lled by avifauna that could fl y to the islands. 

 In our case, we are clever terrestrial mammals, but it will be centuries 

before we will know if we can achieve a high-dispersal status in space. This ul-

timately depends on the reasons to go and if there are islands with resources. 
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One is also reminded of the old maxim that  islands are places that species go 

to die , and we will come back to this idea later. 

 The distances in the outer Solar System should be daunting enough, but if 

they are not, consider fi nding a suitable exoplanet within reasonable proxim-

ity—say ten parsecs of the Sun. The continual discovery of new exoplanets 

also increases the chances of fi nding an Earth-like planet, but we stand no 

chance of reaching any of them without traveling at a signifi cant fraction of 

light speed ( c ). 

 One day, my old friend “Q” told me that somebody in the Ukraine had 

already beamed a message to Gliese 581. It was scheduled to arrive in 2029. 

Suppose we are actually answered in 2050 and launch a spaceship in 2100 

traveling at 0.1  c , which would arrive in the Gliese 581 system in 2300. By 

2320, someone here might learn that they had arrived safely. Such travel 

would require not only rapid transportation but also harvesting and recy-

cling technology (which does not yet exist) that must compensate for  what 

is missing  in interstellar space. Moreover, intense cosmic radiation is present  

 and punctuated by lethal bursts, and this is nothing but trouble, for now. 

 Past human migrations, those across the oceans, for instance, have in-

volved not only geographic barriers but also the ability to carry and collect 

fresh water, gather food, and fi nd islands to raise families. The Polynesians 

hopped west to east across the Pacifi c over hundreds of years. Uncharted 

seas carried the risk of death by storms, dehydration, or stranding without 

adequate fresh water, fi shing reefs, timber, or arable land. Some islands, like 

Easter Island, lasted only until overpopulation, deforestation, or war did in 

the inhabitants. 

 Today, biologists use mathematical models to study the features of animal 

migrations involving butterfl ies, salmon, birds, and mammals. The simplest 

model— population   by diffusion —predicts that for one species, the number 

of emigrants falls off as an exponential function of distance from the point of 

origin. Diffusion has forward and backward rates, but in space back-diffusion 

would be neglected because turning for home soon becomes impractical. 

 Diffusion may not predict human dispersal in space because of the large-

scale heterogeneities in the locations of islands that could support a colony. 

Here the distribution of travel distances tends to fall as a power law dominated 

by the probability of remaining in one place for a long time (Brockmann 

2006). Slow dispersal is consistent with spatial inhomogeneity or with peri-

ods of consolidation by technological societies, or both. The best  predictions 
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use scale-free jumps with long intervals between displacements—perhaps 

foretelling the future of space exploration, when the reason for the jump out-

weighs the cost and the risk. However, outside the Solar System, an outpost 

would be too far away to exchange resources effectively with Earth, and it 

would be forced to become independent to survive. Even information will be 

hard to disseminate, and a small colony may not be able to develop its own 

innovative technologies, causing it to stagnate. 

 We keep our dreams of space colonization alive by fi rst looking to relativ-

ity and then to pie-in-the-sky physics to combat the great interstellar voids. 

Relativity sets a limit at  c , but time slows down, or “dilates,” as one goes faster. 

At 0.999999999999  c , time passes so slowly that in theory one could go to 

Andromeda, 2.6 million light-years away, and back in one lifetime, though 

5.2 million years would have passed on Earth. But the spaceship’s mass be-

comes so great that only the power of a star could push it at even 0.9  c  for 

fi ve million years. So we seem to be stuck in our arm of the Milky Way until 

someone invents some sort of space-folding trick. Here, let’s stop short of 

dreaming of vacuum-tolerating cyborgs and automatons with artifi cial in-

telligence, or of self-replicating von Neumann probes designed to resist ra-

diation, use power sparingly, travel at extremely high speeds, and regenerate 

themselves, to be sent or decide to go to other galaxies (Macrae 1999). This 

omission is not because I am uninterested in such mind candy for the day-

dreamer. I have simply sidestepped these ultrafuturistic speculations in this 

book because there is enough to accomplish for the time being in our own 

backyard. 
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 3 .  T H E  E X P L O R E R S 

 A good student of World War II knows that after the Axis’s defeat 
the United States and the Soviet Union gathered up highly trained German 

scientists and sequestered them in government laboratories to work on bal-

listic missile programs. This legendary translocation of scientists, including 

some avowed Nazis, kindled the breakthroughs in rocketry that produced 

missiles powerful enough to deliver atomic warheads anywhere in the world 

with stupefying precision and accuracy. Rocket technology was the heart of 

the nuclear arms race and the philosophy of nuclear détente that instilled the 

fear of atomic annihilation into the world. The science of mighty rockets and 

advanced inertial guidance systems was so highly coveted that the two Cold 

War rivals worked ruthlessly to steal the secrets of the other while protecting 

their own. 

 The arms race, like Janus, had two faces, and the bright side was that these 

rockets could push past the last vestiges of Earth’s atmosphere and escape 

gravity. The spinoff in rocket technology set the Space Age into motion—all 

you had to do is put people atop the rocket and launch it into space! The 

Space Age thus emerged from strange bedfellows: nationalism, which pro-

vided the funding; and science, which provided new knowledge. 
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 The story of the Space Race is a fascinating microcosm of the history of 

science. Being fi rst meant aligning the problem-solving abilities of the world’s 

best aerospace engineers with the sharpest minds in physiology and medi-

cine. Engineers and physiologists would design and fabricate self-contained, 

lightweight capsules impervious to the near vacuum of space, and a brave 

explorer with the  right stuff  would climb aboard and ride a controlled explo-

sion into space (Wolfe 2001). 

 PEOPLE OF ADVENTURE 

 Explorers push the envelope because it is who they are. The right stuff is often 

equated with risk-taking behavior, but explorers are usually not self-absorbed 

adrenaline junkies. They are not conventional risk takers, and it is worth 

spending a minute to see why. 

 Explorers set out on their missions for a variety of reasons, including fame 

and fortune, but they set goals that let them control risk as much as possible. 

Historically, some explorers have had noble goals, others ignoble, some mis-

sionary, and others simply curiosity, but they all share the need to experience 

a sense of adventure. These reasons are also given by many scientists for do-

ing science. I am no expert on the mind of the explorer, but explorers do 

not throw caution to the wind; they evaluate risk and uncertainty before and 

during their quests. 

 All of us assume certain risks every day, and we will take more risks if 

the reason is good enough. In other words, our perception of risk is fl ex-

ible, and the risk-benefi t ratio forms the basis for the concept of calculated 

risk. In spacefl ight, the calculated risk is inherently high but varies with 

the type and phase of the mission, its duration, and on technologies with 

hard-to-compute failure rates. The worst failures in space, although lethal, 

have low probabilities and often involve human errors that are hard to 

anticipate. 

 Astronauts are accustomed to dealing with inestimable risks, but such 

times of risk tend to be brief, for example, at launch and during reentry. Peri-

ods of uncertainty come in discrete quanta, and the astronaut knows roughly 

how long each will last. Like most explorers, astronauts develop a feel for the 

relationship between the likelihood of harm and the duration of risk, but 

ultimately, the risk assessment is by  gestalt —an impression of the sum of the 

identifi able bits of risks. 
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 We often also misjudge risk, but most of us adjust our level of comfort 

with it according to our assessment of the situation and our personal philoso-

phy. We assume more risk if things are bad and if opportunities are limited, 

for example, as motivation for emigration and colonization. In the future, 

space explorers may assume open-ended risk with high inherent uncertainty, 

and anyone headed out of the Solar System faces the risk of permanent dis-

connection from the rest of humanity. 

 The idea of uncertainty equates with the unknown, but not necessarily 

with risk. Faced with the unknown, we are wired for caution—even though 

exploration, in addition to danger, can produce information that decreases 

risk. This is another great intangible element of discovery. For instance, the 

trekker lost in the Sahara may accidentally stumble onto a shady oasis, which 

may decrease her risk of dying from dehydration or sunstroke before being 

rescued. 

 For the sake of argument, I sometimes present my students with an ex-

treme reason for leaving Earth—a backup plan of my old friend “Q.” Sup-

pose we determine that life on Earth will be annihilated, say in thirty years, 

by the impact of a giant comet ejected from the Oort cloud. Assume that 

99.9 percent of the species on the planet will be wiped out because dust will 

block out the Sun for a hundred years and that the Earth will become a dirty 

snowball. Since humanity would not survive this event, the prediction would 

provide the impetus to move into space until it was safe to return to Earth. 

People and their children would climb aboard spaceships, caring nothing for 

danger or discomfort, in a bid to survive. 

 Setting that apocalyptic future aside, people will fi nd other, less extreme 

reasons to leave Earth. The issues in question are the cost, the risk, and the 

timing. The problem of timing is well known in science fi ction, and it is de-

scribed eloquently by Arthur C. Clarke. Clarke posited how to decide when 

to send colonists to a habitable planet some light-years away. Take a planet of 

Gl581, 20.4 light-years away. Should we send a ship that travels at 1 percent of 

light speed ( c ) or wait until one is available that travels at 2 percent of  c  ? Since 

the difference in travel time between the two ships is roughly one thousand 

years, essentially,  timing  dictates that we should stay put until the faster ship 

is available, as long as Earth remains habitable. Thus, decisions about space 

exploration involving people come down to weighing the value of the goal 

against the costs and risks. 

 The history of events leading up to human spacefl ight gives us perspective 

on this situation. This history is longer than you might imagine and full of 
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impressive lessons. This is the providence of the pioneer: mistakes sometimes 

kill irreplaceable people. Those lucky enough not to be in the wrong place at 

the wrong time should not repeat the mistake. However, apropos Santayana, 

the lesson lasts only as long as the collective memory. Training and prepara-

tion are not domains exclusive to explorers; they fi gure into centuries of war-

fare lurking under the guises of logistics, failure-time analysis, survival-time 

analysis, contingency planning, and emergency preparedness. Preparation is 

also not about selecting conditions that are just right but about preparing for 

conditions that are wrong. Experience is the best teacher, but we must also 

learn from the mistakes of others facing similar challenges. 

 A famous comment on the experience of the explorer was penned by the 

illustrious Norwegian polar explorer Roald Amundsen, the fi rst to sail the 

fabled Northwest Passage in 1903 through 1906 and to reach the South Pole 

in 1911. Amundsen left medical school at Christiana to become an explorer, 

and he understood the dangers of polar exploration clearly. Amundsen’s 

thinking on preparation is as apt today as it was a century ago, and his words 

frame contemporaneous spacefl ight: “This is the greatest factor—the way in 

which the expedition is equipped—the way in which every diffi culty is fore-

seen, and precautions taken for meeting or avoiding it. Victory awaits him 

who has everything in order—luck, people call it. Defeat is certain for him 

who has neglected to take the necessary precautions in time; this is called bad 

luck” (Amundsen 2001). 

 The last continent, silent Antarctica, had fi nally been broached before the 

Great War. The exploits of Amundsen and the British Captain Robert F. Scott 

became legendary, and like the decades of failed Arctic expeditions, the race 

for the South Pole was the context for a demonstration of a striking contrast 

in human survival. Much has been written about why one South Pole ex-

plorer succeeded while the other failed, but the circumstances are in general 

fairly clear. 

 During the polar summer of 1911–1912, both parties of fi ve covered the 

nine hundred miles to the South Pole. On December 14, 1911, Amundsen 

arrived, set his fl ag, and left a consolation note for Scott’s expedition. Scott 

arrived at the Pole a month later, on January 18, 1912. While Amundsen and 

his men made it home, Scott and his four companions died on their return 

trip. Why such a dramatic difference in outcome? 

 The blame has been laid at the feet of differences in leadership and experi-

ence, food and clothing, and the route across the polar plateau. It has been 

fashionable to blame unusually cold weather as well as Scott’s reliance on ill-
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suited ponies instead of sled dogs. By his own arithmetic, Scott’s expedition 

failed by a razor-thin margin; they were just eleven miles from the fi nal sup-

ply depot, on a journey of some 1,800 miles. Still, Amundsen’s explanation is 

best: differences in preparation and experience led Scott to linger too long on 

the plateau, trapping him and his companions in a great blizzard and starv-

ing them to death. So it is that great expeditions rise and fall on their leaders’ 

special insights into contingencies that kill. 

 POLAR SCIENCE, SPACE SCIENCE 

 Polar science is one of the grandparents of space exploration, and its history 

helps us see why human space exploration seems so slow moving. The con-

nection between the two is nicely illustrated by a convergence of events in 

1952 that served as a major a catalyst for the space program. That year, the 

International Council of Scientifi c Unions (ICSU) proposed an extensive set 

of global geophysical studies over a period of time that became known as the 

International Geophysical Year (IGY). 

 The IGY concept was a reembodiment of the International Polar Years 

(IPY) of 1882 and 1932, reprising the storied history of international sci-

entifi c cooperation in polar research. Indeed, the IGY was technically the 

third IPY and was held on the seventy-fi fth anniversary of the fi rst. The IGY 

brought together the world’s leading geophysicists to apply new technologies 

to gather new information about the Earth. Although space travel was just a 

dream, rocketry was at the top of a list of important new technologies and 

brought great excitement to the physical sciences, especially since this was 

during the depths of the Cold War. 

 The origins of this excitement are illustrated in the colorful history of the 

International Polar Years. The fi rst IPY had been the fulfi llment of a dream 

of Karl Weyprecht (1838 –1881), a young Austrian Navy offi cer and Arctic 

explorer who pleaded the case for international advancement of the earth 

sciences to the scientifi c community of his day. He proposed that research 

be conducted by international teams of investigators stationed at the poles. 

Weyprecht knew what he was talking about because together with Julius Von 

Payer (1842 –1915), he had led the Austrian-Hungarian North Pole Expedi-

tion of 1872 to 1874. For fi ve years after returning home, Weyprecht put 

forth and refi ned the idea of a chain of scientifi c stations encircling the North 

Pole to gather data on the Arctic climate. At fi rst, his colleagues ignored him, 
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but fi nally in April 1879, at the second International Congress of Meteorolo-

gists in Rome, he garnered the key support. 

 Karl Weyprecht’s single-mindedness derived from his redoubtable experi-

ences on the arduous Austrian-Hungarian Expedition, aboard the 220-ton 

wooden sailing vessel  Tegetthoff , named after an admiral under whom young 

Weyprecht had served. The ship was a barque built in Bremerhaven capable 

of sail but outfi tted with ice-breaking iron hull plates and a hundred-horse-

power steam engine. She sailed from Bremerhaven on June 13, 1872, carrying 

twenty-four men and three years of supplies.  Tegetthoff  sailed north around 

Norway into the Barents Sea to fi nd the Northeast Passage, an elusive, ice-free 

passage between the Atlantic and the Pacifi c. 

 Weyprecht and Von Payer were proponents of an open polar sea, a popu-

lar but untested theory put forth by the renowned German cartographer Au-

gust Petermann (1822–1878). In the 1850s, Petermann had calculated that an 

ice-free route could exist in the Arctic sea beyond the pack ice, warmed by 

the force of the Earth’s rotation. Weyprecht and Von Payer wanted to prove 

his theory by reaching the Bering Strait and navigating through supposedly 

unfrozen waters northeast of Novaya Zemlya, the icy mountainous islands 

that separate the Kara Sea from the Barents Sea (fi gure 3.1). They intended 

to sail directly over the North Pole. 

 Petermann guessed wrong, and Weyprecht and Von Payer were beset by 

ice for two years.  Tegetthoff  slowly drifted north, and in 1873, the ship foun-

dered icebound on the northernmost islands of Eurasia, a mountainous fro-

zen archipelago that lies between 80 and 82 ° N, less than six hundred miles 

from the North Pole. The explorers named these islands Franz Josef Land, 

to honor their benefactor, the Austrian emperor Franz Josef I (1830 –1916). 

But the expedition languished, and Weyprecht and Von Payer fi nally aban-

doned ship at 82.5 ° N. On May 20, 1874, the stranded men left the hemmed-

in  Tegetthoff  and spent a long summer returning over the ice to Novaya 

 Zemlya, fi rst in sledges and then in three small open boats. Ultimately, they 

were rescued by the Russian schooner  Nikolai  and later returned home to 

Vienna via Norway. 

 In retrospect, the demands of the expedition had been ill considered, and 

it fell short of its goals of fi nding a Northeast Passage and reaching the North 

Pole. The men were fortunate to survive, but Weyprecht had learned to ap-

preciate not just the value of polar research but how diffi cult it was. In his 

mind’s eye, he saw a circumpolar ring of research stations, and he fi nally 

managed to convince the international meteorological community of their 
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  FIGURE 3.1.    MAP OF THE ARCTIC REGION, SHOWING THE LOCATIONS OF THE EARLY 
POLAR EXPLORATIONS THAT LED ULTIMATELY TO THE FIRST INTERNATIONAL POLAR YEAR. 

utility. However, a year later, only seven stations were in operation, without 

help from the United States. 

 In 1880, at the International Polar Conference in Berne, a plan had been 

drawn up designating 1882 as the International Polar Year. Everyone was 

keen to start except the Americans, who seemed reticent. The other nations 

pressed on, and Karl Weyprecht fi nally glimpsed success as the circumpolar 

ring began to materialize. Unfortunately, he never fully realized his dream, 

for at the age of forty-two he died of tuberculosis, just a year before the sci-

entifi c work of the IPY began. 

 The IPY consisted of fi fteen expeditions by scientifi c teams from eleven 

countries. Twelve went to the Arctic and three to Antarctica to observe the po-

lar auroras, to study geomagnetism, atmosphere electricity, and  meteorology. 
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It was a milestone in international collaboration, but the program was far 

from trouble free. The poles were treacherous, and life at the remote, frozen 

stations proved more challenging than had been anticipated even by the most 

seasoned explorers. 

 The United States fi nally got involved, and in July 1881 an American ex-

pedition led by Adolphus W. Greely sailed aboard the iron-clad  Proteus  to 

establish an Arctic base. Their destination was Lady Franklin Bay on Elles-

mere Island in the remote Northwest Territories, now called Nunavut. Adol-

phus Greely, however, did not only intend to make observations. He secretly 

wanted to be the fi rst to reach the North Pole. 

 In the 1880s, the Arctic was a place of mystery, steeped in tales of the high 

adventure of European explorers seeking to transit the frozen top of North 

America to the Pacifi c and the Far East. The search for the Northwest Passage 

had been thwarted by mountainous ice that capriciously crumpled wooden 

ships, leaving bewildered mariners stranded in a frozen, uncharted world. 

Blue-water sailors were ill equipped for long stints in the implacable cold of 

the north and usually met with an untimely end on the ice. 

 Adolphus Greely and his Lady Franklin Bay expedition fared little better 

than their predecessors, and the party spent two dark, cold winters plagued 

by failed resupply efforts, dissension, and ultimately, starvation (Guttridge 

2000). None reached the Pole, and inadvertently, the ill-prepared expedition 

caused immeasurable damage to Karl Weyprecht’s dream of international co-

operation in polar research. 

 Ironically, Greely met disaster at Lady Franklin Bay, named for the de-

voted wife of the illustrious leader of the lost British expedition of thirty-six 

years earlier, Sir John Franklin (1786 –1847). Franklin’s party had actually 

managed to fi nd the Northwest Passage, but none lived to tell the tale. A dis-

traught Lady Franklin, the fate of her husband unknown, funded some forty 

expeditions to fi nd his two ships,  Terror  and  Erebus , which had been locked 

in the sea ice, unbeknownst to her, since 1845. 

 Franklin’s ships were well stocked, and after becoming icebound, the party 

loaded up their supplies and struck south. However, the men soon became 

ill, developing insidious lead poisoning from the solder in the tin cans that 

held their provisions, and by 1847 the entire 128-man company was dead. 

The combination of unremitting cold, lead poisoning, and malnutrition had 

clouded their thinking, and poor decisions led them into an escalating cycle 

of starvation and exposure. This was followed by a tuberculosis epidemic 
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and, ultimately, among the last few survivors, an episode of cannibalism in a 

fi nal desperate bid to survive. 

 By 1881, Franklin’s expedition was ancient history, and young Greely was 

a career soldier and a fi rst lieutenant in the Army Signal Corps. He had ef-

fusively volunteered to lead the expedition and was appointed by the War De-

partment despite not having a whit of Arctic experience. Greely took twenty-

four men, including 2nd Lt. Frederick Kislingbury and the French-trained 

physician-naturalist Octave Pavy. Pavy agreed, reluctantly, to take a com-

mission as an Army fi rst lieutenant. The government chartered the  Proteus  

to convey the expedition from St. Johns, Newfoundland, along the coast of 

Greenland to Lady Franklin Bay, where a small meteorological station, Fort 

Conger, was established in Grinnell Land, the northern corner of Ellesmere 

Island, on August 12, 1881. 

  Proteus  unloaded and decamped to Newfoundland, while the party set 

about exploring and mapping the world’s tenth-largest island, some four-

fi fths the size of Great Britain. During the expedition, three of the party, D. L. 

Brainard, J. B. Lockwood, and F. T. Christiansen reached latitude 83° 24’ N. 

This was the highlight and broke the record for “farthest north” set by a suc-

cession of British explorers over the previous three hundred years. 

 Greely had planned to leave the Arctic after a year, but his party became 

trapped in Lady Franklin Bay by unusually heavy ice. They ran out of food 

and had to make do with what they could forage. For two consecutive sum-

mers, resupply ships failed to reach them, and the men began to die off. 

In 1883,  Proteus  and her valiant crew did their best to return, but the ship 

foundered miles short of Greely’s camp. Two years after arriving, Greely 

and his men abandoned Fort Conger in small boats in an effort to rescue 

themselves. 

 Leaving in early August 1883, they headed south from Fort Conger, reach-

ing Baird Inlet some six weeks later. They camped at Cape Sabine for nine 

months and lived on what little food they had carried from Fort Conger—

leftovers of previous expeditions and a small cache salvaged from the wreck 

of the  Proteus . Greely and his two lieutenants fought bitterly under these 

harsh conditions. Greely’s inexperience in the Arctic had brought serious re-

bukes from Kislingbury and Pavy, and the furious leader relieved the former 

of duty; the latter eventually resigned his commission. 

 By 1884, Greely’s expedition had been lost for nearly three years, and fi -

nally a relief expedition mounted by the U.S. Navy was sent north in three 
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small ships led by Commander W. S. Schley to rescue the lost men. The 

Greely Relief Expedition pushed northward through the iceberg seas to Cape 

Sabine, and on June 22 found Greely and six other men barely alive, one of 

whom died on the voyage home (Schley 1885). Kislingbury and Pavy died 

before the ships arrived, and to his family’s horror, Kislingbury’s body, later 

exhumed, was found to have been carved up for food after he died. Greely 

may have eaten Pavy too, yet in the end he emerged a hero. Years later, after a 

distinguished government career, he was awarded the Medal of Honor for a 

lifetime of service, by special legislation on March 27, 1935, on the occasion 

of his ninety-fi rst birthday. He died a few months later. 

 The North Pole was fi nally reached in the early twentieth century, but 

there is stiff controversy about who arrived fi rst. Two expeditions, one by 

Frederick Cook (1908) and the other by Robert Peary and Matthew Henson 

(1909) both claimed the distinction, but both have been criticized for lack of 

proof, and both may actually have missed the mark. In fact, there are some 

who think Amundsen may have done it fi rst in 1926. 

 In 1928, long after recollection of Greely’s pitiful expedition had faded 

away and a decade after the Great War, a second IPY was proposed. The 

world had seen remarkable advances in scientifi c instrumentation and tech-

nology, and in the 1930s, the airplane was already king of the skies. This IPY 

took place in 1932–1933, on the fi ftieth anniversary of the fi rst, and teams 

from forty nations conducted research in polar meteorology, geomagnetism, 

and aurora and radio science. The scope of the program, however, was very 

limited, circumstances that historians have attributed to the economic hard 

times of the Great Depression. Not surprisingly, the second IPY has been 

credited with not one single scientifi c accomplishment. 

 An interest in geophysical research at the Earth’s poles had developed 

mainly for two reasons: the infl uence of the poles on global weather was 

clearly important but poorly understood, and the effects of the spectacu-

lar but mysterious polar auroras—borealis in the north and australis in the 

south—needed scientifi c explanations. The auroras had a discernable link to 

solar fl ares and their interference with worldwide telegraph and radio com-

munications was well known. The northern lights, circumpolar ovals nor-

mally extending over much of Scandinavia, Canada, Alaska, and Siberia in 

the north, bulge south during major solar storms and can easily be seen in 

the upper continental United States and throughout much of central Europe. 

 The source of the aurora borealis was unknown until the turn of the twen-

tieth century, when the Norwegian physicist Kristian Birkeland (1867–1917) 
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theorized that the lights were caused by solar emissions colliding with Earth’s 

atmosphere along the lines of its magnetic fi eld. Birkeland had collected mag-

netic fi eld data from the Arctic and correctly predicted the distribution of 

electrical charges in the atmosphere over the pole. These observations were 

ahead of their time but were forgotten for almost half a century until the 

third IPY, when the physics of the auroras was studied in detail. 

 The third IPY sprang from a visionary of geophysics, Lloyd V. Berkner 

(1905 –1967), who timed it to coincide with the twenty-fi fth instead of the 

fi ftieth anniversary of the second, because he appreciated the import of post-

war improvements in technology. The big experiment came to be known as 

the IGY because it was not limited to polar research. The IGY ran from July 

1, 1957, through December 31, 1958, and involved eighty thousand scientists 

and support personnel from sixty-seven countries at more than eight thou-

sand observing stations. The extended eighteen-month “year” was designed 

to give the expeditions enough time to establish bases in the northern and 

southern polar summers and still have an entire year to make observations in 

both hemispheres (Nicolet 1982). 

 Lloyd Berkner was born in Milwaukee in 1905 and raised southwest of the 

Twin Cities, in Sleepy Eye, Minnesota. Much of Lloyd’s youth was devoted to 

becoming what today would be a ham radio or a computer geek. Lloyd stud-

ied electrical engineering at the University of Minnesota, graduating in 1927, 

and two years later found himself fl ying south on the fi rst Antarctic fl ight, 

as radio engineer on the Byrd Antarctic expedition. There he established the 

fi rst radio link between Antarctica and the rest of the world (Droessler 2000). 

 Berkner was taken by the science of the ionosphere, and he studied for a 

Ph.D. at George Washington University but never received his degree. This 

had little effect on his career, and he repeatedly scrapped for government 

money for research in the meteorological sciences. Berkner was an unusu-

ally winning combination of statesman and scientist whose global view was 

applied scientifi cally and politically to the good of geophysics. His powers of 

persuasion attracted high-level support from scientists and politicians alike in 

a career that had lasting implications for big science (Needell 1992). Berkner 

was elected to the National Academy of Sciences in 1948, and in recognition 

of his lifelong contributions to Antarctic research and to the IGY, an island 

in the Weddell Sea off the southern shore of the continent was named in his 

honor in 1960. 

 The fourth IPY began on March 1, 2007, and ran through March 2009. 

The program was established by the International Council for Science (ICSU) 
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and the World Meteorological Organization (WMO) and involved more than 

225 projects and fi fty thousand scientists, students, and technicians in a range 

of disciplines in the physical, biological, and social sciences from more than 

sixty countries. In the fi fty years since the IGY, geophysics has advanced to 

the point that modern sensor and computer technology now gives scientists 

unprecedented temporal and spatial resolution of the Earth (Salmon 2007). 

Modern polar research utilizes a systems or integrated approach to examine 

interactions among polar environments, terrestrial organisms, marine life, 

climate, and other global factors. Most importantly, the fourth IPY was con-

ducted at a time of signifi cant climate change, and the data are an invaluable 

archive for future polar scientists (Schiermeier 2009). 

 The most direct route through the Arctic’s Northwest Passage, the McClure 

Strait, was found to be ice free and fully open in August 2007 for the fi rst time 

in recorded history, thanks to the melting of an area of sea ice roughly the size 

of California. This long-sought but usually impassable route through the Ca-

nadian Arctic Archipelago between Europe and Asia had been discovered by 

Commander Robert McClure and the men of HMS  Investigator , who spent 

1850 through 1854 searching for the ill-fated Franklin expedition. 

 McClure had sailed around Cape Horn into the Pacifi c Ocean and into 

the Bering Sea, entering the passage from the west. However, like Frank-

lin, his ship was soon icebound and abandoned, and McClure completed 

the transit overland by sledge. After three years on the ice, he and the other 

survivors, near starvation, were rescued, and on his return to England, he 

was court-martialed for losing his ship. Eventually, McClure was vindicated 

and received ten thousand pounds sterling for proving the existence of the 

Northwest Passage. 

 The concentrated research in the Arctic and the Antarctic early in the new 

millennium has had great import because the poles are changing faster than 

any other region on Earth, particularly with respect to shrinkage of the ice 

caps, the accumulation of Arctic pollutants, the holes in the ozone both north 

and south, and the loss of unique wildlife habitats. Rapid changes in polar 

climate have global implications ranging from rising sea levels to oil reserves 

to long-term socioeconomic stability. However important a bellwether the 

Arctic is, I am rushing ahead of my story. 

 In 1957, the IGY program in America was the responsibility of a sixteen-

member U.S. National Committee (USNC) appointed by the National Acad-

emy of Sciences. The USNC operated thirteen technical panels that worked 
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in a dozen areas: aurora and airglow, cosmic rays, geomagnetism, glaciology, 

gravity, ionosphere physics, navigation, meteorology, oceanography, rock-

etry, seismology, and solar activity. The thirteenth panel was charged with 

overseeing the placement of a satellite into orbit around the Earth. 

 In the United States, several new technologies, especially rocketry, had ex-

cited IGY scientists because the new propulsion and guidance systems would 

make spacefl ight possible. As part of America’s commitment to the IGY, Pres-

ident Dwight Eisenhower approved a plan to place a satellite into Earth orbit. 

It would be an American fi rst, and it generated great excitement. Meanwhile, 

the Soviet Union secretly formulated its own plan to orbit a satellite, and on 

October 4, 1957, they surprised the rest of the world by launching  Sputnik 1  

into orbit. The world’s fi rst artifi cial satellite was the size of a beach ball, 

weighed just 184 pounds, and carried no instruments. But its effect on the 

American psyche was profound. 

 The launch of  Sputnik  created a perception of a technology gap between 

the two superpowers that stimulated federal spending in the United States 

on science education and aerospace research, highlighted by the launch of a 

new agency for federal air and space programs. Congress passed the National 

Aeronautics and Space Act, and President Eisenhower signed it into law on 

July 29, 1958. The Space Act formed the National Aeronautics and Space 

Administration (NASA) from the National Advisory Committee for Aero-

nautics (NACA) and several ancillary federal agencies. In 1958, Congress also 

passed the National Defense Education Act (NDEA) to promote education in 

science, mathematics, and foreign languages by providing low-interest stu-

dent loans to institutions of higher education. The NDEA also ushered in the 

modern era of federal support for research in the basic sciences. 

 On January 31, 1958, the United States launched its fi rst successful satellite, 

 Explorer 1 , containing a single Geiger-Muller tube built under the direction 

of the University of Iowa physicist Dr. James A. Van Allen (1914 –2006). Van 

Allen had been an advocate for the IPY from its inception, and his little in-

strument discovered the broad radiation belts above the Earth that now bear 

his name. Encircling the Earth in zones containing huge numbers of protons 

and electrons trapped by the planet’s magnetic fi eld, the Van Allen belts are 

the source of the electrical charges in the atmosphere, and they block much 

of the cosmic radiation that would otherwise reach the surface of the planet. 

 The IGY is credited with three major discoveries: the confi rmation of the 

then controversial theory of plate tectonics and continental drift, an  accurate 
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estimate of the size of the Antarctic icecap, and proof of the existence of the 

Van Allen belts. This third discovery has been widely heralded as the fi rst 

major scientifi c discovery of the Space Age. As the Van Allen belts are un-

derstood today, high-velocity electrons and protons in the solar winds are 

caught and channeled toward the poles by the Earth’s magnetic fi eld. When 

these charged particles collide with the atmosphere, they excite molecules of 

oxygen and nitrogen to luminosity, generating the magnifi cent blaze of the 

auroras. 

 NASA had emerged three days before the fi rst anniversary of  Sputnik 1 , 

with a fi rst budget of roughly 1 percent of the federal budget. The agency’s 

fi rst priority was putting these funds to work to develop a human space pro-

gram. America’s fi rst foray into space was destined to become the most ex-

pensive peacetime project in our history. 

 The launch of a satellite into orbit around the Earth within eighteen years 

of the end of World War II was no small feat, but it was no surprise either. 

Indeed, at the secret Nazi rocket test site of Peenemünde on the northeastern 

Baltic coast, an A4 rocket launched on October 3, 1942, had made a successful 

ballistic fl ight to 90 km (56 miles), reaching Mach 5.4 (faster than 4,100 mph). 

When the Red Army occupied Peenemünde after the war, they discov-

ered plans for three secret rockets called the A9, A10, and A12. The A9/10 

combination, euphemistically dubbed the “America rocket,” was meant to 

reach New York. The A12 rocket, like the Saturn V, was extraordinary and, 

with a proper capsule, probably could have taken astronauts to the Moon. 

 Shortly after  Sputnik 1 , on November 3, 1957, the Soviets launched  Sput-

nik 2 , carrying a female terrier named Laika, the fi rst animal in space. The 

ten-pound Laika was one of ten dogs the Soviets had trained for high-altitude 

experiments. She could remain in a harness, confi ned to a small cabin, for 

a long time. She fl ew with seven days of supplies, and her vital signs were 

monitored and transmitted to Earth during part of each orbit. She toler-

ated the launch but died during the fourth orbit—about six hours into the 

fl ight—when her tiny cabin overheated (Malashenkov 2002). Laika’s fl ight, 

although a space milestone, soon became a rallying point for the humane 

treatment of experimental animals and did more to promote animal welfare 

in research than it did for spacefl ight. 

 The National Space Act of 1958 tasked NASA with developing a manned 

space fl ight program by whatever technological resources were available, in-

cluding those of the military. None of the American military services had for-
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mal plans for space exploration, but all had missile programs, aerospace tech-

nology, and aviation medicine. These areas would come together to achieve 

human spacefl ight, but fi rst, aerospace engineers and aviation physiologists 

had to become partners. 

 THE HARD-SHELL ENGINEERS 

 The success of most long forays into extreme environments on the surface of 

the Earth is linked to supplies and to a supply line, in some cases with little 

margin of error. The deployment of many types of advanced technology is 

meant to increase the margin for survival. Every wilderness adventurer is 

familiar with snow caves, thermal clothing, freeze-dried foods, water puri-

fi cation tablets, the GPS, and satellite phones. The technologies range from 

the primitive to the advanced and support different aspects of survival in 

all but the most extreme terrestrial environments. There is different type of 

technology, however, that achieves its ultimate expressions in aerospace and 

low Earth orbit, where beyond certain very narrow limits our lives depend 

completely on technology. In other words, the only way to visit these extreme 

environments is within a  hard shell . 

 The hard shell is essentially a noncompressible, gas-tight cabin. The ar-

chetype of the hard shell is the submarine, which operates under conditions 

similar in many respects to those of deep space. The stygian depths are cold, 

and although the external pressure is high, not low, we must be fully pro-

tected by the shell. As in space, resources in the vast undersea are scarce and, 

in the deep sea, limited primarily to seawater. In fact, NASA has long seen the 

submariner as an analogue of the spacefarer, and it is not a stretch to see the 

modern atomic submarine as a prototype starship. 

 The harsh deep-sea environment greatly limited the diving depth and 

under sea duration of the advanced diesel-electric submarines of World War 

II, and the need for periodic surfacing to recharge the batteries contributed 

to the staggering wartime losses for both the Allied and the Axis submarine 

fl eets. Finally in the 1950s, the U.S. Navy made a technological breakthrough, 

a compact but powerful pressurized-water atomic reactor, under the watch-

ful eye of a brilliant but unorthodox graduate of the Naval Academy, Ad-

miral Hyman G. Rickover (1900 –1986). Modern nuclear submarines easily 

circumnavigate the globe undersea because the reactor provides essentially 
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unlimited power for heating, cooling, lighting, oxygen, and potable water. 

These boats contained the earliest integrated environmental control and 

life-support systems (ECLSS). Although the basic spacecraft ECLSS design 

is similar to that of a submarine, the submarine’s advantage is not limited to 

atomic power; it also enjoys a second critical resource: an essentially limitless 

supply of high-pressure seawater outside the hull. 

 Submarines desalinate seawater by distillation to provide clean potable 

water for drinking, food preparation, hygiene, and laundry. Moreover, the 

electrolysis of seawater provides an inexhaustible supply of oxygen. The left-

over brine along with the wastewater is discharged into the sea, where it is re-

cycled by the ocean. Although overboard dumping is also used by spacecraft, 

the loss of water, because it cannot be easily replaced, has consequences that 

submarines do not have to deal with. 

 Submarines also jettison solid waste that sinks to the sea fl oor, while most 

garbage in space is incinerated in the atmosphere. Small amounts of debris 

may sometimes remain in orbit, where it can collide with spacecraft. Im-

portantly, the dumping of material in space also jettisons valuable elements, 

some of which are reusable and not easy to replace. 

 Cabin design for submarines is simpler than for spacecraft because it is 

diffi cult in microgravity to separate liquids from gases and to collect waste. 

And in microgravity, pressurized water can be provided only with the use of 

pumps or bellows driven by high-pressure gases (Wieland 1994). Even natu-

ral convection is lacking in microgravity, and the atmospheres in spacecraft 

must be circulated by fans. Also, the pressure outside a submarine is higher 

than it is inside, while the pressure inside a spacecraft is higher than it is out-

side, so gases are not naturally sucked out of the “bubble” of the submarine 

like they are from a spacecraft. Submarines need little or no N 2  gas to make 

up for losses to the outside, but spacecraft do. 

 There is one limitation that submarines and spacecraft do have in com-

mon: the means to produce food for the crew. The length of time a subma-

rine can spend underwater is determined by the amount of food that can be 

loaded onto the boat at the dock. The logistics of submarine patrols depend 

on storing suffi cient supplies onboard to meet the objectives of the mission. 

This fact impressed me as a young submarine medical offi cer in New Lon-

don, where I could look out onto the Thames River and see the black sil-

houette of  Nautilus  (SSN 571), the fi rst atomic submarine, tied up at the 

dock.  Nautilus  was just shy of her decommissioning trip to the West Coast 
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after twenty-fi ve years of service. In August 1958, she had become the fi rst 

submarine to pass under the North Pole, famously broadcasting the message, 

“ Nautilus  90 North.” 

  Nautilus  reached the North Pole within fi fty years of Cook and/or Peary 

and relied on an advanced inertial navigation system to make the trip en-

tirely underwater. The only danger to her under the Arctic ice, barring an 

irretrievable reactor scram, or shutdown, was if she had to winter-over for 

some reason and her crew ran out of food before the following summer. 

The boat’s essentially limitless power for generating oxygen and potable water 

made her the most advanced warship in history. The   expedition was no stunt; 

it refl ected a contemporary philosophy of national defense, the priorities of 

polar research in the twentieth century, and a demonstration of the power of 

disruptive new technology. 

 THE SPACE DOCTORS 

 A second crucial aspect of spacefl ight was an advancement of our under-

standing of human physiology. During World War I, the U.S. Army recog-

nized this problem and began to train medical offi cers as fl ight surgeons. 

This marked the beginning of formal aviation physiology and medicine and 

stemmed primarily from the need to diminish the casualty rate of pilots-in-

training. The development of a formal curriculum in aviation medicine was 

the brainchild of Lt. Col. Theodore Charles Lyster, the fi rst chief surgeon of 

the U.S. Army Signal Corps’ Aviation Section, who is today recognized as the 

father of American aviation medicine. Lyster believed that training doctors in 

aviation medicine would improve aviation safety. Those physicians became 

the fi rst fl ight surgeons, and Lyster’s contribution to military aviation not 

only saved lives but became the basis for modern aerospace medicine. 

 In 1918, Lyster founded the Air Service Medical Research Laboratory at 

Hazelhurst Field in Mineola, Long Island, and placed it under the command 

of Col. William H. Wilmer (1863 –1936). Six laboratories instituted research 

programs on general and cardiovascular physiology, otology, neuropsychia-

try, psychology, and ophthalmology. Wilmer’s interests were in depth percep-

tion and muscle fatigue, and in 1920 he published  Aviation Medicine in the 

A. E. F ., a book prepared in the Offi ce of the Director of Air Service. He later 

worked at Georgetown and in 1925 moved to Baltimore and became the fi rst 
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director of the department of ophthalmology at the Johns Hopkins Hospital. 

He became the preeminent ophthalmologist of his day and for nine years led 

the Wilmer Eye Institute at Hopkins, which bears his name. 

 In order to identify medical factors that would predict the success of new 

pilots, Army fl ight surgeons at Hazelhurst Field conducted the fi rst controlled 

tests of pilot candidates at simulated high altitudes, using hypobaric cham-

bers. To assure the health and safety of pilots operating under the unique 

stresses of high altitude, these physicians worked hand in hand with aircraft 

engineers in order to develop procedures and equipment for air safety. Thus 

began scientifi c medicine’s alliance with aircraft technology, and the fi eld of 

aviation medicine began its taxi down the runway. 

 Not surprisingly, the Treaty of Versailles that ended the Great War also 

nearly ended medical aviation research. In 1919, the Air Service Medical 

Research Laboratory moved to Mitchel Field, New York, and in 1922 be-

came the School of Aviation Medicine (SAM), signifying the reorientation 

of the fi eld to the education of physicians in the practice of fl ight medicine. 

In 1926, SAM moved to Brooks Field near San Antonio to support opera-

tions at the Flying School and to perform medical research for the Army Air 

Corps. It moved to Randolph Field in 1931, where its tiny staff performed 

research and promoted education in aviation medicine. In 1959, the school 

returned to Brooks as a part of the Aerospace Medical Center and in 1961 

was renamed the School of Aerospace Medicine to refl ect the transition to 

space medicine. 

 By the fall of 1927, the Army Air Corps had opened a new facility at old 

McCook Field in Dayton and named it after the Wright brothers. Wright 

Field soon became a showplace for military aviation research and, as the air-

plane evolved from a fabric-covered biplane to an aluminum monoplane, it 

became the test site for countless innovations in aircraft technology. After 

Pearl Harbor, Wright Field became vital to America’s war effort. Allied air-

craft and fl ight equipment were run through the Dayton facility to measure 

and improve their performances. Research in aviation medicine conducted at 

the Aeromedical Laboratory was invigorated by the emergence of problems 

of in-fl ight physiological stress from technological advances that allowed the 

warplane to accelerate faster and to climb higher. 

 During World War II, some two hundred civilian physiologists and physi-

cians were recruited by the Army Air Corps and the Navy to work on prac-

tical problems in aviation medicine. The School of Aviation Medicine at 

Randolph Field was expanded to accommodate a broad research program in 
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aviation medicine, and the Navy expanded its School of Aviation Medicine 

at Pensacola and its research base at the Naval Medical Research Institute. 

These investments paid off in the development and production of oxygen- 

and pressure-breathing apparatus for use at altitudes above forty thousand 

feet. Insulated and electrically heated fl ying suits were also developed for use 

in confi ned cockpits and in B-17 gun turrets. 

 These projects combined advances in engineering with those of anthro-

pometry—the study of body size and shape—in order to design safer air-

craft cockpits and better fl ight gear. These studies also ultimately led to the 

development of the pressure suit for use at altitudes above fi fty thousand 

feet. Related studies also led to the development of antigravity suits for use 

in new high-performance fi ghter aircraft. These innovations, together with 

basic training in aviation physiology for all American fl yers, contributed to 

the Allied victory, especially in Europe. 

 The breakthrough for human spacefl ight was the development of the pres-

surized aircraft cabin. The concept had been pioneered in 1930 by the Swiss 

mathematician and balloonist Auguste Piccard (1884 –1962), but it played a 

limited role in World War II. The penetration of the cabin by fl ak could cause 

the type of rapid decompression that had once nearly killed Piccard in his 

balloon (Piccard 1997). 

 The fi rst operational pressurized aircraft was the Boeing B-29 Superfor-

tress, which was placed into service in the Pacifi c at the end of the war. Many 

high-altitude experiments, including tests of human tolerance to hypoxia, 

explosive decompression, extreme cold, and high-speed bailouts, were per-

formed in Lockheed Constellation and Boeing C-97 aircraft over Wright 

Field before the bomber was deployed. Two of the planes,  Enola Gay  and 

 Bockscar , delivered the atomic bombs to Hiroshima and Nagasaki. 

 The results of these efforts were later used by the Air Force to perfect 

new high-altitude fi ghters. Many of those involved were career military of-

fi cers, like Army-Air Corps Lt. Col. Harry G. Armstrong, the founder of the 

Aeromedical Laboratory at Wright Field and later the fi rst surgeon general 

of the Air Force. A large number of top physiologists, however, had been 

recruited to Dayton from American universities, including Loren D. Carlson 

(1915 –1972), David B. Dill (1891–1986), F. G. Hall (1896 –1967), A. Pharo 

Gagge (1908 –1993), and W. Randolph “Randy” Lovelace II (1907–1965). 

They performed the necessary ground and in-fl ight tests of hypoxia, explo-

sive decompression, and aircraft escape in order to understand the limits of 

human exposure to altitude (Gagge 1986, Dill 1979). 
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 Lovelace himself performed experiments in high-altitude escape and re-

ceived the Distinguished Flying Cross in 1943 after he bailed out at 40,200 

feet. The parachute’s thirty-three- g  opening shock knocked him unconscious 

and blew off his gloves, and he suffered severe frostbite to his hands. One of 

the other great altitude physiologists at Wright Field, F. G. Hall, returned to 

Duke after the war, and our environmental laboratory here is named after him. 

 Following the war, Harry Armstrong set his sights on the German aviation 

scientists who had done landmark research on the medical aspects of high-

speed, high-altitude fl ight for the Luftwaffe. Armstrong collected as many of 

these physiologists as possible at a center in Heidelberg. In his words: 

 We took over a building. All the German medical scientists that were 

willing to work with us were sent to this center; they were given a nomi-

nal wage and food, which was in great demand in those days in Ger-

many and each one asked to prepare a chapter or section of a book 

giving in detail the results of his war time research in aviation medicine. 

The building . . . was at Heidelberg University . . . later we began send-

ing these people back here . . . altogether we sent thirty-four. 

 These German aviation physiologists were moved under a secret program 

known as Project Paperclip, which I learned about   in 2002 from two friends, 

Jay Dean and Rich Henderson, while visiting them in the department of 

physiology at Wright State. J. D. is a neurophysiologist and a keen historian 

of aerospace physiology, and Henderson is a Duke medical graduate and ca-

reer Air Force fl ight surgeon. Their department chair at the time was the 

former Duke professor Peter K. Lauf, who I knew years earlier when I was a 

fellow in respiration physiology. It was old home week for me. 

 J. D. had been busily unearthing information on the history of aerospace 

physiology for a book he was writing, and we were discussing high-altitude 

fl ight performance during the air war in Europe, when unpressurized air-

craft were being fl own to ever greater altitudes. As the son of a B-24 armorer 

fl ying out of North Africa who had survived being shot down over Italy in 

July 1943 by a Messerschmitt Bf 109, this was a fascinating topic of conversa-

tion for me. 

 J. D. had a translation of a document describing the origins and structure 

of the German Air Force called the “Medical and Health Services of the Luft-

waffe.” It seems that at the time of its secret buildup in 1934 and 1935, the  
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 Luftwaffe had no medical service of its own but soon assembled a formidable 

cadre of aviation scientists. Among their many efforts, they built mobile alti-

tude chambers mounted on trucks to conduct simulated altitude tests up to 

forty thousand feet. These chambers were also intended to maintain altitude 

acclimatization in pilots at the level of a ten-day stay in the high mountains, 

and the aviators were exposed daily to 16,500 feet of altitude for an hour. 

These exposures, apart from boosting the pilot’s confi dence, were probably 

too brief to be effective, and Luftwaffe crews relied on oxygen masks at high 

altitude. 

 The difference in research emphasis between American and German avia-

tion physiologists is fascinating because ultimately the pressurized cabin and 

the pressure suit, not hypoxia tolerance, would pave the way to spacefl ight. 

The Germans had worked with cabin pressurization in the 1930s, but the 

Luftwaffe never pursued it. Crude pressure suits had also been used in civilian 

aviation, but they were too cumbersome for highly maneuverable warplanes. 

 Ironically, the American physiologists returned to academic life soon af-

ter the war (Gagge 1986), while Luftwaffe physiologists brought in under 

Paperclip went to an expanded aeromedical laboratory at Wright Field to 

boost the capabilities of the newly independent Air Force and develop the 

space program. Six German aviation medicine pioneers, including Hubertus 

Strughold (1898 –1986), formerly the director of aeromedical research for 

the Luftwaffe, were assigned as research specialists to the Air Force School of 

Aviation Medicine. Strughold was critical in convincing ex-Nazi scientists to 

come to the United States under Paperclip. Harry Armstrong was made com-

mandant of the school, and by 1948 he and his former enemies were busily 

contemplating the physiological implications of spacefl ight. 

 In 1920s Germany, well before aerospace medicine was a recognized dis-

cipline, Strughold had begun to conduct physiological studies on what he 

termed the “vertical frontier.” During the war, he had conducted studies in 

acceleration, noise, vibration, and nutrition and later studied jet lag, motion 

sickness, and problems of space travel, including weightlessness. He invented 

the cabin simulator and coined the term “space medicine.” In 1949, when 

Armstrong set up the fi rst department of space medicine, Strughold was se-

lected to lead it. He became the fi rst professor of space medicine, eventu-

ally earning the moniker of “Father of Space Medicine” (Campbell 2007). 

In 1963, an award in his honor was established by the American Aerospace 

Medical Society to recognize excellence in aerospace medicine. 
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 Unfortunately, Strughold had a skeleton in his closet. After the war, he 

had been linked by the Nuremberg War Crimes Tribunal to medical experi-

ments involving inmates at the fi rst Nazi concentration camp—Dachau, out-

side of Munich. As the head of the Luftwaffe Institute for Aviation Medi-

cine, Strughold had participated in discussions of human experiments at the 

 institute in the 1940s that included the murder of Dachau inmates by cold-

water immersion, exposure to subfreezing cold, hypoxia in low-pressure 

chambers, and forced ingestion of seawater. Strughold vehemently denied 

approving such experiments and claimed he had learned of them only after 

the war. Despite his postwar contributions to aerospace medicine, Strughold’s 

reputation was ruined, and history adjudicated harshly. In 1995, over the ob-

jections of several colleagues, his name was removed from the Aeromedical 

Library at Brooks Air Force Base. In 2006, his name was also stricken from 

the honor roll of the International Space Hall of Fame (Vorenburg 2006). 

 Strughold’s colleagues in Germany and many of the people with whom he 

worked in the United States described him as politically disinterested, and he 

told the American press that the Waffen-SS had threatened his life during the 

war. This much was true, yet Strughold’s hand in the Nazi research network 

is clearly seen through his connection with the geneticist Hans Nachtsheim 

(1890 –1979), who worked at the Kaiser Wilhelm Institute for Medical Re-

search in Heidelberg (now the Max Planck Institute) on the genetic basis of 

epilepsy in children. It was Nachtsheim’s theory that seizures in susceptible 

individuals were brought about by cerebral hypoxia, a lack of oxygen in the 

brain. 

 In a controversial test in 1943, Nachtsheim exposed six children with epi-

lepsy to dangerous levels of hypoxia in Strughold’s altitude chamber in Ber-

lin (Baader 2005). This research on childhood epilepsy was interleaved with 

human research on convulsions at high altitude, which Luftwaffe scientists 

believed was also caused by cerebral hypoxia. Indeed, hypoxia does cause sei-

zures at altitude, but the notion of a shared mechanism with epilepsy is incor-

rect. At the time, Strughold was responsible for this area of investigation for 

the Luftwaffe, and he would have been required to approve the experiments. 

 In 1949, space medicine was science fi ction to most Americans, but be-

tween 1948 and 1951, Armstrong, Strughold, and their colleagues fi rmly 

established the conceptual basis for the discipline. Strughold predicted that 

the majority of the biomedical problems of spacefl ight could be defi ned and 

addressed within ten to fi fteen years and that the necessary hard shells be 

engineered within fi fteen to twenty years. He thought the fi rst manned space-
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fl ights would be possible between 1964 and 1969, a prediction of remarkable 

perspicuity. 

 By 1950, the U.S. Air Force had released  German Aviation Medicine — World 

War II , a two-volume set prepared by fi fty-six leading specialists in German 

aviation (USAF School of Aerospace Medicine 1950). These books provided 

detailed coverage of the physiology of high altitude and the problems of ac-

celeration and microgravity. Special symposia were held in 1950 and 1951 by 

the School of Aviation Medicine in conjunction with the Lovelace Medical 

Foundation in Albuquerque (now the Lovelace Respiratory Research Insti-

tute) to explore topics on the space environment, spacefl ight mechanics, and 

the medical problems of sending people into space. These meetings culmi-

nated in a monograph, the  Physics and Medicine of the Upper Atmosphere , 

which uniquely integrated astrophysics, aeronautical engineering, aviation 

medicine, and radiobiology at an applied level. The contributors had recog-

nized the need for cross-fertilization of the key disciplines and were begin-

ning to break down the barriers to putting people into space. Their integrated 

approach to the new technological and medical challenges became the back-

bone of space medicine and led quickly to the modern era of spacefl ight. 
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 4 .  T W E N T I E T H - C E N T U RY  S PA C E 

 The technological history of human spaceflight is heavily chronicled 
(Compton 1989, NASA 1997, Dick 2007), but this chapter will explain how 

our knowledge of the problems of putting people into space has evolved and 

how the remaining issues can be resolved through perseverance, continuity, 

and international cooperation. Let’s begin with a short synopsis of the devel-

opment of the key twentieth-century concepts that built on the requirement 

for hard-shell engineering discussed in the last chapter. 

 THE EARLY DAYS 

 NASA’s seminal manned spacefl ight program, Project Mercury, had one ob-

jective: to prove that people could survive spacefl ight. The obvious fi rst prin-

ciple was to avoid people suffocating in the near-vacuum of space. To think 

about the jetliner again: as the aircraft gains altitude, the air outside becomes 

thinner and thinner as the air pressure falls steadily. In technical terms, the 

atmospheric or barometric pressure declines geometrically as the altitude in-
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  FIGURE 4.1.    THE EARTH’S ATMOSPHERE DISPLAYED AS A GRAPH OF ALTITUDE IN FEET 
VERSUS BAROMETRIC PRESSURE IN MMHG. 
 Sea level is approximately 760 mmHg (1,013 mbar or 14.7 psi). The atmospheric pressure on Mars 
is plotted for comparison. At the Armstrong line, water boils at body temperature. 

creases above the Earth’s surface. This fall in the pressure of the atmosphere 

from sea level up to the edge of space occurs because the mass of the column 

of air remaining above you decreases as you ascend. This is why the gas in a 

helium balloon expands and the rate of the rise of the balloon slows as the 

balloon fl oats upward. This fall in atmospheric pressure with a rise in altitude 

is shown in fi gure 4.1. 

 Figure 4.1 contains several key reference points, such as the altitude of 

Mt. Everest and the pressure of the Martian atmosphere. A pivotal spot is the 

Armstrong line, named after Col. Harry Armstrong, which marks the abso-

lute limit beyond which the human body cannot survive without a pressure 

suit. At about 62,800 feet, water boils at body temperature (37 ° C), producing 

 ebullism . The body fl uids boil under the heat of metabolism, killing the un-

protected fl yer within a minute or two. This is why U2 pilots and astronauts 

must wear pressure suits. The Armstrong line, however, is far below the aero-

nautical edge of space, the sixty-two-mile Karman line, where the atmosphere 

is so thin that wings are no longer useful and ballistic fl ight takes over. 

 By spring 1959, the United States had announced the selection of the fi rst 

U.S. astronauts, the “Mercury Seven,” who immediately began their training. 

But almost exactly two years later, on April 12, 1961, the USSR launched the 
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 Vostok 1  from the Kazakhstan cosmodrome, carrying the twenty-seven-year-

old Lieutenant Yuri A. Gagarin on a 108-minute Earth orbit, the fi rst man to 

do so. Within the month, on May 5, 1961, Alan B. Shepard Jr. rode a Mercury 

capsule from Cape Canaveral, Florida, on a fi fteen-minute suborbital fl ight 

to become America’s fi rst astronaut. Ten months later, on February 20, 1962, 

John H. Glenn Jr. became the fi rst American to orbit the Earth. 

 In six fl ights, Project Mercury provided proof-of-principle for putting as-

tronauts into orbit and returning them safely to Earth. NASA’s spacefl ight 

program moved on to Project Gemini, involving a larger new capsule that 

could hold two astronauts. In ten fl ights, Gemini provided vital scientifi c 

information on weightlessness and allowed engineers to improve reentry and 

recovery techniques and to establish rendezvous and docking procedures for 

orbital fl ights. On June 3, 1965, on  Gemini 4 , Edward H. White Jr. became 

the fi rst American to leave a capsule in a spacesuit and walk in space. White’s 

twenty-minute excursion was beautiful—but the Soviet cosmonaut Alexei 

Leonov on  Voskhad 2  had been fi rst, spacewalking over two months earlier. 

Leonov, however, had nearly died: his suit ballooned up with so much gas 

that for a time he was unable to climb back into his capsule. 

 In both the Soviet Union and the United States, Yuri Gagarin’s fl ight 

bolstered the idea that the Soviets held an edge in science and technology. 

Gagarin’s success was a challenge to America, and Alan Shepard’s fi rst fl ight 

whetted America’s appetite for a space race against its Cold War rival. The 

battle by the two superpowers in space was fueled by President John F. Ken-

nedy’s speech to Congress just three weeks after Shepard’s fl ight. On May 25, 

1961, before a joint session of Congress, he announced the goal of “landing 

a man on the Moon and returning him safely to Earth” before the end of the 

decade. Kennedy threw down the gauntlet after a series of Soviet fi rsts: fi rst 

with  Sputnik 1 , fi rst with a Moon probe, the fi rst man in space, and the fi rst 

spacewalk. Public backing for Kennedy was strong, and his moon program 

was overwhelmingly approved by Congress despite that it might cost $40 bil-

lion in 1960s dollars. 

 Over the next decade, the cost of Project Apollo turned out to be about 

$25 billion, surpassing the Panama Canal twenty-fold and replacing it as the 

U.S. government’s most expensive nonmilitary project. The program was 

not only more expensive but also more technologically advanced than any 

program in U.S. history (Siddiqi 2000). Apollo became a poster child for 

American scientifi c and technological prowess, and its propaganda value was 

squarely aimed at the Soviets. 
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 PROJECT APOLLO 

 Project Gemini ended after  Gemini 12  in 1966, and NASA moved quickly 

to Project Apollo and a three-man crew. The Apollo system also required 

three vehicles, including the world’s most powerful rocket—the Saturn V. A 

dual vehicle sat atop the Saturn V, a command-service module combination 

(CSM) that accommodated a crew of three and a lunar module (LM) with 

space for two. Once the CSM entered orbit around the Moon, one astronaut 

remained in the CSM while the others took the LM to the lunar surface, 

where they set up experiments, explored, and collected rock samples. Af-

terward, the LM base served as a launch platform for the module’s upper 

compartment to return to the CSM and then to Earth. 

 The Apollo program was a combination of brilliant successes and horrifi c 

failures—bringing respectively acclaim and disparagement to NASA. Two 

years before the Moon landing, on January 27, 1967, a training-capsule fi re 

at Kennedy Space Center killed the astronauts Roger B. Chaffee, Virgil “Gus” 

Grissom, and Edward H. White Jr. The men died of asphyxiation from toxic 

fumes produced by the combustion of synthetic materials in their capsule. 

The fi re had been started by an electrical short-circuit inside the capsule, 

which was fi lled with pure O 2  at 16.4 pounds per square inch (psi). At sea 

level, normal atmospheric pressure is 14.7 psi, and air is 20.9% O 2  (3.07 psi); 

thus, the capsule contained fi ve times as much O 2  as air. 

 O 2 -fueled fi res are ferocious because of the extraordinary rate of combus-

tion. Contrary to popular lore, O 2  is not fl ammable. Rather, it supports com-

bustion, and if ample fl ammable material is present, as in  Apollo 1 , an O 2  fi re 

burns explosively.  Apollo 1  burned up so fast that it was impossible for the 

men to escape from the small capsule. The hatch took at least ninety seconds 

to unlatch, but the men were dead in under a minute. 

 The fi re prompted a safety redesign of the capsule’s electrical system and 

the decision to thereafter use an air atmosphere aboard all manned U.S. 

spacecraft. The fi re delayed the space program for twenty-one months;  Apollo 

7  was fi nally launched in October 1968. The interlude was used to complete 

the fi re investigation report, implement the changes to the electrical systems, 

and fi nish testing the Saturn V rocket. 

 Meanwhile, the Soviet Union was engaged in a secret but all-out attempt 

to beat America to the Moon. The West was unaware that some six years 

earlier the Soviets had suffered an accident similar to  Apollo 1  that had killed 
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a young cosmonaut. In 1961, the twenty-four-year-old Valentin Bondarenko 

had died in training in a fi re in an O 2 -enriched capsule, but the Soviet space 

program was so shrouded in secrecy that Bondarenko’s death was not made 

public for almost twenty-fi ve years. 

 After the electrical redesign, the Apollo program moved rapidly forward 

with a fl ight every few months, and by Christmas of 1968,  Apollo 8  had cir-

cumnavigated the Moon. In May 1969, Thomas P. Stafford, John W. Young, 

and Eugene A. Cernan on  Apollo 10  performed a complete rehearsal of the lu-

nar landing without actually landing. Finally, on July 20, 1969,  Apollo 11 , car-

rying Neil A. Armstrong and Edwin E. “Buzz” Aldrin, landed on the Moon’s 

Sea of Tranquility, with thirty seconds of fuel to spare. They spent twenty-two 

hours on the surface, while Michael Collins waited alone in the orbiting CSM 

for them to return. On July 24, after eight days in space,  Apollo 11  splashed 

down safely in the Pacifi c Ocean southwest of the Hawaiian Islands. 

 Despite that triumph, another accident occurred in 1970, this time on 

 Apollo 13 , but fortunately no one was killed. On the way to the Moon, some 

200,000 miles from Earth, an overheated O 2  tank blew up, and the mission 

nearly ended in disaster. The tank exploded because in the process of boil-

ing off excess O 2  prelaunch, the temperature became too high and the heater 

switch fused in the “on” position. The explosion badly damaged the vehicle, 

the mission was scrubbed, and the crew and ground personnel hurriedly im-

provised to bring the craft home safely. 

 Before the launch, several NASA engineers and the mission commander, 

James A. Lovell, knew that something had gone wrong with the O 2  tank. Agency 

offi cials decided not to replace it, and Lovell let it go. He wrote “it was an ac-

cumulation of human errors and technical anomalies that doomed  Apollo 13 ” 

(Lovell 1975). Lovell recognized that the accident was a classic double fail-

ure: a noncatastrophic malfunction before the mission—a fused switch—

led to a catastrophic failure—the explosion of the tank on the mission. 

 The problem was correctly diagnosed by the  Apollo 13  Review Board, 

but they soft-pedaled their recommendations. They simply said that NASA 

“should reassess all Apollo spacecraft subsystems to insure adequate un-

derstanding and control of the engineering and manufacturing details of 

these subsystems,” and “where necessary, organizational elements should be 

strengthened and in-depth reviews conducted”(NASA 1970).  Apollo 14  was 

held up for nine months while NASA tried to institute these recommenda-

tions, but they used a short-term fi x, and, to quote Yogi Berra, there was “déjà 

vu all over again” in the  Columbia  shuttle disaster thirty-three years later. 
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 By the end of the Apollo program, however, the successes had far over-

shadowed the failures. In six missions, Kennedy’s challenge had been met, 

and a dozen astronauts had walked on the Moon. In the summer of 1971, the 

 Apollo 15  crew left a plaque in memory of the fourteen American and Rus-

sian astronauts who had died bringing us into the Space Age. Each mission 

had landed on a different part of the Moon, leaving behind the descent stages 

of six lunar modules, three rovers, and a variety of instruments dedicated 

mostly to lunar geology. 

 When in 1961 the United States announced its plan to land men on the 

Moon, the USSR had diverted its N1 rocket project to a lunar program in an 

effort to beat the Americans again. The N1 was the brainchild of the Ukrai-

nian rocketeer Sergei Korolyov (1906 –1966), who designed it and in 1956 

saw it put a ninety-fi ve-ton payload into orbit using a fi rst-stage cluster of 

thirty rocket engines fueled by liquid O 2  and kerosene. Korolyov, the so-

called secret chief engineer, led the Sputnik program and spearheaded the 

Soviet space program until 1966, when he died at the age of fi fty-nine from a 

heart attack during an operation for colon cancer. Korolyov’s untimely death 

dealt the Soviets’ N1 a death blow, and it never fl ew. All four test fl ights from 

the Baikonur cosmodrome between 1969 and 1972 failed before the separa-

tion of the fi rst stage, and the program was canceled in 1974. The design 

involved too many rocket engines, and at the time the electronic technology 

did not exist to synchronize and regulate the thrust of so many engines. 

 A gifted aeronautical engineer, Korolyov had nonetheless suffered horrifi -

cally during Stalin’s Great Terror. Stalin had him arrested in 1938 for anti-

Soviet activities, and he was sentenced to an indefi nite term of hard labor. 

During World War II, Korolyov’s teeth were knocked out and his jaw broken 

during an interrogation, and after two years in the Gulag, he was almost dead. 

Finally, the Soviet aircraft designer Andrei Tupolev managed to get Korolyov 

transferred to his design team, where he worked under secret detention. He 

was not set free until 1945. 

 After World War II, Korolyov traveled to Germany to study the V-2 rocket, 

designed by Werner von Braun, the man who would become his nemesis 

in the Space Race. Initially, Korolyov copied the V-2, but he soon began to 

formulate his own ideas. Had he lived, the Moon race certainly would have 

been closer, although with the N1’s problems, Korolyov still may not have 

been able to win it for the Soviets. 

 The Soviet Union and the United States would not actually cooperate on 

a truly international program until the Apollo-Soyuz project in 1975. The 
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 project worked out rendezvous and docking procedures for the spacecraft 

of the two countries, and NASA designed and built a docking module that 

served as an airlock and corridor between the two vehicles. U.S.-Soviet coop-

eration in space was a big step, but then the United States took a fi ve-year hia-

tus in manned spacefl ight, until the Space Transportation System (STS)—the 

shuttle—fl ew its fi rst mission in 1981. Now, with the STS retired, we face a 

similar lull mainly because of lack of agreement on a plan for a launch sys-

tem that could overcome the shuttle’s limitations. The shuttle’s three-element 

system—the orbiter, an expendable external liquid fuel tank for the orbiter 

engines, and two recoverable solid rocket boosters—supplied two reusable 

components that would supposedly cut costs, but in the end they would be 

the source of trouble. 

 THE SHUTTLE DISASTERS 

 Soon after  Apollo 11 , a Presidential Space Task Group set out three space 

exploration alternatives. The fi rst was an $8 to $10 billion per year program 

involving a space station in lunar orbit, a fi fty-person Earth-orbiting station 

serviced by a reusable shuttle, and a manned Mars expedition; the second, an 

intermediate $8 billion annual program, would lead to a Mars mission; and 

the third, a modest $4 to $6 billion a year program would include an Earth-

orbiting space station as well as the Space Shuttle. In 1970, President Nixon 

opted out because of the cost, and the shuttle, originally envisioned only as 

the Earth transport component of a far-reaching exploration program, be-

came NASA’s centerpiece. 

 STS-1 launched on April 12, 1981, and demonstrated that the shuttle 

could take off vertically and glide to a landing without power, and the launch 

required a rocket with a capacity of only a fi fth of the mighty Saturn V. The 

early shuttle highlights included STS-6 in 1983, when F. S. Musgrave and 

D. H. Peterson conducted the fi rst shuttle EVA to test a new spacesuit design. 

On STS-7, also in 1983, Sally K. Ride became the fi rst American woman in 

space, some twenty years after the Soviet cosmonaut Valentina Tereshkova 

did it. Finally, in December 1998, the assembly of the International Space 

Station (ISS) was begun by the crew of STS-88, the  Endeavor  orbiter. 

 Despite the shuttle’s versatility, the iniquitous catastrophes of 1986 and 

2003 that killed fourteen astronauts gave the system an aura of unreliabil-

ity. Both accidents had major repercussions for the space program, and the 

C6029.indb   74C6029.indb   74 10/12/12   9:41 AM10/12/12   9:41 AM



TWENT IETH-CENTURY SPACE

75

independent failures of a solid rocket booster and an orbiter, the two reus-

able components of the STS, called into question the wisdom of the reusable 

shuttle theory. Indeed, after the second accident, the shuttle did not return to 

space for over two years, and NASA decided to phase out the aging technol-

ogy as soon as possible. 

 The deaths of two shuttle crews drove home the cruelest lesson of human 

space travel. Attempting to escape or enter the gravity well of an entire planet 

is a very dangerous thing to do. On January 28, 1986, a leak in the joints of 

one of the two solid rocket boosters of the  Challenger  (STS-51) caused the 

external fuel tank to explode in a massive fi reball seventy-three seconds after 

launch, killing all seven astronauts. On February 1, 2003,  Columbia  (STS-

107) broke up during reentry over Tyler, Texas, thirty-nine miles up and 

traveling at 12,500 mph. The left wing sheared off, and the orbiter disinte-

grated, killing all seven astronauts. 

 The  Challenger  explosion was investigated in 1986 by the Rogers Com-

mission, which included the iconoclastic physicist Richard Feynman, who 

deduced that the accident had been caused by a joint failure between the two 

lower segments of the right solid rocket’s motor (Feynman 1988). This fail-

ure was caused by a blowout of an O-ring seal that prevents hot gases from 

leaking across the joint during the burn, and the resulting blowtorch bored a 

hole through the external tank holding the fuel for the orbiter’s engines and 

ignited it. The commission found no evidence that any other element of the 

system contributed to the explosion. 

 The Rogers Commission also concluded that the decision to launch  Chal-

lenger  was faulty. At launch time, the temperature was only 36 °  F, about 

15 °  colder than for any previous mission. A written report by the rocket’s 

manufacturer, Thiokol, had advised against launching at a temperature be-

low 53 °   F. The decision to launch was made by NASA offi cials who had no 

knowledge of previous problems with the rocket booster O-ring joints, and 

on the day of the disaster, the Thiokol engineers had said no to the launch 

(Rogers Commission 1986 –1987). 

 The cause of death of the  Challenger  astronauts could not be determined 

precisely because their orbiter had essentially disintegrated. The fuel tank ex-

ploded at 48,000 feet, and the crew compartment separated from the nose 

cone, cargo bay, and other orbiter compartments. The force of the breakup 

was not enough to kill the crew, and their compartment continued upward, 

reaching an altitude of 65,000 feet approximately twenty-fi ve seconds after the 

explosion. After the breakup, the astronauts’ O 2  supply became  disconnected 
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from their pressure suits, which would have left them conscious for perhaps 

fi fteen seconds. The crew compartment remained at or above 45,000 feet for 

almost a minute. As the orbiter spiraled upward, it passed through the Arm-

strong line, and so began the astronauts’ bizarre and horrifi c death by ebul-

lism: the massive expansion of gas in the tissues that can only be prevented 

by a working pressure suit. 

 The crew compartment descended into the Atlantic two minutes and 

forty-fi ve seconds after the breakup. The velocity at impact was more than 

200 miles an hour and far exceeded the structural limits of the compart-

ment as well as the survival limit for  g  forces. Mercifully, the duration of 

unconsciousness after the breakup was longer than it took for the orbiter to 

spiral into the ocean. I remember my former Navy commanding offi cer, the 

legendary Chuck “Black Bart” Bartholomew, who led the salvage effort for 

the  Challenger , telling me later that “the thing hit the sea so hard it broke into 

a million pieces.” 

 After the  Challenger  accident, NASA grounded the shuttle program for 

two and a half years while the booster seals were redesigned and new safety 

procedures developed. The shuttle returned to space on September 29, 1988, 

with STS-26, and fl ew eighty-seven missions before the  Columbia  disaster in 

2003. Immediately after the second accident, NASA grounded the remaining 

shuttles, leaving Russia’s  Soyuz  and unmanned  Progress  capsules as the only 

transportation for the ISS. 

 The  Columbia  Accident Investigation Board (CAIB) reported that two 

problems had contributed to the crash. The fi rst was technical; the heat-

protective tile layer beneath the shuttle had been damaged by the impact of 

insulation foam that had broken loose from the external fuel tank during 

takeoff sixteen days earlier. The foam was seen on a shuttle camera during the 

launch, and NASA engineers had made a note of it. This uncovered a second 

problem, one belonging solely to NASA—poor communication. 

 During the sixteen-day mission, despite being informed about the dangers 

of losing heat-shield tile integrity during reentry by their engineers, NASA 

managers did not factor the foam into their thinking. On January 23, a fl urry 

of e-mails discussing worst-case scenarios for the loss of heat-shield integrity 

fl ew among the engineers at Langley Research Center and the Johnson Space 

Center. The messages focused on a breach of the left wheel well and the im-

plications of a failure of the landing gear or tires. However, there was no 

mention of a possible breakup of the craft during reentry. 
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 The CAIB found NASA’s response untenable and reproached the “cul-

ture” that had allowed safety standards to dwindle at the agency. The problem 

was made to measure by longstanding poor communication that prevented 

effective resolution of disagreements. The board, however, also pointed out 

that even if the agency had assessed the situation correctly, it could not have 

dealt with a problem that prevented an orbiter from reentering the atmo-

sphere (CAIB 2003). 

 To appreciate the technical situation, we must see why the orbiter’s tile 

layer was so critical during reentry. The vehicle’s nose, the chin, and the lead-

ing edge of the wings became extremely hot during reentry, and the maxi-

mum heating would occur about twenty minutes before touchdown, when 

the temperature could reach 3,000 °  F. When  Columbia  was designed, the or-

biter’s aluminum and graphite-epoxy skin was insulated with three materials: 

low- and high-temperature tiles of reinforced carbon-carbon (RC-C) and felt 

blankets to protect against a wide range of temperatures including a low of 

–250 °  F. The felt was later replaced with fl exible fi brous blankets and com-

posite insulation. According to NASA,  Columbia ’s thermal protection system 

contained roughly 24,300 tiles and 2,300 fl exible insulation blankets. 

 The fi nal CAIB report stated that the orbiter was lost because of a “breach 

in the Thermal Protection System on the leading edge of the left wing” (CAIB 

2003). The breach was caused by insulating foam that broke off the external 

fuel tank and hit the lower half of RC-C panel number 8. On reentry, the 

breach “allowed superheated air to penetrate through the leading edge in-

sulation and progressively melt the aluminum structure of the left wing.” 

This torch caused suffi cient structural failing that the aerodynamic stress of 

reentry caused the wing to shear off. 

 The  Columbia  accident, like that of  Challenger , led to a long delay and the 

cancelation of shuttle missions. The CAIB report of August 26, 2003, made 

twenty-nine recommendations for the program and to NASA in general. The 

board believed that fi fteen of these could be implemented before the shuttle 

returned to fl ight. In the aftermath, none of the three remaining shuttles fl ew 

for two and a half years, and the retirement schedule was set for the program. 

An obsolescence plan was also agreed on for the ISS, and plans were laid for 

new space transportation technology. 

 In January 2004, nine months after the accident, the new Moon-Mars 

initiative allotted an extra $1 billion to NASA but ordered it to develop a 

new $12 billion space transportation system over fi ve years by reallocating 
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$11  billion from existing programs. NASA was told to honor its commitment 

to the ISS, retire the shuttle by 2010, and have a new vehicle for a manned 

Moon mission ready between 2015 and 2020. It was also instructed to build 

a lunar base as a springboard for a Mars mission (NRC 2004). The initial 

estimate for the cost of the new lunar program, including Project Constella-

tion, was $104 billion. 

 NASA did respond to the CAIB report and to the Moon-Mars initiative 

by reorganizing itself (NASA 2004). Predictably, NASA pundits immediately 

questioned the reorganization, even though its effects would not be known 

for years. For several reasons, the move was largely cosmetic, but as a result 

the public din over a “poor solution for cultural problems in federal agen-

cies” fi nally died down. 

 The details of the reorganization are less important than the fact that our 

space program operates on a bloated Cold War government model. It is not 

clear that the  Columbia  tragedy could have had a positive effect here. The real 

question is whether the  Columbia  mission was worth the risk and the cost. 

If anything good came out of the situation, it would be the preference to lay 

out the goals, costs, and risks of each mission for independent review before 

approving it. NASA has long been denigrated for downplaying risk, for fear 

of losing public support, and it is odd that its administrators rarely notice 

that the agency is hurt by serving a thin veneer of public relations pabulum 

to America. 

 On April 14, 2003, NASA did ask an independent advisory group to the 

NASA administrator, the Stafford Task Group, to assess the agency’s plan to 

put the shuttle back into service. Another task group (the Return to Flight 

Task Group), was asked to evaluate the implementation of the CAIB recom-

mendations, and it fi nished up on June 27, 2005, just a month before the 

fl ight of STS-114. This was a fourteen-day  Discovery  mission to the ISS in-

tended to check out the new safety measures for future missions. 

 The Return to Flight Task Group agreed that NASA had met twelve of 

the fi fteen recommendations it was asked to implement before the shuttle 

fl ew again. The three most stringent recommendations were not met, but 

the task group said the agency’s extensive testing and equipment modifi ca-

tions showed “substantive progress toward making the vehicle safer” (NASA 

2005). The report in hand, NASA reactivated the program. 

 After the  Columbia  accident, the problem of foam shedding from the ex-

ternal tank continued. The task group acknowledged in their fi nal report, 

released shortly after the fi rst “return-to-fl ight” mission on July 26, 2005, 
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that pieces of foam large enough to damage the orbiter critically had again 

been released. The task group had pointed out that NASA had no in-fl ight 

repair capability for the thermal tile but waffl ed and said the system was “not 

unsafe.” 

 A disturbing part of the investigation was the harsh criticism of seven 

members of the task group who dissented in four areas: rigor, risk, require-

ments, and leadership. They felt that problems in these areas had weakened 

NASA’s ability to manage a high-risk program effectively. They implied that 

there was only a cursory adherence to best practices and that the agency’s 

management philosophy did not improve after the accident investigation. 

 The public’s perception of the state of affairs at NASA was not helped 

when the onboard cameras on the STS-114 launch recorded images of foam, 

one piece three feet long, breaking loose from the external tank. Fortunately, 

nothing hit the  Discovery , and the mission ended without a mishap. The foam 

episode, however, delayed the second “safety” fl ight of the shuttle for another 

year, until July 4 through 17, 2006, but after the delay STS-121 went off with-

out a hitch. The end of the shuttle program was plagued by frequent delays, 

including dents in an external tank caused by a Florida hailstorm. Neverthe-

less, the shuttle did carry the powerful Alpha Magnetic Spectrometer to the 

ISS, which has been in operation since 2011. This instrument, together with 

the Hubble Telescope and its repair missions, are models for how cooperative 

space science should be conducted. Neither instrument requires an on-site 

human presence for daily operations, but both can be accessed by people if 

something unexpectedly goes wrong. 

 LEO AND THE SPACE STATION 

 The shuttle program taught lessons through its failures, too: manned space 

exploration hinges fi rst and foremost on coming and going safely from Earth, 

which we must learn to do more effi ciently. Then, we must learn to travel to 

the Moon safely, rapidly, and cost effectively. In this respect, aerospace tech-

nology, for the foreseeable future, will continue to drive the issue of  getting 

there.  However, for  staying there , an established outpost is needed to evaluate 

the risks of living in space and the practicality of a permanent human pres-

ence. Project Constellation, properly managed, would have provided for the 

implementation of a lunar infrastructure to address the lingering biomedical 

issues, but it was fl awed and put together hastily. 
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 When the Apollo program ended, no one had a blueprint for human ex-

ploration, and like today, the way forward was clear neither to NASA nor to 

the larger scientifi c community. Apollo was disparaged for its low scientifi c 

value, stemming from a failure to engage the broader scientifi c community 

and an apparent lack of intellectual payoff. The post hoc debate was grim, but 

fi nally, it was agreed to place a large “manned” space station in LEO, where 

information on “living in space” could be collected. 

 The rationale for LEO, its proximity to Earth, is unassailable. It is safer 

and cheaper to supply astronauts in LEO with cargo and to protect them 

from radiation than anywhere else in space. I tell my students that this is the 

fi rst great camping trip in the backyard. Years before the fi rst shuttle fl ight in 

1981, NASA had planned a modular station that could be carried up by the 

shuttle and assembled in space. In LEO, under the umbrella of the Van Allen 

belts, the station’s occupants are protected from cosmic radiation. 

 LEO is the fi rst rung of the ladder. To push the camping analogy, you don’t 

live in a tent in your backyard for long; you either go inside or, if you like 

camping, graduate to the mountains as soon as you can. LEO has two other 

disadvantages: the astronauts are confi ned to small stations, and they are ex-

posed to microgravity for months. 

 The history of the space station is fascinating (NASA 1997) and worth a 

short interlude. The description of an artifi cial satellite is often credited to 

Edward Everett Hale (1822–1909), better known for his 1863 short story 

“The Man Without a Country.” Hale published a three-part story in the  At-

lantic Monthly  called “The Brick Moon” (Hale 1869), which tells of a 200-foot 

globe built of 12 million bricks and launched into a 4,000-mile-high orbit 

by two enormous fl ywheels quaintly operated by water fl owing over a dam! 

 The purpose of the Brick Moon was to fi x longitude for navigators, who 

could observe it from the sea as it struck out a giant meridian in the sky. In 

theory, sailors would be able to calculate longitude much like they have for 

centuries using Polaris for latitude. Hale reasoned that a polar orbit would 

be necessary but neglected the Earth’s continuous rotation beneath his bea-

con. His “moon” and at least one other would have had to be placed high 

enough above the equator to remain in geosynchronous orbit (22,236 miles; 

35,785 km), allowing mariners to navigate by triangulation. 

 In the story, some of the workers and their families lived in the structure 

and were “home” when someone mistakenly activated the fl ywheels, launch-

ing the thing. The hapless people end up in an orbit some 5,000 miles high. 
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When the satellite is located, it contains thirty-seven survivors who commu-

nicate with Earth by jumping up and down on the surface in simulated Morse 

code. Hale therefore manages to portray the fi rst artifi cial satellite and the 

fi rst space station in one fell swoop. 

 Hale knew nothing of space and only vaguely describes how the inhabit-

ants lived, but his story was prophetic in two ways. He predicted the use of 

satellites for navigation and that people would use space stations. The longi-

tude problem had been solved in 1761 by the English clockmaker John Harri-

son (1693 –1776) in the form of the precision chronometer (Sobel 1996), but 

today’s geostationary satellites support a highly accurate global positioning 

system (GPS) for aircraft and ships at sea. A modern handheld or car GPS 

can place us anywhere on the planet’s surface with a precision and accuracy 

of about a meter. 

 In its relatively brief existence, the GPS has transformed navigation. It 

had fi rst evolved for military applications, then for commercial aviation, 

and fi nally for everyone else. GPS has become the standard not only for 

navigation but for accurate knowledge of time and location in space. This 

is of paramount importance in the geophysical sciences, for instance, in the 

study of plate tectonics. The success of GPS stems from a concordance of 

 technologies—low-power computing and satellite atomic clocks. Although 

the U.S. Air Force funded and implemented the GPS, they had objected to 

developing it for many years. Hard as it is to believe, Air Force administrators 

cut the program several times, only to have Congress restore it. 

 The space station was conceived by Russia’s famous “Father of Cosmonau-

tics,” the mathematician Konstantin Tsiolkovsky (1857–1935). Tsiolkovsky 

did theoretical work on rocketry even before the airplane was invented, and 

his novel  Vne Zemli  (Beyond Earth), written between 1896 and 1920, outlined 

how sustainable habitats could be built in space. Among Tsiolkovsky’s ideas 

were to spin the station on its axis to generate gravity, to use solar power, and 

to grow fruits and vegetables with hydroponics. 

 The term “space station” was coined in 1923 by the Transylvanian rocket 

pioneer Hermann Oberth (1894 –1989), who along with Tsiolkovsky and the 

American scientist Robert Goddard (1882–1945) are considered the fathers 

of rocketry and astronautics. Goddard’s ideas on rocketry were so foreign 

to the American public that on January 13, 1920, the  New York Times  com-

mented on one of his papers by saying “space travel was impossible, since 

without atmosphere to push against, a rocket could not move so much as an 
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inch.” The  Times  attributed less knowledge to Goddard than that “ladled out 

daily in high schools.” The smug editors, of course, had failed to realize that 

a rocket pushes against itself. 

 As a physics student at Heidelberg University, Oberth wrote a dissertation 

on rocket-powered fl ight, but it was rejected in 1922 for being too far afi eld. A 

year later, it became the basis for his book  Die Rakete zu den Planetenräumen  

(The rocket to planetary space). This rejection is perhaps not too surprising, 

as the 1921 Nobel Prize in physics had been awarded to Albert Einstein “for 

his discovery of the law of the photoelectric effect.” Oberth eventually wrote 

a second book in 1929 called  Wege Zur Raumschiffahrt  (Ways for space navi-

gation). Both books explained rocket theory, explored its applications, and 

speculated about space stations and travel to other planets. 

 Oberth had been inspired by Jules Verne and was a founding member of 

the German Society for Space Navigation (Verein für Raumschiffahrt). He 

and his fellow rocketeer Max Valier redesigned Verne’s columbiad   moon gun 

to resolve its technical problems, and their Raumschiffahrt gun was intended 

to fi re a 1.2-by-7.2-meter tungsten-steel projectile to the Moon from a barrel 

some 900 meters long. The barrel would be operated in a near-vacuum to 

eliminate air compression during acceleration of the shell. To minimize drag, 

the muzzle would be placed on a 15,000-foot mountaintop, above nearly half 

of the Earth’s atmosphere. This was but one chapter in the checkered history 

of the “space cannon,” which is impractical even for payloads. It would never 

do for people because the forces of acceleration in the barrel exceed human 

tolerance by a factor of about a thousand. 

 Oberth was born too soon, and redesigning Verne’s columbiad   was a 

pastime; he had no outlets for his passion until late in life. He considered 

the effects of spacefl ight and zero  g  environments on the human body and 

predicted the economic value of satellites. He also envisioned space stations 

as operating as departure points for the Moon and for other planets, and 

he proposed a modular design easily launched by rocket and assembled in 

microgravity. 

 The fi rst actual technical drawings of a space station appear to be those 

of a young Austrian army engineer, Hermann Potocnik (1892–1929), who 

wrote under the name of Hermann Noordung. His early treatise on space-

fl ight, published in 1929 and entitled  Das Problem der Befahrung des Welt-

raums — der Raketenmotor  (The problem of reaching outer space: the rocket 

motor), described his proposal for a space station. Noordung wanted to place 
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a small rotating doughnut (thirty meters in diameter) that he referred to as a 

 Wohnrad  (living wheel) into a stationary geosynchronous orbit. 

 In the United States, this idea was championed by Oberth’s student Wer-

ner Von Braun (1912–1977), the ex-Nazi leader of the World War II German 

rocket program whose work later catapulted the U.S. space program to the 

forefront. In the 1950s, Von Braun designed a model of a rotating, spoked 

wheel to serve as a station with artifi cial gravity, but it was never enacted for 

practical reasons. Von Braun’s wheel had to be huge in order to minimize the 

difference in centripetal acceleration between the head and feet of a person 

standing up in the wheel. The concept was too advanced for the time, but I 

do remember as a lad how fascinating it was when Von Braun presented it on 

Walt Disney’s  Man in Space  program. 

 By 1959, a committee of the fl edgling NASA had recommended that a 

space station be placed in orbit in preparation for a trip to the Moon. Dur-

ing the early days of the Kennedy administration, this recommendation was 

shelved, and by 1969,  Apollo 11  had landed astronauts on the Moon without 

a space station stopover. That same year, NASA proposed a hundred-man 

space base, which would serve as a platform to launch nuclear-powered space 

tugs to the Moon in support of a permanent lunar station. This plan was 

never realized because of its cost and the mounting paranoia over nuclear 

power. 

 The fi rst actual space station— Salyut 1 —was launched by the Soviet 

Union on April 19, 1971, two years after  Apollo 11 . The station provided 

a propaganda boost to a fl agging Soviet program and restored some of the 

prestige lost by its failure to beat America to the Moon. Four days after it 

was launched, a three-man crew on the  Soyuz 10  spacecraft was sent up, but 

technical details prevented them from docking with  Salyut 1 , and the crew 

never entered the station. 

 Six weeks later,  Soyuz 11  was launched from the Baikonur cosmodrome 

with the cosmonauts Vladislav Volkov, Georgi Dobrovolski, and Viktor Pat-

sayev aboard. The next day,  Soyuz 11  docked with  Salyut 1 , and the cosmo-

nauts remained at the station for twenty-three days. On June 30, 1971, the 

men returned to their spacecraft, undocked, and began their return. During 

reentry, however, communications with them were lost, and when the cap-

sule landed, the three men were found dead, still strapped into their couches. 

 When  Soyuz 11  separated from  Salyut 1 , a small air valve, which should 

not have been activated until the capsule was within two miles of Earth’s 
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surface, accidentally opened 104 miles (168 km) up, causing the cabin to 

depressurize suddenly. The miniatmosphere rapidly whistled into space, and 

the cosmonauts died before they could secure the valve. 

  Soyuz 11  did not carry pressure suits or an emergency O 2  supply, and once 

the valve opened, the men would have been conscious for about thirty sec-

onds. As the cabin altitude climbed precipitously, death was by asphyxiation 

and ebullism. In the aftermath of this accident, the Soviets did not launch 

again for two years, during which time the spacecraft was outfi tted with 

proper life support. Thereafter,  Soyuz  carried only two cosmonauts who wore 

pressure suits for launch and reentry. 

 The United States’ fi rst station was launched in 1973, when NASA used 

the Saturn V to put the ninety-one-ton  Skylab  into orbit 270 miles above 

Earth. Like the  Salyut ,  Skylab 1  was designed to establish and stabilize the 

station environment before the arrival of the crew. During launch,   excessive 

vibration caused one of  Skylab ’s   two solar collectors to be lost and the other 

to be damaged. Once in orbit, the station was positioned for the remaining 

solar panel to generate as much electricity as possible, but the inside tempera-

ture climbed to an intolerable 126 °  F (52 °  C). The problem was resolved by 

rotating the station to decrease its solar profi le and having the crew of  Sky-

lab   2  deploy umbrellas.  Skylab  ultimately supported three missions in which 

three astronauts lived onboard for twenty-eight, fi fty-nine, and eighty-four 

days, respectively. The station   was abandoned in 1974 and fell to Earth on 

July 11, 1979, scattering debris across the southern Indian Ocean and western 

Australia. 

 It hadn’t taken NASA long to realize that orbital stations were prohibi-

tively expensive, and by 1982 it had established a Space Station Task Force 

that eventually proposed an international partnership to share the cost and 

responsibility for a new station. In 1984, NASA was authorized to build an 

orbital station, but the rationale, design, and cost of the proposal stirred up a 

fi restorm, and plans for a more modest facility called Space Station Freedom 

were released in 1991. The project was again scaled down in 1993 by the 

Clinton administration, and the resulting three-quarters sized orbital facility 

became known as  Space Station Alpha . 

 At the time, the Soviets were focused on long-duration space missions, and 

they eventually launched a series of seven  Salyut  stations. On February 20, 

1986, they launched the fi rst element of a new station called  Mir  (Peace), 

ultimately composed of seven modules. A decade later on April 26, 1996, the 

seventh and fi nal module was placed into orbit.  Soyuz  was used to transport 
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crews and cargo to and from  Mir , and during its fi fteen-year lifespan the sta-

tion made more than 86,000 orbits and was visited by 104 astronauts from 

several countries, including the United States. 

  Mir  did shine, but it was also fraught with notorious mishaps. A  Mir  high-

light occurred on January 8, 1994, when the  Soyuz  TM-18 spacecraft carrying 

three crewmembers arrived, including the physician Valery Polyakov, who 

remained onboard  Mir  until March 1995, the record for a single mission. In 

theory, the 437 days he spent in space was long enough for Polyakov to make 

it to Mars. 

 After the collapse of the Soviet Union, the Russian Space Agency could no 

longer afford to maintain  Mir  and attempted to commercialize it .  By early 

2000, it was clear that the venture was going nowhere, and the systems and 

hardware on board were beginning to degrade. Metal fatigue in the older 

modules of the station had become a serious problem. In mid-2000,  Mir ’s last 

crew departed, and the decision was made to deorbit the station. In 2001,  Mir  

plunged through the Earth’s atmosphere and disintegrated over the South 

Pacifi c Ocean somewhere near 40 ° S/160 ° W. 

 Russia’s long experience with prolonged spacefl ight on the  Salyut  and  Mir  

stations was offered to the new American-led effort, and eventually some 

Russian hardware was included. In 1993, this led to the decision to build the 

new station jointly and call it the International Space Station (ISS). In 1994, 

Russia and the United States undertook the fi rst of nine shuttle- Mir  missions, 

and seven American astronauts lived aboard  Mir  in order to provide collab-

orative experience for the construction of the ISS. 

 The ISS became a unique partnership of sixteen nations, including the 

United States, Russia, Canada, Japan, and the nations of the European Space 

Agency (ESA). More than forty space fl ights were planned over fi ve years, us-

ing at least three different space vehicles—the shuttle and the Russian  Soyuz  

and  Proton  craft—in order to place station components into orbit. The ISS 

construction was greatly delayed by the  Challenger  accident, but NASA com-

pleted the bulk of the station before retiring the shuttle. Originally, the ISS 

was expected to last ten years, and the fi rst Russian segment, or RS, was de-

signed to last for fi fteen years. A crew of six, staying for six months, would 

have been the norm, with short-term support for up to twelve. This capac-

ity was largely determined by the ability to remove CO 2  from the station’s 

atmosphere. 

 The ISS design was based on a contemporaneous life-support philosophy, 

including the level of systems redundancy. The Russian and U.S. approaches 
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to redundancy and safety have always been different, particularly with respect 

to the backup systems for critical life support functions, such as O 2  produc-

tion. If the main O 2  generator fails, for example, the U.S. protocol calls for a 

second identical system, whereas the Russians use bottled O 2  until the gen-

erator is repaired. 

 Such differences refl ect a different philosophy of conserving mass and 

reutilizing resources. According to a 1998 technical report from the Mar-

shall Spacefl ight Center, NASA’s life-support philosophy was derived from 

the cost of placing large payloads into orbit (Wieland 1998). The principle is 

to minimize the use of expendable materials and to utilize technologies for 

regeneration, for example, in removing byproducts like CO 2 . Another goal 

is to recover as much mass as possible—to minimize the loss of mass, for 

example, by recovering water from the air during the removal of CO 2  and 

returning it to the cabin. A third aspect is to save weight by reducing the 

built-in redundancy to within reasonable safety limits because redundancy is 

expensive and backup equipment still requires maintenance. 

 NASA’s approach requires that certain life-support equipment be designed 

 never to fail.  Accordingly, on the ISS, the tolerances for many life support 

(ECLSS) functions were set to zero. However, nothing is perfect, and a zero-

failure design cannot be applied to primary life-support equipment because 

no matter how unlikely, a failure is usually fatal. The  Soyuz 11  tragedy, with 

cosmonauts without pressure suits, is a case in point. For critical functions 

such as cabin pressure, O 2  concentration, and temperature, redundancy must 

be maintained, and NASA “criticality ratings” guide the implementation of 

this rule. 

 In November 1998, the fi rst two modules of the ISS were launched and 

joined in orbit. Other modules soon followed, and the fi rst crew arrived in 

October 2000 —the U.S. astronaut Bill Shepherd and the Russian cosmo-

nauts Yuri Gidzenko and Sergei Krikaley, aboard a  Soyuz  spacecraft. Since 

2000, the ISS has been inhabited continuously by rotating crews. The experi-

ence of setting up, monitoring, and maintaining a station before the working 

crew arrives is invaluable in planning a future moonbase. 

 Finished and operational, the current ISS has the length and width of a 

football fi eld, a mass of 816,000 pounds, a module length of 157 feet (51 me-

ters), and a truss span of 357.5 feet (109 meters). Its habitable volume is 

12,705 cubic feet, roughly the same as a fi ve-bedroom house or the cabin of a 

Boeing 747 jet. There are six laboratories that provide far more research space 
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than any previous station. The ISS orbits at an average altitude of 354 kilome-

ters (220 miles), at 51.6 °  inclination to the equator. 

 Before the  Columbia  accident, ISS cargo missions were planned for ap-

proximately every three months using U.S. shuttles or Russian  Soyuz  and 

 Progress  capsules. Nonreusable items were loaded into  Progress  return vehi-

cles, which disintegrate on reentering Earth’s atmosphere, or into an orbiter 

for return to Earth for disposal. Typically, the shuttle ferried long-term crews, 

while  Soyuz  carried short-term astronauts, cosmonauts, and paying custom-

ers to the ISS. But after the  Columbia  accident, Russian spacecraft became the 

only form of transportation to and from the ISS until 2006. 

 In 2004, the frequency of resupply visits to the ISS was reduced because of 

a shortage of Russian cargo rockets, and the crew size, which had been three, 

was reduced to two. Russian spacecraft are smaller than the shuttle—a new 

 Soyuz  capsule carries three passengers and a  Progress  capsule about 2.5 tons of 

supplies. In contrast, the shuttle handled seven people and twenty-fi ve tons 

of cargo. 

 The smaller number of cargo missions to the ISS led to signifi cant main-

tenance problems as well as to the accumulation of junk that would normally 

have been taken off by spacecraft returning to Earth and jettisoned into the 

atmosphere to burn up. This problem brings into sharp focus yet another 

problem a Mars mission will face in supporting fi ve or six people for 900 days 

without resupply. Certainly no one would want to see humanity’s fi rst mis-

sion to another planet leave a massive pile of junk on the ancient surface of 

our pristine neighbor! 

 These few selected points from the history of spacefl ight clearly indicate 

that  getting there  and  staying there  are different issues. Technologically, both 

should be getting easier, but they are both becoming too expensive. Before 

the ISS, NASA’s exploration program devoted most of its resources to getting 

there and back safely instead of staying there. The Russians spent most of 

their time fi guring out how to stay there. Both sets of lessons are important. 

The rest of this book is focused on staying there, beginning with the Moon, 

the only place large enough and close enough to implement a long-term 

strategy for interplanetary space exploration involving people. 
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 5 .  B A C K  T O  T H E  M O O N 

 America spent $3 billion 1972 dollars for each of the twelve 
astronauts that went to the Moon—an extraordinary outlay, given the mea-

ger scientifi c return on the Apollo program. This was not lost on the scientifi c 

elite of the 1970s, and thirty years later, the Moon-Mars initiative found itself 

in the same boat, and cost overruns and poor planning prevented it from 

weathering its own storm. Americans have expectations of a real return on 

the space program, but no one really seems to know what this means. 

 Part of the problem is the conquest mindset, a holdover from the Cold 

War, which confuses things. Switching focus from the Moon to an asteroid 

fi ts that pattern and plays on a the-sky-is-falling mentality. It gives the im-

pression that we are acting in the best interests of the world, but the logic is 

weak. The Moon fell out of favor because of the canard that we have been 

there before. This specious argument has not gone unnoticed by many pres-

ent and former NASA people, including former astronauts and mission di-

rectors, who are publicly shaking their heads. 

 Over the Independence Day weekend of 2011, I watched NASA Adminis-

trator Charles Bolden on C-SPAN speaking to the National Press Club about 
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the future of manned space exploration. He was cagey about NASA’s new 

heavy-lift plans, which hadn’t quite materialized at that point. Bolden recog-

nized this as the most important decision he was likely to make at NASA, and 

as I watched him I realized we weren’t going back to the Moon— or to any as-

teroid, either—by 2025. But if it performs as advertised, our new space trans-

portation system should eventually provide plenty of fl exibility and muscle. 

 The Moon-Mars initiative would have monopolized a large share of 

NASA’s resources over twenty years. When astronauts did return to the 

Moon, they would have visited briefl y to collect geophysical data, because 

we have no technology for a long stay on an airless Moon. This technology 

gap cannot be closed by sending a few people to an asteroid or to the Moon 

for a few days. Ultimately, if we are going to stay in the spacefaring business, 

expensive as it is, we will have to invest in a moonbase. 

 In 2006, NASA unveiled a lunar exploration strategy that involved setting 

up a small base at the lunar south pole and having it staffed permanently by 

2024. Physical science research appeared to drive the plan, but the ultimate 

idea was to use the base to develop a springboard for Mars. A range of activi-

ties called “lunar exploration categories” were listed, each with several objec-

tives. A synopsis of the plan is shown in table 5.1. 

 Not surprisingly, the plan emphasized infrastructure and other things that 

NASA does well, with little emphasis on the people, even though it required 

them to live there for long periods. The original timetable, about eighteen 

years, is too short to transport and install semipermanent infrastructure from 

LEO sites to the Moon. Also, nascent surface technologies needed for Mars 

must be “incubated” on the Moon. 

 The selection of the rim of the Shackleton crater near the south lunar pole 

as the site for a lunar base was driven in part by the long nights at the Moon’s 

equatorial latitudes, which cuts the solar irradiance in half and deepens the 

thermal cycles. These temperature cycles cause composite materials to expand 

and contract continuously, causing early fatigue. These effects are lessened at 

the poles because of the more uniform temperature caused by nearly constant 

sunlight. The Moon has no area of perpetual summer, since its 1.5° axial tilt 

is appreciably smaller than Earth’s 23°, but the polar region in the south has 

short nights suitable for a solar-powered base. And 122 kilometers from the 

pole, the summit of Malapert Mountain, fi ve kilometers high, receives full or 

partial sunlight for 93 percent of the year and stays in Earth’s line of sight, for 

good communications (Sharpe and Schrunk 2003). 
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TABLE   5.1.   CATEGORIES OF LUNAR EXPLORATION. 

 FIELD OF EMPHASIS EXPLORATORY CATEGORY # OF OBJECTIVES

Physical Sciences Astronomy and astrophysics 9
 Solar physics 8
 Geology 16
 Earth Observations 12
 Material Science 3
 Environmental characterization 12

Life Sciences Human health 8

Operational General Infrastructure 8
 Environmental hazards mitigation 5
 Habitat, life support, monitoring 11
 Operations, quality control 4
 Power 3
 Comunication 4
 Position and navigation 5
 Surface mobility/transportation,
 crew activity 12

Commercial Lunar resource utilization 11
 Development of commerce 23
 Global partnership 4
 Historic preservation 4
 Public engagement and inspiration 13

Source: http://www.gov/pdf/163560main_LunarExplorationObjectives.pdf.

 The site at Shackleton crater would also provide a  cold trap  at the crater’s 

base (Sanderson 2007). A base initially housing four people for two weeks 

would eventually fi ll a role similar to Antarctica’s McMurdo Station, which 

the National Science Foundation uses to stage research across the continent. 

From the base, traveling astronauts could set up instruments and collect lu-

nar samples. 

 A small base is the fi rst step in the development of permanent lunar in-

frastructure, but the McMurdo analogy is a bit of the old NASA soft shoe, 

as a lunar base would be far more expensive than even the Amundsen-Scott 

South Pole Station, some 850 nautical miles south of McMurdo. The idea of 

rotating personnel through the station on a two-week basis is also dead in the 

water, even using the ISS as a waypoint. The mantra that the Moon is a step-

ping stone to Mars is stating the obvious; learning on  and about  the Moon 

before setting a Mars timetable is the real trick. The lack of a lunar scientifi c 

directorate was naïve and even made reelection-seeking politicians nervous. 
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This oversight and bringing Mars into the picture opened the door to the 

criticism that money would be wasted getting ready for a conquest in lieu of 

durable, useful research. 

 NASA did identify some critical research areas, including low-frequency 

radio astronomy, lunar interactions with Earth’s magnetosphere, electromag-

netism, radiation, and the effects of dust exposure on people and equipment. 

Other science was shelved, such as optical astronomy, basic geology, gravita-

tional waves, astrobiology, and cosmic rays. The decisions were based on an 

estimated return on investment by science administrators, who are notori-

ously bad at predicting profi table spinoffs. 

 In the early 2000s, Russia’s RKK Energia had proposed an ambitious lu-

nar exploration program that included a permanent moonbase, but the plan 

never received government support. After NASA’s 2006 announcement, the 

Russians promptly expressed interest in working with the United States, of-

fering expertise in booster rockets and other hardware in exchange for help 

by Russian scientists in staffi ng the base. Russia’s interest in international 

cooperation was a common-sense move given the ultimate cost of the enter-

prise and the continuing effects of the 2008 economic recession. 

 Russia has also brokered space deals with the European Space Agency and 

with China. The Chinese purchased durable Russian  Soyuz  technology and 

have been fl aunting their own space program since China launched its fi rst 

taikonaut in 2003. China’s ambitions are the purview of the semiautonomous 

China National Space Administration (CNSA) and are rolled up into a three-

phase program called Shenzhou (“Divine State”) that originally began in 

1992 as Project 921. Shenzhou culminates with the launch of a space station 

into LEO, targeted for 2020, which coincidentally dovetails perfectly with the 

retirement of the ISS. The Chinese version would have a mass of sixty metric 

tons, less than one-fi fth of that of the ISS, but it would be the sole space sta-

tion in operation at that point.  

 The lifespan of the ISS can be extended until at least 2030, and NASA has 

pushed hard for that extension to avoid relinquishing dominion over LEO 

to China. China commonly heralds its peaceful intentions through space co-

operation agreements with more than a dozen countries. These agreements 

have led to joint projects, mostly with Russia, although the United States is 

kept at arm’s length. This estrangement is the fault of both countries, but it 

has raised few eyebrows in Washington because China is still seen as decades 

behind the United States in space technology. The 2012 NASA budget even 

explicitly forbade cooperation with the Chinese, thanks to the “Wolf clause,” 

C6029.indb   91C6029.indb   91 10/12/12   9:41 AM10/12/12   9:41 AM



HINDS IGHT AND FORES IGHT

92

inserted by a U.S. Republican congressman from northern Virginia who 

thinks he can block espionage and decrease human rights abuses in China by 

not cooperating with them in space. 

 The activities of the CNSA are closely tied to the Central Military Com-

mission and embraced politically by the Communist Party of China. Al-

though backroom government concerns about the possible militarization of 

space by China are perhaps unduly suspicious, both China and the United 

States have amply demonstrated their prowess at bringing down “obsolete” 

satellites using ground-based missile systems. 

 More concerning was the 2010 announcement that the CNSA plans to 

send taikonauts to the Moon by 2025. The CSNA espouses a long-range goal 

of establishing a permanent manned observatory on the Moon, which Chi-

nese space experts acknowledge as a necessary step toward the exploration of 

interplanetary destinations including Mars. They have also announced tenta-

tive plans for a manned Mars mission around 2050. 

 Any moonbase will be enormously expensive, and despite China’s growing 

economic power, it is not clear that the nation can fund a base without strong 

international partnerships. If they are serious, it means that they will be in-

vesting in a new space transportation system for the Moon and Mars. By go-

ing it alone, China is quietly positioning itself to take the lead in human space 

exploration should American resolve falter in the face of a soft economy. And 

their political system can dictate the expenditures necessary to establish a 

lunar presence, which if successful, would make it easy to lay exclusive claim 

to lunar mineral rights, over international objections. This is reminiscent of 

the international elbowing brought on by climate change over the owner-

ship of valuable Arctic resources, like oil, that are becoming harder to extract 

elsewhere on Earth. The Moon has a long list of surface resources, including 

aluminum and titanium; hence, lunar mining for the Chinese could become 

economically viable by the end of the twenty-fi rst century. 

 SERENE SELENE 

 The Moon has been written about more than any other celestial body, yet 

when I ask my students if our Moon has an offi cial name, only a third of 

them recall “Selene,” the beautiful mythological Greek goddess sister of He-

lios. Despite Selene’s dimpled beauty, she is barren and hostile. The aver-
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age distance between the Earth and the Moon, about 238,855 miles (384,400 

km), is roughly ten circumnavigations of Earth at the equator. This is a long 

way, but the ISS covers this distance in about fourteen hours; it is not the 

barrier it once was. 

 The Moon is tidally locked; the same hemisphere faces us throughout its 

twenty-seven-day orbit. Its size and proximity affects us profoundly, for in-

stance, in the generation of the tides. It has a gravity of 1.62 m /s 2 , about one-

sixth of Earth’s. This “partial gravity” is a decided advantage of over stations 

in microgravity and makes the Moon a huge, stable orbital platform with 

invaluable resources for human space exploration (Duke et al. 2003). When 

it comes time to depart, her escape velocity is only 5,325 mph (2.38 km /

second), compared with Earth’s 25,000 mph (11.2 km /second). Lunar escape 

is also helped by its diaphanous atmosphere—there’s virtually no friction.  

 These physical features are as good as it gets for learning to live in space. 

 A lack of curiosity about the Moon is also a bit hard to understand, con-

sidering that it is roughly 2,160 miles (3,475 km) in diameter—and was once 

part of the Earth. Its natural history, especially its relatively large size com-

pared with Earth, has long intrigued planetary scientists. Most “moons” in 

our Solar System are far smaller than their planets. A number of theories 

have tried to explain this, such as the old capture theory (Hartmann 1997; 

Murdin 2001, s.v. “Giant Impactor Theory”), but the Apollo lunar samples 

have changed how we think about the Earth-Moon system. 

 Selene was knocked off of the proto-Earth some 4.5 billion years ago by a 

cataclysmic collision, while our planet was still molten. This is the “giant im-

pactor” theory, even though no one knows what hit the Earth. It explains the 

Moon’s low density (3.3 grams per cubic milliliter, or 60 percent of Earth’s) 

and lack of an iron core. It also explains the identical O 2 -isotope composi-

tion in lunar and Earth rocks and the high mass of the Moon relative to 

Earth (1.23 percent of Earth), compared with the smaller moons of Mars 

(Georg 2007). 

 How much of the Moon   derives from Earth and how much from the an-

cient interloper, called Theia, is unknown. Theia would have been like Mars 

in size, and its fate is unknown (apart from the fact that it collided with the 

early Earth), but the Moon is less than a tenth the mass of Mars. This may 

mean that multiple collisions occurred and that most of the smaller body was 

absorbed into the Earth. Theia probably had a different chemical composi-

tion than the proto-Earth, but the Moon’s isotope composition is identical to 
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ours. So the impact may have peeled off part of the Earth’s crust to form the 

Moon. The Moon is also lopsided, with most of its mountain ranges on the 

far side, and no one knows why. 

 The Moon was originally much closer and thus once had a larger effect 

on the Earth, but the tidal forces of each on the other are still considerable. 

Apart from the tides, the Moon has stabilized the Earth’s tilt and evened out 

our seasons. The tidal effect of Earth on the Moon may contribute to the 

moonquakes recorded by passive seismometers placed on the lunar surface 

during the Apollo missions. Minor seismic activity from thermal cycles and 

meteorite impacts would be expected, but those seismometers have recorded 

deep moonquakes, source unknown, a few exceeding 5 on the Richter scale. 

This is strong enough to endanger a lunar station (NRCCSCEM 2006). 

 The Moon not only has no meaningful atmosphere; it has no liquid wa-

ter. This exaggerates the daily temperature variation on the surface, which is 

roughly −250 to +250°F, about twice the diurnal variation on Earth. The 

absence of air and water, the temperature swings, and cosmic radiation make 

the Moon a dangerous and inimical place. 

 Apart from the threat of radiation, these conditions on the Moon are simi-

lar to those outside the ISS, and they can be managed similarly by thermal 

engineering. The absence of “air” means that heat exchange occurs primarily 

by objects heating up by absorbing short wavelengths of light and cooling off 

by emitting longer infrared radiation. On the ISS, a combination of highly re-

fl ective insulation and radiators with large surface areas are used to dissipate 

heat and maintain the internal thermal stability. 

 The Moon’s wispy atmosphere was fi rst measured in 1972 using a mass 

spectrometer left by the last lunar astronauts, Eugene A. Cernan and Harri-

son H. Schmitt, on  Apollo 17 , in the Apollo Lunar Surface Experiments Pack-

age (ALSEP), which operated for fi ve years. The atmospheric pressure on the 

Moon at night was found to be about one ten-billionth of the pressure on Earth 

at sea level (3x10 −15  bar or 2x10 −12  mmHg, compared with Earth’s 760 mmHg). 

This is essentially a vacuum and no defense against cosmic radiation. 

 The evanescent atmosphere is composed mostly of four gases in roughly 

equal proportions: neon ( 20 Ne,  22 Ne), helium ( 4 He), hydrogen (H 2 ), and ar-

gon ( 40 Ar,  36 Ar). There are traces of CO 2 , ammonia, and methane (CH 4 ) but 

almost no O 2 . The entire mass of the lunar atmosphere is a mere 25,000 kilo-

grams (55,000 lbs), less than that of a tanker truck. All of the O 2  in the Moon’s 

atmosphere would support four people on a moonbase for about a week. 
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 In addition, the Moon lacks a magnetic fi eld to shield it from bombard-

ment by galactic and solar rays, such as ultraviolet light (UV), and dangerous 

sun fl ares comprising intermittent solar particle events (SPE) and coronal 

mass ejections (CME). On Earth, we are protected from this radiation by the 

Van Allen belts and by our dense ozone- and nitrogen-rich atmosphere. The 

radiation fl ux on the Moon is hundreds of times greater than it is on Earth, 

and it waxes and wanes with the eleven-year solar cycle. On the Moon, we 

would need overhead electrostatic generators or water-jacketed habitats to 

repel high-velocity charged particles— or live ten feet underground. 

 When a large SPE strikes the Moon, it packs a wallop that would do seri-

ous harm to an astronaut. Large solar storms carry high-energy protons of 

more than one hundred million electron volts (100 MeV) that can easily pass 

through six inches (fi fteen cm) of water. As early as 1989, the National Coun-

cil on Radiation Protection estimated that radiation sickness from a major 

SPE could kill an astronaut caught on the lunar surface in a spacesuit. Even 

modern spacesuits offer little protection against such intense radiation. 

 WATER, WATER EVERYWHERE 

 There is no atmosphere; extreme radiation, heat, and cold; dust; and moon-

quakes—but for all those things, the apparent lack of liquid water on the 

lunar surface was for many years considered the most troublesome issue in 

lunar exploration. The absence of water was often cited as a reason for never 

going back. In the early days of lunar observation, the many large dark spots 

on the Moon were thought to be seas and were named accordingly. By 1900, 

that romantic illusion had evaporated, and by the 1970s, the analysis of the 

Apollo lunar rocks indicated that they, and the Moon from which they had 

come, were, for all practical purposes, dry. But it turns out water really is 

there, in the soil, or regolith, and at the bottom of deep craters, though still 

unavailable in a conventional sense. The distinction between available and 

unavailable water may seem like a fi ne point, but the development of afford-

able water-recovery technology could govern the establishment of a perma-

nent lunar base. 

 The situation was so doubtful that some scientists thought bulk water 

would have to be transported from Earth and those costs factored into the 

cost of operating a base. Although a new specialized delivery vehicle could 
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reduce the cost dramatically, water would still cost thousands of dollars per 

liter, essentially the price of gold. In 2006, S. Alan Stern, the lead scientist for 

the  New Horizons  spacecraft and a former NASA scientifi c director, proposed 

a lunar water plan. Stern had been a fi ery opponent of Pluto’s demotion and 

was known for creative thinking in the space sciences. He and his team at 

the Space Science and Engineering Division at the Southwest Research Insti-

tute proposed launching ice payloads from the Earth directly to the Moon, 

a plan euphemistically called the SLAM. Stern’s group calculated that only 

about 15 percent of the ice in a proper SLAM would be vaporized at typical 

impact speeds and that most of it would stay within fi ve feet (1.5 meters) of 

the surface. The problem is that one cubic meter of water weighs one met-

ric ton (ice weighs slightly less), and the payload must be landed at night 

and recovered before lunar sunrise to keep the ice from sublimating into 

space. 

 On the other hand, some planetary scientists had thought that eons of 

meteor and comet impacts had deposited so much water ice over the lunar 

landscape that it could not have all been vaporized by the impacts or dis-

sipated into space. Ice could be trapped at the bottom of deep craters, in the 

dark shadows under the rims, where cold and darkness would prevent its 

sublimation. Such cold traps would be an invaluable source of water, which 

could be split into O 2  and H 2  for both life support and rocket fuel. However, 

problems with collecting the appropriate lunar data prevented the question 

from being answered of whether either pole harbored a practical amount of 

useable water ice. 

 The evidence for lunar ice remained inconclusive, despite the use of or-

bital instruments capable of sophisticated radar and neutron measurements. 

These instruments detected ice-compatible signals, but whether this was ac-

tually ice or simply hydrogen was hard to say. The fi rst such signal, detected 

in 1994 by the Defense Department–NASA  Clementine  Moon probe, was 

radar evidence of ice in the permanent shade at the bottom of a crater near 

the south lunar pole, where it could persist at extremely low temperatures, 

roughly 100 K. In March 1998, NASA reported that the neutron spectrometer 

aboard NASA’s  Lunar Prospector , which operated in lunar orbit for eighteen 

months, had detected hydrogen deposits at both poles. 

 This polar “ice” was originally thought to be spread over 10,000 to 50,000 

square kilometers (3,600 to 18,000 square miles) in the north and 5,000 to 

20,000 square kilometers (1,800 to 7,200 square miles) in the south, but later 

calculations showed that this area was roughly 1,850 square km (650 square 

C6029.indb   96C6029.indb   96 10/12/12   9:41 AM10/12/12   9:41 AM



BACK TO THE MOON

97

miles). The ice mass was crudely estimated at some 6 trillion kg (6.6 billion 

tons). The level of confi dence in the estimate, however, was low because the 

measurements were crude. 

 When the  Lunar Prospector  failed to yield to a defi nitive answer, the probe 

was crashed into the area of the strongest signal, in an attempt to pick up a 

water-vapor plume after the impact. The crash failed to throw up water but 

left the possibility open that the area of the impact contained up to 1.5 per-

cent water, distributed over a large area. The  Lunar Prospector  couldn’t make 

out structures smaller than about thirty miles across. Moreover, the powerful 

radar at the Arecibo Observatory in Puerto Rico had found no signs of ice at 

depths of up to one meter. This led some scientists to conclude that water was 

trapped at only very low concentrations and only in the top few meters of the 

lunar soil. This would make it diffi cult and expensive to recover. 

 In 2003, the European Space Agency (ESA) launched the  SMART-1  satel-

lite as part of a program to test inexpensive new space technologies. Once in 

Earth orbit,  SMART-1  fi red up an ion engine, spiraling away and spending 

twenty-two months circling the Moon. It probed deep polar craters using an 

advanced camera to map variations in  albedo , the fraction of the light falling 

on an object that is refl ected off its surface. The albedo can be used to infer 

certain things about the chemical composition of the surface.  SMART-1  also 

had an infrared spectrometer to search for the spectrum of water ice, but 

instead it found the signatures of calcium, aluminum, and magnesium in 

the lunar rock, not water ice.  SMART-1  was sensitive and should not have 

missed water. 

 In 2008, the fl oor of the Shackleton crater (four kilometers deep), which is 

permanently shaded and was predicted to hold ice deposits, was imaged with 

the ten-meter-resolution terrain camera aboard the  SELENE  spacecraft as it 

was faintly lit by sunlight from the top of the rim (Haruyama et al. 2008). 

The estimated fl oor temperature was less than 90 K, cold enough to trap ice; 

however, the albedo suggested that pure ice was absent or that an ice-soil 

mixture covered a small percentage of the area. 

 Lunar scientists continued to focus on the polar craters because the prob-

ability of fi nding ice there was still higher than anywhere else, and in 2009 

they learned of water ice near the Moon’s poles from the joint  Lunar Re-

connaissance Orbiter  ( LRO ) / Lunar Crater Observation and Sensing Satellite  

( LCROSS ). Launched on June 18, 2009, the system was to collect data on 

possible landing sites and map water ice distribution in the upper layers of 

regolith in circumpolar craters. 
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 The  LRO  remained in a polar orbit thirty-one miles (fi fty km) above the 

surface, while the  LCROSS  sent the Centaur rocket, followed shortly by an 

instrument-bearing shepherd spacecraft, crashing into a deep southern polar 

crater, called Cabeus, excavating tons of material. Analysis of the plumes for 

water vapor indicated signifi cant ice at the site, up to 5 percent by weight 

(Colaprete 2010). Equally surprising was that  LCROSS  dug up a lot more 

than ice; it found CO 2 , methane, and ammonia. Meanwhile, the ultraviolet 

spectrograph on the orbiting  LRO  observed signs of carbon monoxide, mer-

cury, calcium, and magnesium (Gladstone 2010). 

 Earlier, using a different approach in 2008, India had sent the  Chandra-

yaan-1  spacecraft to the Moon to map the surface with an imaging spectrom-

eter. It wasn’t long before analysis of the maps began to show large areas of 

water concentrated mainly at the poles (Pieters et al. 2009). This observation 

was confi rmed by a reexamination of older data from the  Cassini  spacecraft’s 

lunar fl yby on its way to Saturn and later by the  Deep Impact  spacecraft (Sun-

shine et al. 2009). 

 In short, lunar scientists now seem to agree that there are three kinds of 

water on the Moon. There is water on the surface formed from the solar 

wind, “deep” water from previous volcanic activity, and comet water left 

over in deep craters, which are actually colder than previously thought—in 

some places colder than Pluto. However, the evidence so far is indirect and 

would be strengthened by recovering core samples to be returned to Earth 

for analysis. Cores of material would provide a history in ice and reveal the 

presence of organic compounds delivered to the Moon over billions of years. 

Geochemical and isotopic analyses could tell us about the origins of lunar 

ice, the composition of impacting bodies, and where in the Solar System they 

originated. On the other hand, if the signal is mainly attributable to the solar 

wind, then we must learn to turn molecular O 2  and hydroxyl (OH) drawn 

from lunar soil into water. 

 The initial cost of water recovery technology will be high, but cost- 

amortization of the technology with that needed for splitting out O 2  and for 

effi cient life support and recycling will help lunar exploration become more 

feasible. Nonrecyclable and lost resources must be replaced either from Earth 

or from lunar sources, which is very expensive. Fortunately, the lunar soil is 

rich in metal oxides from which O 2  can be recovered (fi gure 5.1).   Learning 

to use indigenous resources on the Moon is a critical step for interplanetary 

exploration, because resupply missions from Earth will never be practical for 

Mars or missions to the outer Solar System. 
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  FIGURE 5.1.    THE MAJOR METAL OXIDES PRESENT IN THE LUNAR REGOLITH. 
 Overall, O 2  is 42 percent by weight. 

 IT’S NOT MADE OF GREEN CHEESE 

 Despite the bad conditions, the Moon is not made of green cheese, and al-

though some aspects of establishing a base there are on soft ground, the soil 

and ice are primed for  in situ  resource utilization (ISRU, in NASA speak). 

As NASA folk so fondly say, the Moon is a great test bed for ISRU. ISRU 

will be discussed in more detail later: it is a hot topic at NASA think tanks, 

especially for O 2 , H 2 O, propellants, and construction materials. The Moon is 

a natural laboratory to develop new technologies for collecting and refi ning 

indigenous resources for use in exploration when Earth is too far away to 

provide them. The Moon’s real value, as I tell my students, is like the value of 

real estate: location, location, location. This value will increase as the logistics 

of going back and forth gets easier and safer. 

 NASA is also banking on the Moon’s partial gravity and lack of an at-

mosphere to provide for easier disembarkation for Mars. The Moon is an 

outpost in our own backyard, but it is also close to sites useful for “storing” 

things in space for transport to other locations such as asteroids and Mars. 

The two Lagrange points L1 and L2 are in near-stable equilibrium orbits with 

the Sun-Earth-Moon system. The positions are metastable for weeks to years, 

so that supplies can be cached and retrieved later. Earth even has its own little 

Trojan asteroid at a Lagrange point. And L1 is home to  SOHO , the  Solar and 

Heliospheric Observatory Satellite , where it enjoys an unobstructed view of the 

Sun, and L2 is to be the home of NASA’s new James Webb Space Telescope 

(Hanover et al., 2006). 

 The Moon’s large fl at surfaces and stable gravity make it more convenient 

and less expensive to recycle water, grow plants, build or dig shelters, and stay 
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clean. These are important quality-of-life issues. The Moon can be used to 

store, deploy, and service solar panels, electrical grids, and scientifi c instru-

ments. It has even been suggested that expanses of regolith can be modifi ed 

into a  glace  to collect sunlight. Moreover, the underground capacity is essen-

tially limitless, accessible to robotic mining, and safe from radiation. 

 The Moon has up and down directions. Liquids behave normally; water 

fl ows, and neither fuel nor a gyroscope is required to maintain the position 

or orientation of a lunar outpost. And partial gravity will become the de facto 

norm for all human space exploration in the Solar System. This must be stud-

ied carefully because partial gravity has important implications for missions 

to Mars and beyond. 

 The benefi ts to musculoskeletal health of living in partial gravity instead 

of microgravity should be easy to establish. At one-sixth gravity, bone and 

muscle loss should be slower and easier to prevent with exercise than it is 

in microgravity, where efforts to counteract atrophy can be time consum-

ing. Exploration-class missions in microgravity will involve multiyear stints 

followed by long periods in the partial gravity on Mars or a moon of one of 

the outer planets. Anywhere in the Solar System we might feasibly visit has 

less gravity than the Earth. In fact, except for Mars, which is 0.38 g, gravity 

would be similar to that of the Moon, and some places, like Ceres, have even 

less gravity. In order to set the horizon just right, we must understand partial 

gravity as a barrier to human space exploration. 

 Another problem, a reliable source of power, has multiple potential solu-

tions, but these must be reduced in practice. The Moon and the Earth receive 

the same average solar energy or irradiance, about 1,360 watts per square 

meter (1.36 kW/m 2 ). On Earth, this energy is concentrated at the Equator, 

and depending on atmospheric conditions, about a quarter of it is scattered 

and absorbed by our atmosphere. This is not the case on the Moon because 

of the lack of an atmosphere to absorb solar energy. In contrast, Mars receives 

less than half the solar energy of Earth, and maximum irradiance at noon 

on Mars is about 43 percent that of the Earth (595 W/m 2 ). Under extreme 

conditions, such as dust storms, this can fall to 7 percent of the equatorial 

maximum on Earth. 

 If America’s lunar exploration program is revived quickly, we will lead in 

the development of technologies to recover and process raw materials from 

the lunar regolith, for instance, for construction. The regolith contains large 

deposits of ilmenite—iron and titanium oxide (FeTiO 3 ), which is 32 percent 
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O 2  by mass. Heated with a catalyst, ilmenite will release large amounts of O 2 . 

Powder and stone fragments of regolith can be sintered (fused in a mold) 

or melted to create different products, for instance, by using microwaves. 

Focused microwaves may also be useful for shielding, splitting water, and 

making solar cells and pavement from lunar soil. 

 Some years ago, I was wandering around at a national meeting on lung 

diseases and stumbled into a workshop on Moon dust. I came away with 

a healthy respect for it. The lunar regolith is ubiquitously layered with fi ne 

dust, and it has many troublesome features. It consists mainly of irregularly 

shaped pieces of impact-produced glass; each shard has a large surface area 

laced with jagged edges (Park et al. 2008, Liu et al. 2008). It is iron rich, 

highly electrostatic, and sticks like Velcro to everything from spacesuits to 

electronics. 

 The particle size borders on ultrafi ne, ranging from 100 to 300 nanome-

ters. Such fi ne airborne dust on Earth would have serious effects on lung 

function, including the distal air sacs, or alveoli. Our lungs would proba-

bly not fare well breathing this dust, even in trace amounts, especially over 

months in partial gravity, which tends to keep it suspended in the atmosphere 

for longer periods. On Earth, such particulates are considered air pollutants, 

and they are some of the causes of major lung diseases, including lung cancer 

(Knaapen et al. 2004). Dusty trades such as mining produce disabling chronic 

lung diseases, such as silicosis, and there is abundant silica in Moon dust. 

 The key to minimizing exposure to lunar dust is to keep it out of the 

habitat. NASA is designing habitat-egress procedures that would leave the 

spacesuits in an airlock or coupled to it, away from people and equipment. 

A suit would never actually return to the habitat once it has been used on 

the surface. Another approach is to “dust” the suits with special antistatic 

vacuum cleaners. Solutions to the dust problem are critical to Mars explora-

tion too, where long-lasting planetary dust storms are commonplace. 

 The idea that lunar resources cannot be converted inexpensively to use-

able commercial products has long been popular with the naysayers, but it 

is losing traction. An example often used by the former  Apollo 12  astronaut, 

geologist, and U.S. senator Harrison H. “Jack” Schmidt is the notion of min-

ing helium-3 ( 3 He) on the Moon. Schmidt thinks  3 He may be exportable for 

use in fusion reactors and that mining it could produce useful byproducts 

from lunar soil for life support and propulsion, including O 2 , H 2 , and H 2 O 

(Schmidt 2006). He has dreamed up a cooperative solution between the U.S. 
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government and the private sector that does not directly involve NASA. He 

envisions a competitive return on investment using low-cost commercial ve-

hicles designed to harvest the regolith, with living quarters for the crew and 

a large capacity for bringing  3 He-enriched material to Earth for refi ning. To 

the science fi ction buff, the idea is agreeably reminiscent of spice mining in 

Frank Herbert’s classic  Dune  novels. 

 Schmidt thinks  3 He mining could be a fi nancial “carrot” for commercial 

use of the Moon by opening the door to cheap fusion power and escaping 

the use of fossil fuels on Earth.  3 He is a stable light isotope of  4 He embed-

ded in the lunar soil by the solar wind. The amount of  3 He in the top three 

meters (ten feet) of lunar soil is estimated at about fi fty kilograms per square 

kilometer. This could power a thousand-megawatt fusion reactor for a year: 

a few truckloads of lunar soil could thus power the United States for a year. 

Schmidt argues that the engineering problems can be solved in the next few 

decades to make the entire process viable. 

 Schmidt’s proposal to fuse  3 He with deuterium and tritium, heavy isotopes 

of hydrogen, is feasible, but  3 He is not the preferred fuel of fusion experts. It 

is more diffi cult to fuse with deuterium than is tritium because helium’s extra 

proton raises the fusion temperature fourfold. Conventional fusion devices 

called Tokomaks create hot, dense plasmas in confi nement vessels to fuse 

deuterium and tritium. However, more energy is required to heat the fuel 

than is released by the reaction—the energy breakeven point has not been 

reached. So Schmidt’s idea is not soup yet, but the man himself has been to 

the Moon, and he sees the big picture. We will learn to capitalize on scientifi c 

and commercial opportunities on the Moon. 

 Scientists building the most advanced fusion reactor in the world, ITER 

(Latin for “the way”), in the south of France want to reach the breakeven 

point in 2020. The problem with ITER is that the Tokomak is huge; it re-

quires, among other things, 10,000 tons of supercooled magnets and a pow-

erful vacuum. You could envision generating power for a lunar colony by 

placing a Tokomak in a crater on the Moon, where it is already cryogenically 

cold, but for spacecraft, nonconventional low-mass confi nement vessels, for 

instance a system that fi red atomic nuclei directly into one another in an 

electrostatic fi eld, would be necessary. 

 I have no illusions that fusion will work on the Moon, but there are many 

other useful resources in the regolith. I mentioned the ilmenite deposits, lo-

cated mostly in the lunar lowlands, as a source of O 2 , but the iron and tita-

nium are useful too. Many other metal oxides in lunar soil will yield pure 
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metals, like aluminum, after the O 2  is extracted. The collection of lunar met-

als will preclude having to transport them from the Earth. Furthermore, our 

proclivity to deplete rare-earth metals here on Earth may one day make it 

economically necessary to mine lunar metals and export them home. This 

raises serious societal and ethical issues over the right to exploit lunar re-

sources, and they represent signifi cant challenges for the future. 

 Earth is facing shortages of certain metals, including platinum and tita-

nium, for which the discovery of major new reserves seems unlikely. There 

is also a list of rare-earth elements, such as hafnium, gallium, iridium, neo-

dymium, tellurium, dysprosium, europium, terbium, and yttrium. Most 

people know nothing about these but they are part of everyday things such as 

computer screens, touchscreens, solar cells, and high-performance magnets 

(Crow 2011). Some are crucial for the success of emerging green technolo-

gies, but there are few known deposits, and recycling technology is limited. 

Some are already in short supply in part because China accounts for most 

of the world’s rare-earth mining, and they restrict the supply on the world 

market. Those elements that are not yet critical may become so within thirty 

to fi fty years, and by 2100, the world could also face shortages of copper, 

aluminum, tin, and zinc (Cohen 2007). 

 Lunar aluminum and titanium, coupled with the discovery of surface 

deposits of platinum, iridium, and other critical elements, could make it 

more cost effective to export them to the Earth than to extract them from 

the Earth. In either location, implementing  sustainable  technologies requires 

greater capitalization than simply fi nding something disposable, but the need 

for durable technologies to harvest and recycle such materials for major con-

sumables is inevitable. 

 The idea of putting high-value lunar resources into the commercial realm 

sparks strong feelings about protecting the Moon from destructive special 

interests. In 1967, an Outer Space Treaty, and in 1979, the United Nations 

Declaration on the Moon (Moon Treaty) were drafted but never ratifi ed by 

the main players, the United States, Russia, China, and Japan. The objective 

was to prohibit the placement of military hardware on and ownership of the 

Moon and other Solar System resources by private citizens or corporations 

and to encumber off-world exploitation of nonrenewable resources, similar 

to the International Law of the Sea and the Antarctic Treaty. 

 The use of lunar materials for habitat construction is generally considered 

fair game. Safe haven from space radiation is of paramount importance, and 

the possibilities range from the infl atable torus to lunar subsurface tunnels. 
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There are many conventional and exotic construction alternatives, but lack-

ing practical experience, NASA has been making “educated guesses” from 

among a wide range of possibilities. The fi rst lunar habitats will likely involve 

tough infl atable cylinders or donuts connected by airlocks, similar to large 

hyperbaric chambers. These would incorporate a central core for electrical 

and life-support equipment and perhaps small water-jacketed rooms for pro-

tection from solar storms. However, I would personally prefer to go under-

ground when the Sun cranks up. 

 Perhaps the most effi cient of several possibilities for permanent living is 

that of clearing out subsurface lava tubes left over from the Moon’s ancient 

volcanic history. This is also a fabulous geological research opportunity for 

lunar scientists who are curious about what lies under the regolith. We hit 

two birds with one stone by using the advanced robotic mining technologies 

already being deployed here. Remote-controlled mining, known as  teleporta-

tion , is used to protect miners from exposure to heat and other hazardous 

conditions. Teleportation eliminates travel to and from the mine, which for 

the Moon is quite a distance. Teleportation is also used in blasting and is be-

ing developed for deep seabed mining. It offers the means to revolutionize 

our most diffi cult and important mining ventures. 

 The application of underground tunneling, sealing, and gas pressurization 

to a lunar outpost was fi rst proposed in the 1970s, and since 2000, simi-

lar proposals have been on the drawing boards for Mars. These are critical 

developments for space exploration because we will always need robots to 

do the dirty work in the Solar System. Mars probes already have performed 

miniature excavations, but large-scale tunneling is real work and takes huge 

amounts of power. Electrically powered tunnel-boring machines, however, 

are already state of the art. 

 Robotic mining also takes astronauts in cumbersome spacesuits out of the 

picture. Once again, the cost and effi ciency of robotic work must be taken 

into account, but viewing old fi lm clips of Apollo astronauts shuffl ing clum-

sily about on the Moon illustrates the problem nicely. In the 1970s, lunar 

spacesuits were “top-heavy”—the center of gravity was too high, and the as-

tronauts tended to fall over easily, which is dangerous. Suit technology has 

been improved to minimize top-heaviness, but durability, joint mobility, and 

glove fl exibility still need work. More fi ddling time is needed to perfect this 

critical human interface with the Moon, but the harvesting of lunar resources 

will fall almost exclusively into the realm of the robot. 
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 EXTRAVEHICULAR ACTIVITY 

 In going back to the Moon, we will need four types of hardware: habitats, 

rovers, robots, and spacesuits. Prototype habitat technology is available, and 

there are new ideas aplenty. A new enclosed electric rover built by NASA 

could go sixty miles and, according to my old friend, the astronaut Michael 

Gernhardt, is essentially ready for a test ride. Today’s spacesuits work fairly 

well for extravehicular (EVA) activities in microgravity and allowed NASA 

to climb the infamous “Wall of EVA” in building the ISS, but exploring the 

rough lunar terrain will require a rugged new spacesuit design. 

 Spacesuits are stiff because they have a high internal pressure relative to 

the near-vacuum of space. The ISS (as did the shuttle) operates at a cabin 

pressure of one atmosphere (14.7 psi, 760 mmHg, or 1,013 mbar). In other 

words, U.S. astronauts breathe air at a pressure equivalent to that at sea level. 

However, operating a spacesuit where the internal pressure is 14.7 psi and 

the external pressure is essentially zero is like trying to move an infl ated tire 

from the inside. The pressure must be lowered (and the O 2  concentration 

increased) in the suit to reduce the pressure difference across the garment, 

making it less stiff. The current suit systems for EVA operate at 4.3 psi, or 

roughly 0.3 of an atmosphere. 

 In order to get into a suit at lower pressure, the astronaut must “climb” 

from sea level to the equivalent of 30,000 feet—about a thousand feet higher 

than Mt. Everest. Raising the O 2  concentration prevents hypoxia, but the as-

tronaut faces the same risk of decompression as a scuba diver during ascent: 

 decompression sickness , or the  bends . The bends occurs when N 2  gas dissolved 

in the tissues comes out of solution and forms bubbles, which may cause 

pain, numbness, or weakness. To avoid the bends, astronauts must undergo 

lengthy periods of O 2  prebreathing with exercise before EVA in order to elim-

inate excess N 2  from their bodies. 

 Lunar habitats will operate most effectively at a mountaintop altitude; in 

other words, at a lower pressure than at sea level. Lowering the habitat pres-

sure makes it possible for an astronaut in an O 2 -fi lled spacesuit to exit the 

habitat to an even lower working pressure more quickly, because less N 2  must 

be eliminated beforehand to avoid the bends. This also decreases the volume 

of gas lost to the outside when airlocks are opened to move in and out of the 

habitat. 

C6029.indb   105C6029.indb   105 10/12/12   9:41 AM10/12/12   9:41 AM



HINDS IGHT AND FORES IGHT

106

 For argument’s sake, let’s place our lunar habitat at the altitude of Colo-

rado Springs (6,035 feet, or 1,840 m). This would allow an astronaut in an 

O 2 -fi lled spacesuit at 30,000 feet to make a faster egress because the amount 

of N 2  eliminated from the body moving between 6,000 feet and 30,000 feet 

is only two-thirds as much as starting at sea level. If the habitat atmosphere 

is enriched in O 2 , the pressure can be kept even lower, making egress even 

easier. More O 2  also avoids another problem—altitude or mountain sick-

ness, which can produce disabling headaches, nausea, vomiting, and sleep 

disturbances (West 1998). 

 The air in Colorado Springs has an O 2  partial pressure (PO 2 ) of approxi-

mately 128 mmHg, which translates in someone with normal lungs to an 

arterial O 2  saturation of about 95 percent. In addition, the O 2  concentration 

in a lunar habitat could be raised safely from 21 to 26 percent, which would 

provide an inspired PO 2  similar to sea level and decrease the amount of N 2  in 

the atmosphere by 5 percent. 

 Habitat pressures as low as 0.55 ATA (8 psi) and O 2  concentrations as high 

as 32 percent are being considered seriously by NASA, thereby creating an 

atmosphere the same as that at 5,000 feet of altitude. The use of more O 2  and 

less N 2  (68 percent instead of 78 percent) would allow barometric pressure to 

be lowered to the level of 19,000 feet. This greatly decreases the time for de-

compression to 30,000 feet because compared with sea level only 44 percent 

as much N 2  must be eliminated. This might actually avoid the bends without 

any decompression time. 

 Putting these ideas into practice means integrating them into the all-

important habitat, but electrical engineers hate low-pressure environments 

because electronic components tend to overheat. If you have driven down 

the mountain from Pike’s Peak, you will recall that the ranger stops you ev-

ery few miles to check the temperature of your brakes. The engineer must 

design, install, monitor, and maintain low-pressure-habitat electronics once 

the basic specifi cations are agreed upon for atmosphere control, shielding, 

recycling, reliability, and durability. We know low-pressure habitats work; the 

South Pole Station, for instance, safely supports scientists at an elevation of 

9,300 feet (2,790 meters), but the altitude equivalent, because of polar atmo-

spheric lows, can be as high as 10,800 to 13,330 feet (3,240 to 4,000 meters). 

 All habitats, from submarines to skyscrapers, are mechanical systems that 

ultimately break down and wear out, especially where moving parts are in-

volved. Equipment on the Moon will not be exempt from this principle, par-

ticularly since the hardware will be constantly exposed to radiation, dust, and 
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deep temperature cycles. The reality of this problem was brought into the 

public eye in 2004 and 2005 by the troublesome failure of the O 2  generator 

on the ISS, a famous test of the limits of life-support reliability and durability. 

 On a permanent moonbase, spare parts from Earth will be limited be-

cause high cost will restrict cargo missions to only a few times a year; how-

ever, Russian  Progress  spacecraft have proven that resupply missions can be 

handled robotically. Thinking about Mars, cargo missions will be even more 

expensive, and the constraints of orbital mechanics may drastically restrict 

even unmanned missions. Given the state of the art, without more effi cient 

propulsion, life-support system durability will be tested for decades to come. 

 The dependability of space hardware has been aided by the short duration 

of missions and their proximity to Earth. Since Apollo, every mission has 

been in LEO and supported from Earth. For the ISS, cargo craft are stocked 

on the ground and launched to the station. Cargo craft obviously have a 

smaller size and lower cost than manned ships, but the failure to maintain 

this lifeline is potentially disastrous, and the ISS was put in jeopardy in 2003 

when the  Columbia  disaster grounded the shuttles for more than two years. 

 On the Moon, the optimal habitat technology will be simple, redundant, 

robust, self-monitoring, and perhaps self-correcting because fi rst outposts 

will not have a cadre of professional engineers. And space life-support sys-

tems, just like the HVAC system in your house, must be maintained, updated, 

and replaced as the technology advances. 

 Beyond the Moon, the resources will be limited mainly to what the astro-

nauts bring with them. Even the cache on a gigantic ship is limited in com-

parison to a moon. The isolated spacefarer must fend for herself, and only 

by traversing regions rich in harvestable matter or by reaching some fertile 

new “island” can this problem mitigated. I will say some more about such 

new islands later. 

 The life-limiting resource is O 2 . Without it, we remain conscious for mere 

seconds. If someone sapped the O 2  out of your room instantly, your head 

would hit the desk before you fi nished reading this paragraph. For space 

technology, if a malfunction involves the loss of the capacity to generate O 2 , 

the clock starts ticking, and a backup system must be brought online quickly. 

 A tight system has essentially no leaks, but there are never zero leaks in 

space. The O 2  supply and its recycling must be watchfully monitored because 

if you cannot regenerate it or get home before it runs out, the effect is lethal. 

The probability that compromise of a critical resource like O 2  will wipe out 

an ISS crew is lower than the same malfunction killing everyone on a lunar 
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outpost because the ISS is close enough for the crew to escape to Earth or 

for NASA to rescue them. From this standpoint, today’s life-support systems 

are ready for the Moon but not for Mars. In the future, new technologies for 

Mars, like integrated semiautonomous systems, can be installed and tested 

on a lunar outpost. 

 In addition to integration, the issue of scale is important but not so easy 

to quantify. Biologists know that only habitats of a certain size create stable 

ecological systems, but without information, it is not easy to set scale require-

ments for space habitats. For instance, until actual measurements were made, 

no one knew that disconnected plots of Amazon rainforest below an area of a 

few hectares suffered an appalling and rapid loss of species diversity. 

 Scientists naturally squabble about the minimum size of space environ-

ments and only seem to agree that the problem needs attention. The philoso-

phy of miniaturization and intensifi cation of hardware is deeply ingrained, 

yet downsizing is more than an engineering issue; it is a biological one. Issues 

of scale are handled from a dual perspective of the characteristics of the sys-

tems technology and the human factors. The picture is fuzzy, and fi nding a 

scale that is “just right” takes fi ddling time. We are lucky to have the Moon 

on which to do it. 

 THE VIEW FROM EARTH 

 The environment at the bottom of our warm, O 2 -rich atmosphere is vastly 

different than anything the Moon, despite its terrestrial origin, has ever seen. 

We evolved to have a rapid metabolism, using O 2  and hydrocarbons to pro-

duce energy and generate heat. Because we need heat to function, heat man-

agement is a biological problem. Our body temperature on the absolute or 

Kelvin scale is 310 K (37°C), and our tolerance range is narrow. 

 On the Moon, the usual temperature range is 100 K to 400 K, but in the 

shadows, the temperature falls precipitously. Certain deep craters have tem-

peratures near those on Pluto (40 K). Practically speaking, most biological 

reactions stop at  the freezing point of water ,   where the phase changes to ice  

 (273 K; 0°C). This phase change can be circumvented in some species, like 

the Antarctic ice-fi sh, whose blood contains antifreeze or ice-resistant bacte-

ria that freeze-thaw (or desiccate-rehydrate) easily and regrow when favorable 

conditions are restored. The highly specialized cells and tissues of large or-

ganisms, like mammals, do not fare so well with large swings in the tempera-
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ture of their environments. We can overcome this limitation within reason as 

long as we can breathe and drink, because our intelligence allows us to adapt 

behaviorally to heat and cold. Behavioral adaptation is our only option for 

living under the extreme conditions on the Moon. 

 The heat distribution in space is uneven, and liquid water is a rare com-

modity. Next to oxygen, our lives are defi ned by liquid water, and it in turn 

is defi ned by the temperature. We evolved in the Sun’s habitable zone; if we 

move too far from the Sun, we dissipate more heat into the environment 

than we can collect from it. Life’s order arises thermodynamically from the 

concentration of the star’s energy, at the cost of universal disorder or en-

tropy. Heat fl ows from hot to cold, and once the temperature equilibrates, 

it can only be raised by adding more heat. Outside our habitable zone, this 

leaves us just two options: live inside insulated spaceships and habitats using 

a self-contained source of power until we reach another habitable zone, or 

transform a cold place to suit us by causing it to accumulate heat. 

 These options are not mutually exclusive. Both require behavioral adapta-

tions to effect a change in environment, but one is practical, and the other is 

not. We only have the technology to visit space temporarily, and it is practi-

cal only to seek out places not too far from the Sun and engineer metastable 

minienvironments on our own scale. It is not now and may never be realistic 

to transform even small planets outside the habitable zone of a star into new 

island paradises. 

 There have been many champions of transforming a planet like Mars into 

a warmer, wetter place, but this is mind candy for science fi ction buffs be-

cause so much energy (and time) would be involved. The cooling off of a 

greenhouse planet is tougher still because it requires dissipation of more heat 

than is being absorbed by an already hot object in a hot environment. This 

is like cooling off a roasting turkey without being able to turn off the broiler. 

 Some smart people, like the cosmologist Stephen Hawking, have argued 

that if we inhabit two planets, our odds of being killed off like the dinosaurs 

will decrease. This is a simple statistical fact given enough time, but the prob-

ability that even your great-great-grandchildren will die in such an event, 

thermonuclear war aside, is vanishingly small. 

 The two-home idea is also Carl Sagan’s view on spacefaring, but Sagan 

meant more than that. He knew that Earth is the only planet in the Sun’s 

habitable zone, that the challenges of the dual-home concept are enor-

mous, and that the probability of a cosmic event wiping us out any time 

soon is miniscule. It is not just living on two planets that matters but the 
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 development of the technologically self-suffi cient settlement. The capabili-

ties for indigenous resource utilization are too far in the future to hedge 

against global catastrophe by using a moonbase supported from Earth. 

Spacefaring takes independent resources, not just stringing a tenuous web 

of lifelines around the inner Solar System. If the Moon actually had seas and 

an atmosphere, someone would have already fi gured out how to live there 

permanently. 

 You may have caught a glimpse of the erstwhile goblin of  how long  civiliza-

tion will last and  how far  we will go. This is more speculative than forecasting 

climate change, but some think that the fossil record of extinction tells us 

how, as a random observer, to compute the probability of human longevity. 

The observer simply assumes she is alive at a point in time relative to the 

number of individuals that have ever lived or the number expected to live 

before the species dies out. These ideas were popularized by Carter, Gott, 

and others who compute the longevity of our species as well as estimate our 

ability to disperse throughout the galaxy (Gott 1993, 2007). Statistically, this 

argument is based on confi dence intervals, but the calculations depend both 

on initial debatable assumptions and on threadbare extrapolations. 

 Gott assumes, for instance, that we are random, intelligent observers liv-

ing in a nonprivileged location some 200,000 years into the evolution of our 

species and that there is a 95 percent chance we are seeing things between 2.5 

and 97.5 percent of the way through the lifespan of our species. On this basis, 

he has set our longevity at less than 8 million years. More precisely, he fi gured 

we will be around another 5,000 to 7.8 million years. 

 Judge the value of this for yourself, but the argument is sensitive to the 

conditional use of time and to the defi nition of “intelligent observer.” Since 

only recently has there been an observer to read the fossil record and perform 

these calculations, one could argue that only cognitive history is relevant to 

our longevity. If “mathematics” is 5,000 years old, this argument would pre-

dict 125 to 4,875 years left to our civilization and would thus argue  against  

mathematics having a positive effect on our survival. 

 I fi nd it awkward to argue against the use of brains and science to decrease 

risk and improve our chances. There is no way to know whether just being 

here or being here to know enough to perform the analysis is more important 

to survival. In other words, we are not random intelligent observers but in-

stead special observers at a time and a place when it is possible to do calcula-

tions and interpret them as predictions. It would be unfortunate if we turned 
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out to be too smart for our own good and annihilated ourselves. Either way, 

we are in no position to take the idea of a second cosmic home as a means to 

secure our survival too seriously yet. 

 The best course of action seems to be to learn as much as possible about 

our place in the universe while trying to avoid killing ourselves. The most 

famous instrument in cosmology, the Hubble Space Telescope (HST), looks 

into the past, mainly at large objects that are forever out of reach. Yet no one in 

their right mind has seriously objected to the $1.5 billion spent on it in 1990 

because it changed our understanding of our universe (Delcan ton 2009). 

 To keep Hubble going, NASA faced some legendary problems. Originally, 

four shuttle missions were scheduled to service it, but the fourth one to per-

form maintenance and install new instruments was cancelled in 2004 by then 

NASA Administrator Sean O’Keefe, who was rattled by the  Columbia  tragedy. 

In the clamor that ensued, a National Academy of Sciences panel recom-

mended reinstatement of the mission, to which then NASA Administrator 

Michael Griffi n agreed. By the end of 2006, HST began to shut down, and in 

January 2007, its Advanced Camera for Surveys (ACS) was out of business 

because of an electrical problem. 

 The fourth Hubble mission was fi nally performed in 2009 by the crew 

of STS-125. The astronauts installed a new wide-fi eld camera and high- 

sensitivity spectrograph and repaired the ACS that had failed two years ear-

lier. The old telescope became more powerful than ever and had the ability 

to see the universe back in the Reionization Era, at just 5 hundred million 

years after the Big Bang. 

 The Hubble fl ap was not just about money but about safety. Hubble orbits 

out there along with plenty of space junk, 350 miles (563 km) above the Earth 

and 130 miles above the ISS, and the orbiter risked taking real damage from 

fast-moving debris. And unlike the ISS, where shuttle astronauts could have 

stayed if they were unable to return to Earth on the orbiter, Hubble offers 

nothing. NASA put a standby shuttle on a launch pad should a rescue mission 

be necessary, but the mission went smoothly, and the crew returned safely. 

 The Hubble’s heir is the $4.5 billion infrared James Webb Space Telescope 

(JWST), which has a mirror six times Hubble’s area. The Webb will orbit 

beyond the Moon, where it will be more hazardous to repair than Hubble. 

Certain spacecraft can dock with it, but not the  Orion . Moreover, indepen-

dent cost estimates have fi gured the JWST at $6 billion, and it was delayed 

until 2015 (Mann 2011). Of course, the customary question of whether the 
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payoff is worth $6 billion is unanswerable, particularly since it will peer into 

the unknown. 

 Large telescopes can be installed more or less permanently on the Moon, 

too. The negligible atmosphere and stable surface are advantages, and lunar 

telescopes can be operated from Earth and serviced from an outpost with in-

cremental diffi culty relative to their remote terrestrial counterparts. Clearly, 

lunar dust and radiation are disadvantages, but astrophysicists already take 

advantage of the clarity of extremely high and dry climates around the world, 

including the South Pole (Clery 2007). 

 Deep optical space telescopes will likely again revolutionize our under-

standing of the early universe, but to study very ancient structures, a cold 

telescope capable of weeks to months of Hubble-quality image integration 

is needed. A Lunar Liquid Mirror Telescope (LLMT) of twenty- to one- 

hundred-meter aperture diameter could observe objects in the infrared re-

gion a thousand times fainter than the JWST. This resolving power is impor-

tant for seeing objects at the highest redshift, for instance, far older galaxies 

(Borra 2007). 

 Primary mirrors made by spinning a liquid in Earth’s gravitational fi eld 

have the potential for producing large, high-quality, low-cost optical tele-

scopes. An undisturbed spinning liquid surface is almost perfectly smooth, 

and after being disturbed, gravity and inertia restore it to a parabolic shape. A 

liquid-mirror telescope on the Moon would avoid the need to transport large 

solid mirrors to the Moon. The main disadvantage, a narrow fi eld of view, is 

marginally relevant if the cosmological focus is on hoary, deep-fi eld objects. 

 For infrared LLMT, low-temperature, low-vapor-pressure, viscous liquids 

can be coated with a highly refl ective metal surface to function as a telescope 

mirror. On the Moon, the coated liquid must have a low vapor pressure and 

a low freezing point. An ideal refl ective metal fi lm would have a high viscos-

ity, low melting point, negligible vapor pressure, and would not sublimate 

in a vacuum. Liquids composed entirely of ionic salts have most of these 

characteristics; they are fl uid at temperatures below 373 K, with no signifi cant 

vapor pressure at room temperature. Ionic liquids are highly viscous, may 

be either hydrophilic or hydrophobic, and can be stably coated with silver 

(Borra 2007). 

 These examples illustrate the types of science payoffs that have been so 

tough to achieve on the ISS. Lunar exploration is well encapsulated at NASA, 

and the Moon’s size and geology gives more traction to a science facility 

than on the ISS. Those who take exception to this step must account for the 
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 enhanced scientifi c value of combining human exploration with other kinds 

of space research. The potential practical spinoffs for clean energy, clean wa-

ter, and new materials are much higher than for the ISS, which has been a 

laboratory mainly for the study of the human condition in microgravity and 

for EVA. Although these things are important to NASA, they only modestly 

benefi t the rest of society. And no matter how far EVA capabilities and as-

teroid missions take us, the surface technologies for the exploration of Mars 

won’t properly evolve without stopping on the Moon again fi rst. 
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 6 .  L I V I N G  O F F  T H E  L A N D 

 The vision of a future pantheon of space explorers leading us 
across vast expanses of space to other worlds mirrors the major historical mi-

grations of societies on Earth. This fantasy of the science fi ction writer often 

deals with overcrowding and the tides of war, but migrations on Earth also 

fail because of the vicissitudes of geography, climate, and trade. The success 

or failure to disperse involves many variables, but ultimately, the comport-

ment of the community accounts for all outcomes. Societies that collapse 

may not be distinguishable at fi rst from durable ones with respect to adapt-

ability and resourcefulness, failing only later through shortsightedness (Dia-

mond 2005). The tipping points involve the population’s ability to manage 

the resources in its environment, particularly at times of change. The rule of 

antiquity to some extent still applies: fi nd good water and learn to live off the 

land as soon as possible. 

 The effective use of indigenous resources is a survival imperative, for 

should the new environment prove hostile, the population outgrow its re-

sources, or the parent country become fi ckle, disaster is waiting in the 

wings. The longer the lifeline, the greater is the uncertainty and the less the 
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 permanency. Remote colonies under extreme stresses face dissolution regard-

less of the resourcefulness and hardiness of the people (Tainter 1988). 

 Historians spend a lot of time analyzing failed societies, often drawing 

fascinating parallels or projections to the modern social order. History of-

fers less insight into space exploration; it is too young and has no terrestrial 

counterpart. On the other hand, it doesn’t take a historian to see why we 

haven’t colonized the Antarctic plateau or the continental shelf. There is no 

compelling reason to live on the ice or underwater. The same reasoning can 

be applied to the Moon and Mars. 

 Such nihilism would normally cause me to shut my computer off and go 

to bed. Still, we are in the spacefaring business, and there are lessons to be 

learned from failed colonies. Take the Norse: they found their way by sea to 

Greenland in the tenth century and established two settlements that thrived, 

but then they had vanished by the early fi fteenth century. The colonists died 

of cold and starvation—they were no longer able to subsist in a marginal 

environment for reasons that are now well understood. 

 The fate of the Greenland Norse seems predictable today, and even with 

climate change, modern utilities, and rapid transportation, Greenland, the 

world’s largest island, has a population of only 57,000, mostly Inuit, people. 

They live on the southwestern edge of an island a quarter the size of the 

continental United States, at a density of one person per fi fteen square miles. 

 Five hundred years ago, the Norse had no way of knowing that the island’s 

tiny arable land area, its short growing season, and deforestation and soil 

erosion were terminal problems, compounded by their great distance from 

home and recurrent confl ict with the Inuit. When the Little Ice Age emerged, 

Greenland’s climate changed, and the Norse could not last. The colonies were 

linked to Scandinavia by thin threads, and over some four hundred years, 

they slowly strangled. They infrequently received critical supplies such as 

iron and lumber, and they had little to trade, primarily walrus ivory and furs. 

When an abrupt climate change further shortened the growing season, clog-

ging the trade routes with ice, they were fi nished. 

 In order for the history of Greenland not to adumbrate the fate of lunar or 

Mars bases, which face far greater environmental extremes, there must be an-

other way. A Mars outpost would be at a far greater risk of extinction than the 

Norse were, unless the technologies can be developed for generating power 

and harvesting resources effi ciently. The time-honored strategy of living off 

the land in the Space Age is often called ISRU, but I fi nd the acronym ISLE—
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Indigenous Support of Life and Environment—drives the point home best. 

ISLE involves critical surface technologies that currently exist only on paper. 

 ENERGY AND EFFICIENCY 

 ISLE is necessary when distance and orbital mechanics make cargo missions 

from Earth unworkable. The distances for Mars and beyond are too great to 

depend on the Earth for cargo, and ultimately, ISLE determines the feasibil-

ity of human exploration of the Solar System. A sound ISLE strategy fi rst 

requires energy and energy-effi cient technologies, which will evolve from 

prototype to praxis beginning on the lunar surface. 

 ISLE begins with  power , the rate of energy production and/or energy use. 

Energy is transferred to do work, and work is the rate at which energy is used. 

Energy divided by time is power, and we will use the SI unit for power, the 

watt (W), which is one joule per second. One joule (J) is roughly the energy 

lost when Newton’s apple fell one meter. 

 Electrical power is the modern equivalent of fi re, without which we would 

still be confi ned to Earth’s most temperate zones. As subtropical creatures, we 

adapt poorly to cold, and our ancestral comfort zone stands in the narrow 

band of latitudes thirty-fi ve degrees   north and south of the equator. Our utili-

ties are based on technologies with huge capacities to generate and store elec-

tricity for use on demand. We are accustomed to electricity, but we evolved 

without it, and if it disappeared tomorrow, most of us would survive. Earth is 

fed by the Sun, and we are adapted to our world’s temperature. We use extra 

power to make moderate seasonal adjustments in our immediate surround-

ings in order to live more comfortably. 

 Every spacecraft must have the power to operate its life-support systems in 

a sustained mode, and the rocket’s burst is nothing compared with the con-

tinuous power needed to supply a safe and comfortable habitat in space. An 

offworld station or base, like a modern city, must generate and store power 

for use on demand. 

 On the other hand, robotic or “unmanned” probes simply need a bit of 

power here and there to make course corrections, run their instruments, and 

report home. As we saw from  New Horizons , the power requirements are 

modest if onboard instruments operate only intermittently and can safely 

“standby” at low temperatures. You and I have no standby mode. 
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 The technologies for generating electrical power on the Moon or Mars are 

not ready yet, although the energy mavens lean toward combinations of solar 

and atomic power. Those technologies are safe and reliable, notwithstanding 

the dreadful accidents at Chernobyl and Fukushima. Modern radionuclide 

thermoelectric devices that power robotic space missions, such as the  New 

Horizons  and the Mars  Curiosity , are too small to support people, but nuclear 

power, which is capable of doing so, gets handled by NASA like a hot potato. 

 Solar power does work on Mars, but the Martian winter and Martian dust 

are tough on solar arrays. Solar power is not practical in the outer Solar System 

because collecting sunlight on small surfaces is ineffi cient. Based on the inverse 

square law, solar collectors—even highly effi cient ones with concentrators—

will work only within about ten AU of the Sun. There may be a few alternatives, 

such as wind power, in places with meaningful atmospheres, like Mars. 

 The power requirements of human spacecraft are high, and power is 

needed continuously and on demand. For LEO, as on the ISS, power is stored 

in batteries charged by solar panels. The Moon and Mars will benefi t from 

the use of local materials to generate energy and regenerate consumables to 

minimize dependence on resupply missions. 

 Manmade systems, like living organisms, can draw on stored energy for 

a while, but sooner or later the stores must be replenished. We eat regularly 

in order to perform work, and those who cannot eat will die from starvation 

within weeks. The harder we work, the more energy we use and the more 

quickly our reserves can be depleted. This is the case for all natural and arti-

fi cial working systems. 

 Some natural cycles use energy to generate heat or light that can be uti-

lized by other parts of the cycle. This may improve a cycle’s effi ciency, but 

the second law of thermodynamics is unbreakable; it prohibits perpetual-

motion machines. The tendency for disorder (as entropy) requires that ex-

ternal energy be applied at some step and for some duration to maintain any 

“self-sustaining” cycle. Moreover, the conversion of energy from one form 

to another, for instance, sunlight to electricity, is associated with the loss of 

energy as heat. The second law prohibits energy transformations having  ther-

modynamic effi ciencies  greater than or equal to one (Rao et al. 2004). 

  Thermodynamic effi ciency  is the overall effi ciency of any work cycle ac-

cording to the ratio of work done to the amount of heat generated by the 

work. For instance, the thermodynamic effi ciency of an internal combustion 

engine, depending on the type of fuel and the operating temperature, is about 
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50 percent. This means that half of the energy released by burning fuel es-

capes from the engine as heat without producing mechanical work. In a set of 

linked systems, the product of the effi ciencies of each component determines 

the overall effi ciency. 

 Self-sustaining systems on spacecraft behave similarly, but the calcula-

tion of effi ciency is not simple. On a spacecraft, systems that regulate the 

atmosphere, temperature, and water and that produce and process food and 

remove and recycle waste require more power than it takes to do the work. 

And extra power is required for master functions like integration. This must 

come from a power supply, batteries, for instance, that can handle several 

systems at peak loads simultaneously. The excess heat must be dissipated or 

used for other purposes. 

 In spacecraft, mission parameters such as crew size, the type of work to 

be done, and duration set the life-support specifi cations. These specifi cations 

encompass the mass and volume of O 2 , H 2 O, food, and other essential sup-

plies, including their containers, as well as the physical equipment for collect-

ing, storing, and recycling waste. These systems are confi gured mostly inside 

a hard shell, along with a shielded cabin of suffi cient volume for the needs of 

the crew. This hard shell is wired to a power storage system. 

 The principles of life support were originally worked out for submarines 

during World War I and have clearly passed the test of time. For long-term 

subsea power, the small atomic reactor was the key, but in space, sunlight 

is still king because solar technology, although ineffi cient, is clean, safe, and 

lightweight. NASA has favored photovoltaic technologies, which utilizes sili-

con cells to convert sunlight directly to electricity. Large numbers of solar cells 

assembled into arrays are used to boost power levels and to charge batteries. 

 The ISS is powered by 110-foot solar wings consisting of solar cell “blan-

kets,” one on either side of a telescoping mast that extends and retracts the 

wing. The mast rotates on gimbals so the wing always faces the sun. A pair of 

wings is a “module.” Four modules generate eighty-four kilowatts (kW) of 

power and cover about three-quarters of an acre. 

 The ISS spends about a third of every orbit in Earth’s shadow, so the elec-

trical system provides continuous power via rechargeable, nickel-hydrogen 

batteries that are recharged during the daylight part of the orbit. The process 

of collecting sunlight, converting it to electricity, and distributing it through-

out the station, apart from its low effi ciency, is considered quite satisfactory 

by electrical engineers. Heat buildup can damage the electrical systems, and 
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surplus heat is dissipated with radiators that are aligned away and shaded 

from the Sun. 

 The levels of power generated by your local power company are too high 

for routine household use, and the same is true for the ISS. On the ISS, the 

power output is stabilized and shunted to batteries or to switching units that 

route it to transformers that step it down to 124 volts. The original hardware 

would generate roughly as much power as used by fi fty homes. 

 The solar cells on the ISS use older technology that converts about 14 per-

cent of the light that hits them into electricity. Newer technologies to con-

vert light from multiple parts of the spectrum into electricity (such as multi-

bandgap cells) are about twice as effi cient. These devices perform well in the 

inner Solar System but may never be adequate in the outer system. 

 As the distance from the Sun increases, the intensity of sunlight falls by 

the inverse square law (1/ r   2 ), where  r  is the distance (see fi gure 6.1). This law 

means that a one-square-meter (1 m 2 ) array that produces 500 watts on Earth 

(or the Moon), at 1 AU, would need 2.25 m 2  at Mars and 25 m 2  at Jupiter to 

generate the same amount of electricity. At Neptune, the array would need 

to cover roughly 900 m 2  (3,000 square feet). This array would collect enough 

sunlight to operate a kitchen microwave oven. 
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  FIGURE 6.1 .   THE DECLINE IN SOLAR IRRADIANCE WITH INCREASING DISTANCE FROM 
THE SUN IN OUR SOLAR SYSTEM. 
 The steepness of the curve reflects the inverse square law. The bars at the lower left show, respec-
tively, the farthest practical demonstration of solar power in space, the limits of current technology, 
and its possible extension with collector technologies under development. Most of the outer Solar 
System cannot be reached using solar power. 
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 Improvements in power generation for a Mars mission will involve high-

effi ciency solar cells, but more exotic proposals, like a tiny fi ssion reactor 

on the surface or beaming laser energy to the spacecraft, are under serious 

consideration. Today’s solar technologies are limited to about fi ve AU, or 

about 4 percent of Earth’s sunlight. They would work on Ceres (2.7 AU) and 

perhaps at Jupiter (5.2 AU), but even with better concentrators and boost-

ers, solar power near Saturn (10 AU), which receives 1.25 percent of Earth’s 

sunlight, may not be feasible. 

 The record for operation of a solar-powered spacecraft was set in 2002 

by NASA’s  Stardust  probe en route to the comet Wild 2. It reached 2.72 AU, 

about midway between the Sun and Jupiter.  Stardust ’s solar arrays performed 

better than expected, possibly because its photovoltaic cells were more ef-

fi cient in the cold of deep space. In any case,  Stardust  confi rmed that solar 

collectors will operate at least as far away as Ceres. 

 The  Deep Space 1  (DS1) probe in 1998 tested advanced spacecraft and in-

strument technologies for use on interplanetary missions. DS1 was powered 

by xenon-ion propulsion, or an ion engine similar to those used for satel-

lite stationkeeping. The DS1 ion drive accumulated more operating time in 

space than any earlier system. DS1 also put the fi rst modular solar concentra-

tor into space, called SCARLET-II (Solar Concentrator Arrays with Refrac-

tive Linear Element Technology), which achieved a high performance with 

720 lenses that focused sunlight onto 3,600 high-effi ciency solar cells. This 

provided DS1 with 2.5 kW at a power-to-weight ratio of about 50 W/kg, the 

most weight-effi cient solar array ever fl own. A lightweight, prototype Fresnel 

lens that focuses sunlight onto narrow strips of photovoltaic cells has put out 

300 W/m 2 , several times better than a planar array. Fresnel lenses are arched 

microscopic prisms that enable up to 90 percent of the incident light to be 

focused onto solar cells. 

 By concentrating light onto a spot, the amount of photovoltaic material 

can save 95 percent of the cost of solar cells, often the most expensive part 

of an array and an expensive part of a spacecraft. Solar cells should eventu-

ally become thin lightweight fi lms that could be pressed out to acres in size. 

Such “sails” must be exceedingly strong and durable to limit degradation by 

cosmic radiation and micrometeoroids. Even as materials and concentrators 

continue to improve, allowing for more distant missions, the point of dimin-

ishing returns will never be far away. 

 In the sea, sunlight does not penetrate below about three hundred feet, but 

the power problem for submarines was solved more than fi fty years ago with 
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the atomic reactor. Reactor technology, despite some unearned notoriety, has 

rapidly advanced in terms of effi ciency and safety. Small pressurized-water 

reactors on submarines provide as much as 190 megawatts. The reactor cores 

are long lived, requiring refueling every fi fteen to twenty years. Newer reac-

tors on modern aircraft carriers can operate for twenty-fi ve years or more. 

 There is ongoing interest in small reactors for use in remote locations, and 

although fi ssionable material is precious and prone to misappropriation, the 

options for packaging and safely disposing of it in space are already reason-

ably far along. America has owned several small, land-based nuclear power 

plants, such as the little reactor that operated at McMurdo Sound in Antarc-

tica between 1962 and 1972, generating some seventy-eight megawatt-hours 

of electricity. Small reactors have operated successfully for thirty-fi ve years, 

and reactors with hundred-year lifetimes may be available before the end of 

the twenty-fi rst century. 

 This leads us to an analogy between Antarctic and lunar exploration. Since 

1956 and the installation of the original U.S. Navy station, Americans have 

occupied the geographic South Pole continuously. Situated on Antarctica’s 

two-mile-thick ice sheet, the Amundsen-Scott South Pole Station is some 850 

nautical miles south of McMurdo Station, at an elevation of 9,306 feet (2,835 

meters). A geodesic dome built in 1975 accommodated eighteen people in 

the winter and thirty-six in the summer. The third South Pole Station, dedi-

cated in 2008, supports an expanded NSF Antarctic Research Program. The 

$150 million facility can support fi fty people in the winter and 150 in the 

summer. 

 The operation of the station is expensive, but the research is important, 

particularly to atmospheric physics and meteorology. It is dark for six months, 

between February and October, and every supply crate (except water and O 2 ) 

is shipped in and every scrap of waste shipped out during the austral summer. 

The station contains a small NASA plant-growth facility and a power plant 

that burns cold-weather JP-8 fuel, which generates up to one megawatt. The 

power plant operates continuously to prevent the facility (and people) from 

freezing, and it has three levels of backup. The backup options are limited to 

wind turbines and solar power, the latter only during the summer. The like-

ness to a moonbase is striking, continuously generating power for heat, but 

on the Moon it would be called on to produce a breathable atmosphere as 

well—and without burning fossil fuel. 

C6029.indb   124C6029.indb   124 10/12/12   9:41 AM10/12/12   9:41 AM



L IV ING OFF THE LAND

125

 ECOLOGICAL FOOTPRINTS 

 The South Pole Station conjures up visions of living in cold confi nement for 

months at a time on the Moon or Mars. I made a point of energy and ef-

fi ciency because air, water, heating, and the recycling of resources use lots of 

power. A related area of concern for NASA is the lack of information on how 

a full community in space environments functions in isolation. 

 The science of organisms in their environments, or  ecology , was defi ned in 

1866 by Ernst Haeckel. Human ecology, compared with terrestrial, botanical, 

or marine ecology, is unique because the ecologist hopefully has her own hu-

man experience: she is a topic of the discipline. This is counter to the dualism 

in science, evident since Descartes, that the scientist is in some way different 

from that being studied, Nature. 

 Even the second law of thermodynamics sets life apart—physical systems 

run down or become more disordered, but life temporarily “runs up” by cre-

ating local order. The tendency for physical processes to run down is contrary 

to the directed behavior of life. Rivers run downhill, but salmon swim uphill 

to breed; gravity causes heavier-than-air bodies to fall to the ground, but bats, 

birds, and bugs fl y. The engineer epitomizes the principle of counteracting 

the second law through the process of invention and design. 

 The emergence of aerobic life is another case in point; when Earth devel-

oped an O 2  atmosphere by oxygenic photosynthesis, the evolution of aero-

bic life leapt forward. The change exemplifi es evolution, and the geological 

record speaks volumes on the importance of change. Yet critical changes or 

tipping points can also lead to mass extinctions, some of which are now being 

set off by us, too. 

 Living systems are spontaneously organizing and self-replicating; they 

maintain order by breaking down energy-rich compounds from the envi-

ronment and releasing them in an energy-depleted state. Such  autocatakinetic  

processes are not limited to living systems (Swenson 1997). Our atmosphere, 

for instance, is punctuated by highly organized storms, such as tornadoes 

and typhoons, and similar storms on other planets indicate that spontaneous 

organization is a property of matter. This propensity to create order sponta-

neously accompanies large potential energy differences between sources and 

sinks. 

 This line of thinking suggests that large ecosystems and the large dif-

ferences between them and their energy sources might be working to our 
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 advantage. A system with a high effi ciency may have a limited capacity to 

evolve, by not having enough energy to change how it operates. In other 

words, size, surplus energy, and room to improve effi ciency may favor sus-

tainability. Apart from economies of scale, these ideas have not been seriously 

tested, but even after billions of years of terrestrial evolution, living systems 

tend to operate at fairly low effi ciencies. 

 Ecologists vary in their views of behavioral adaptation and its relationship 

to biological evolution, and many human ecologists think that cultural evolu-

tion progresses differently than biological evolution. Since we cannot adapt 

physiologically, space exploration is fundamentally a problem of behavioral 

evolution. The analysis of human communities for ecological sustainability 

involves an element of behavioral forecasting, but like long-range forecasting 

of the weather, the predictions, especially with respect to space, have huge 

uncertainties. 

 On Earth, the pool of resources available to any population is fi nite. Given 

unrestricted population growth and time, some resource will eventually be-

come limited (Pianka 1994). This calls Thomas Malthus to mind, whose 

theory of inevitable global famine has been held at bay by technological 

improvements that produce and deliver food to our expanding population. 

Moreover, large communities tend to behave as though no one is respon-

sible for the resources we hold in common. This “tragedy of the commons,” 

popularized by Garrett Hardin, is well appreciated in ecology and economics. 

Visible and troubling examples would be the beehive of junk satellites in low 

Earth orbit, the great Pacifi c plastic patch, and the rising atmospheric CO 2  

emissions from burning fossil fuels. 

 Ecologists have long watched our comings and goings for signs of sustain-

ability, and they entertain themselves by calculating the hectares of photo-

synthetic capacity that are needed to support one person in one community 

in comparison with other communities. Earth’s useable land area is fi nite 

and has a maximum capacity, which if exceeded, either by overpopulation 

or by living beyond our means, degrades societal structure. This is the es-

sence of the  carbon  or  ecological footprint . To Americans, carbon footprints 

are contentious because we have little interest in giving up lifestyle resources 

to the rest of the world. For fi fty years, we have lived at roughly four times the 

sustainable footprint. We are happy for others to “catch up”—as long as we 

get to keep our two SUVs, four TVs, and 4G smartphones. 

 In space, the size of the human footprint gets larger, not smaller. This is 

true for the ISS, for the Moon, and for Mars. This is the technological im-
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perative; Spaceship Earth suits us best, and living in space requires techno-

logical  intensifi cation . As a result, communities in space offer no escape from 

population growth on Earth (Daly 1993). Even on our own planet, drastic 

agricultural intensifi cation to support local over-population has already been 

the root cause of ecological disasters.  

 ON NEVER RUNNING OUT OF AIR 

 Since the amount of O 2  on a spacecraft is fi nite, and because gases inexora-

bly seep to the outside, the losses must be accounted for on long missions. 

Each time an airlock on the ISS is opened for EVA, a little O 2 , N 2 , CO 2 , and 

water vapor are drawn into space. And gases do escape from pinholes here 

and there, and that adds up over time. O 2  is also consumed or adsorbed by 

spacecraft structural materials. 

 The ability to supply O 2  in space depends on the stock of three mole-

cules: O 2 , H 2  and   H 2 O. In order to illustrate why, we’ll start by tracking water 

through a life-support system. Water is a nice example because it passes un-

adulterated through the body, and it can be collected, purifi ed, and reused 

at a low cost and a high effi ciency relative to other resources. Water is not 

only for drinking; it is also used for generating O 2  by electrolysis. Sunlight 

can be used directly for this process, too (Wrighton et al. 1975), and water 

and electricity can also be made by electrolysis by combining hydrogen (H 2 ) 

and O 2 . Both processes require energy. H 2  is readily available; it is, after all, 

the universe’s most abundant element, and fuel cells combine H 2  with O 2  to 

generate H 2 O with the release of energy. 

 For electrolysis, the energy needed to split the H 2 O molecule is approxi-

mately 237 kJ per mole (one mole of H 2 O is eighteen grams). A fuel cell 

combines O 2  and H 2  to produce H 2 O and electricity, with 237 kJ recovered 

as electrical energy and 48.7 kJ dumped out as heat. At fi rst blush, the latter 

seems more attractive, except that energy was expended to collect and com-

press O 2  and H 2  and that kinetic energy is there in the gases before combina-

tion. On Earth, O 2  is “free,” and energy is added to prepare H 2 . However, 

O 2  is not free on the Moon. It must be transported from Earth or extracted 

from the soil. 

 The Moon has O 2  and H 2 O, but the challenge is to generate the energy 

and design equipment to harvest them in amounts suffi cient to live safely. 

The recovery of O 2  and H 2 O on the Moon has been the subject of a dizzying 
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number of proposals, many based on speculative technology, but luckily the 

problem can be illustrated independently of specifi c technology. We can de-

fi ne it through  limits  without actually choosing a technology. Moreover, the 

fi nite supply of O 2  and H 2 O highlights a classical dichotomy: if one resource 

depends on the other, it is impossible to optimize both. Therefore, an opti-

mal strategy would use independent sources of O 2  and H 2 O. 

 Let’s examine H 2 O recovery on the Moon. Assume the moonbase has an 

initial reserve and that harvestable water is nearby. In other words, Allen 

Stern won’t be shooting blocks of ice up from the Earth. We need one more 

bit of information for the H 2 O spreadsheet: the effi ciency of water recycling 

in our system. 

 Today’s water recovery technologies, like reverse osmosis and distillation, 

leave behind nasty slurries and brines, and technologies that recover water 

effi ciently from brines and slurries are of great interest because they increase 

the conservation of mass, or  mass closure , of life-support systems. The re-

sidual slurries of dissolved solids and organic material are 15 to 20 percent 

water by weight, which means today’s best water recovery technologies are 

about 80 percent effi cient, although on paper, there are systems that may 

achieve 95 percent effi ciency. 

 If you had visited a town reservoir during the drought in the southeastern 

United States in 2007–2008, the manager could have told you the number 

of days of water left. She would also not let the reservoir fall below some 

minimum, say, a thirty-day supply. To prevent this, she had to know two 

things: the volume of recycled water and the volume of water to buy from an-

other town to compensate for permanent losses. Eventually, the town council 

would also want to know the price of water and how much energy the pro-

cesses use in order to pay for it. 

 The amount of water to add back to the system is simply determined by 

the amount that permanently escapes the system each month. Since we need 

a constant reserve, the rate of water use can be ignored as long as water is re-

cycled as quickly as it is used. We must harvest and add the amount of water 

lost permanently to space to our reservoir each month. Suppose a recycling 

plant on the Moon dissipates seventeen liters of water into space and dumps 

thirty-three liters of water as brine each day. Every month, you must add 

1,500 liters of water to the reservoir. Notice that this number is in absolute 

liters, and the recycling effi ciency and the energy cost are hidden in the vol-

ume of water. 
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 If the overall effi ciency was 80 percent but is improved to 96 percent, the 

number of liters lost per month falls to 1,250, and 250 fewer liters of water 

must be brought in from the outside. In other words, three factors govern the 

outpost’s water economy: (1) the reserve volume, (2) the effi ciency of water 

recycling, and (3) the availability of new water. A high recycling effi ciency 

minimizes the irreversible loss of water that must be made up in other ways. 

However, the energy cost of effi cient recycling is hidden, and it could be 

more expensive than simply fi nding new water. If water is abundant, it may 

be cheaper just to fi nd more. This is like recycling aluminum cans. When the 

cost of aluminum rose because bauxite became scarce, aluminum recycling 

began to pay off. 

 The point is that the cost of obtaining a resource (water) and the cost of 

recycling it is an important tradeoff. If we use water both for drinking and 

for making O 2 , the water losses go up, and we will need a closer analysis of 

recycling and harvesting. If water is scarce near the base but lunar oxides are 

common, it may be cheaper to heat rock for O 2  than to split water. It may 

also be more economical to combine some of the O 2  with H 2  to make water. 

 I have assumed that the power for all this harvesting and recycling will be 

available, but this is not the same as having unlimited power, only that our 

system operates like the Earth’s biosphere, where the energy supply exceeds 

energy demand. If there is too little energy for harvesting and recycling, en-

ergy itself becomes a limiting resource. 

 Water sits just below O 2  with respect to life support. The generation of 

energy for the great bulk of homeostatic and physiological functions depends 

on O 2 . The loss of O 2  interrupts the functions of the heart and brain, produc-

ing almost immediate loss of consciousness. In eight minutes, irreversible 

brain damage commences from hypoxia. We do not store O 2  in our tissues, 

and thus it must be supplied continuously to our lungs as fresh air. When 

the O 2  content of the blood falls below normal, it is called  hypoxemia.  Hy-

poxemia compromises survival because tissue hypoxia soon follows, which 

wrecks cellular function. 

 This is not the design I would have chosen for the human being; I much 

prefer that of the dolphin or the whale, which can hold their breath for an 

astoundingly long time. In any case, we are more susceptible to hypoxia 

than cetaceans because they store extra O 2  in their bodies. Some whales stop 

breathing for an hour while diving, relying on O 2  carried in their lungs and 

muscles. But we require the nearly continuous movement of O 2  from the 
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atmosphere into our lungs, and a well-trained, resting breath-hold diver can 

last about ten minutes. Indeed, a diver that fi rst breathes O 2  instead of air can 

extend his breath-hold time by about 50 percent. 

 There are   four ways to run out of O 2 , and they are all equally deadly. Three 

were fi rst recognized by a distinguished physiologist, Joseph Barcroft, in the 

early twentieth century (Barcroft 1914). He distinguished among a low O 2  

concentration reaching the blood because of high altitude or impaired gas 

exchange by the lung ( hypoxic hypoxia ), too few red blood cells in the cir-

culation ( anemic hypoxia ), and too little blood fl ow to a tissue ( stagnant hy-

poxia ), now called  ischemia . A fourth category was added later, in which the 

utilization of O 2  by the cells is impaired; this is  cytotoxic hypoxia.  A cardio-

pulmonary arrest is the most extreme form of global ischemia, but our pri-

mary concern here is hypoxia arising from low O 2  concentrations in the 

atmosphere. 

 In the atmosphere, barometric pressure falls with altitude (shown in fi g-

ure 4.1). Although the percentage of O 2  remains constant, the total number 

of O 2  molecules in any volume of air falls. Recall that barometric pressure 

at sea level is 760 mmHg and that air contains 20.9 percent O 2 ; therefore 

the  oxygen partial pressure  (PO 2 ) is 159 mmHg. Atop Mt. Everest, where the 

barometric pressure is only 253 mmHg, the inspired PO 2  is about 53 mmHg. 

This is just enough O 2  to survive after being fully acclimatized, and at the 

summit, arterial PO 2  values near the limit of human tolerance are measurable 

(Grocott et al. 2009). 

 In breathing, air in the distal or gas-exchange regions of the lung is brought 

into contact with hemoglobin-containing red blood cells, which bind O 2 , 

carry it to the tissues, and release it for cell respiration. Thus, in air-breathing 

vertebrates, the external and internal milieus of the body are connected via 

the lungs (salamanders, frogs, and perhaps some tiny mammals also absorb 

O 2  through the skin). 

 We live at the precipice of hypoxia because O 2  is consumed irreversibly 

by the process of respiration, and respiration is irreversible because O 2  is re-

duced to water and excreted. In the process, sugars (mainly), fats, and pro-

teins are broken down, heat is generated, and chemical energy is trapped by 

the addition of inorganic phosphate (P i ) to adenosine diphosphate (ADP) to 

make adenosine triphosphate (ATP). Without ATP, the cell quickly ceases to 

function. The elementary chemical equation for respiration is: 

 C 6 H 12 O 6  (glucose)   + 6O 2  + P i  + ADP → 6CO 2  + 6H 2 O + ATP 
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 The equation indicates not just that O 2  and glucose (or other nutrients) are 

taken from the environment but that O 2  is excreted as CO 2  and water. The 

complete oxidation of a glucose molecule releases 686 kcal of energy (1 kcal 

= 4.18 kJ), and the cell can trap about 40 percent of this energy as ATP. It also 

takes four electrons (plus four protons) to fully reduce O 2  to 2H 2 O. 

 Energy extraction from hydrocarbons with the help of O 2  works because 

of the molecule’s unique chemistry. Yet this gas was not a factor in the origi-

nation and early evolution of life on Earth, and our atmosphere originally 

contained little or no O 2  at all (Lane 2003). O 2  was toxic to many early 

 single-celled organisms that lacked defenses against its tendency to strip elec-

trons from macromolecules by  chemical oxidation . Such O 2 -intolerant organ-

isms, or anaerobes, are still abundant on the Earth today, especially deep in 

the soil. 

 Chemists measure the potential for O 2  to capture electrons with an elec-

trochemical cell called a  standard cell . Chemically, O 2  is highly electronega-

tive, +0.82 volts relative to hydrogen. This means O 2  is capable of oxidizing 

most hydrocarbon compounds. Oxidation slowly dissipates chemical energy 

introduced by other processes, such as photosynthesis. Photosynthesis traps 

the energy of sunlight, while hydrocarbon oxidation releases energy. 

 This energy release is accelerated by catalysts, for instance by metals like 

iron, which promote the rapid transfer of electrons to O 2  from less electro-

negative donors. Iron is present in the respiratory centers of most cells, but 

at a cost. O 2  catalysis can generate free radicals, or more properly reactive 

oxygen species (ROS), which freely oxidize biological macromolecules. The 

discoverer of O 2 , Joseph Priestly, pointed out that we breathe “air as good as 

we deserve”; that is, the O 2  concentration in the air is optimized for our form 

of life. Very high O 2  concentrations, or  hyperoxia , can damage the lung, the 

brain, and the eye, and we have a modest range of O 2  tolerance because of 

our antioxidant defenses. In 1954, Rebecca Gerschman and Daniel Gilbert 

also discovered that cellular damage by O 2  shares a common mechanism with 

radiation and involves ROS generation (Gerschman et al. 1954). 

 The geological record indicates that about 2.4 billion years ago the O 2  

partial pressure (PO 2 ) in the atmosphere increased rather sharply—by a 

factor of about 10 5 —to its present level (Kasting 2006, Anbar et al. 2007). 

This transition is commonly called the Great Oxidation Event, or GOE. The 

thinking is that the GOE refl ects the evolution of oxygenic photosynthesis by 

cyanobacteria (blue-green algae), which began to fl ourish in expansive mats 

during the Paleoproterozoic Era. 
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 Indeed, oxygenic photosynthesis may predate the GOE by two hundred 

million years. The rise of the atmospheric O 2  may have been delayed, for 

instance, because the chemical reactivity of O 2  changes as its levels fl uctuate, 

but the length of the delay suggests that other factors are involved. There 

may have been geological sinks—processes that remove O 2  from the atmo-

sphere, such as the eructation of reduced gases from the Earth’s mantle or 

the discharge of ferrous iron (Fe 2+ ) from hydrothermal vents. Thus, despite 

the burst of oxygenic photosynthesis, O 2  was initially removed as fast as it 

was being introduced. Once this scrubbing process had dissipated, the atmo-

spheric O 2  concentration rose signifi cantly. 

 Other biological factors may also have been needed for the GOE, such as 

the trapping of bacteria in marine sediments or carbon burial. This leaves O 2  

behind in the atmosphere because organic material that precipitates in deep 

ocean sediments cannot be oxidized. But the predicted changes in the ratio 

of organic carbon to carbonate (CO 3  
−2 ) for relevant geological strata have not 

been found. Whatever the case, oxygenic photosynthesis won out, and it is 

the only important source of molecular O 2  on our planet today .  

 The geological record also indicates that oxygenic photosynthesis was not 

the fi rst form of photosynthesis (Battistuzzi et al. 2004). Perhaps half a bil-

lion years before oxygenic photosynthesis appeared, a type of photosynthesis 

appeared in which O 2  is not released, and some bacteria still utilize it. More-

over, the source of electrons is not water but other inorganic compounds, 

including those of the iron cycle, the sulfur cycle (sulfi de), and the nitrogen 

cycle (nitrite) (Griffi n et al. 2007). 

 In the evolution of oxygenic photosynthesis, two types of photoelectric 

devices were brought together, presumably by gene transfer, to make an ef-

fi cient electrochemical cell that splits water into hydrogen and oxygen (Allen 

and Martin 2007). These devices—termed photosystems I and II— operate 

together in green plants in concert with chlorophyll and the hundred or so 

proteins of the chloroplast to capture energy from sunlight. 

 Photosystem II captures four photons, using them to remove two elec-

trons from each of two H 2 O molecules, and it releases an O 2  molecule into 

the environment as a product. In modern plants, photosystem II operates 

only in the presence of photosystem I, which takes the four electrons gener-

ated by system II and four additional photons to reduce a chemical nucleo-

tide called NADP +  to NADPH. Eventually, these electrons are transferred to 

CO 2  to provide the building blocks for sugars and other hydrocarbons. 
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 One of the scientifi c challenges of understanding oxygenic photosynthe-

sis has been to decipher the chemical evolution of the water-splitting com-

plex of photosystem II. This complex contains a metal cluster, manganese- 

calcium (Mn 4 Ca), where it interacts with the H 2 O molecule and interfaces 

with the environment. The manganese cluster sequentially releases electrons 

to photo system II proteins under the infl uence of sunlight, but only when 

the cluster is four electrons short does it split two water molecules to replace 

them. The capacity to do this may be unique to manganese, and the water-

splitting chemistry of the Mn 4 Ca cluster has long been sought in the quest to 

exploit sunlight as a clean, renewable source of power. 

 Once our atmosphere converted from a reducing to an oxidizing one, 

Earth rapidly evolved nonphotosynthetic organisms that captured and re-

duced O 2  to survive (Anbar et al. 2007). They took advantage of the chemical 

reactivity of O 2  in the presence of transition metals, but this added the re-

quirement for antioxidant defenses. The spatial localization of these defenses 

allows O 2  to be transported safely some distance (micrometers) in tissues 

before it is used. Once O 2  could be transported and distributed on a scale 

of centimeters to meters, the evolution of higher organisms received a boost 

from a higher ratio of body mass to surface area and greater specialization. 

 WATER AND FOOD 

 On Earth, where O 2  is not limited, H 2 O is  the   exigent survival requirement . 

A healthy person can live weeks without food but only, depending on the 

temperature and how much she sweats, four to seven days without water. Our 

bodies are roughly 60 percent water, but every day, liters of water evaporate 

from our skin and our lungs and are excreted by our kidneys. This water 

must be replenished to avoid dehydration. 

 In the desert, you can die in a day of dehydration because extra water is 

not stored, and we need it to keep cool. Sweat cools the skin as it evaporates 

because the latent heat of vaporization carries excess body heat away. The 

water is lost from the blood plasma, the spaces between cells, and later even 

from cells themselves. We get thirsty when the salt concentration (or osmo-

lality) of our plasma rises too much, and we must drink regularly to replace 

the water that evaporates. And the kidneys must lose about one liter of water 

per day. 
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 Compared with dehydration, starvation is slow because we have nutri-

tional reservoirs in body fat and muscle protein. Even a thin person is 40 per-

cent muscle by mass, and about half of this can be wasted in the interest of 

survival (Collins 1996). This means the average person can live for several 

weeks without food. 

 In spacefl ight, astronauts carry all the H 2 O and food aloft that they need, 

or they have it resupplied regularly from the ground. On the ISS, H 2 O is re-

cycled, and food comes prepackaged. There are signifi cant water losses both 

inside the station and into space, and one cannot tote water and food long 

distances in space. “Packing everything in” may get us to Mars once or twice, 

but it is not a permanent solution to the problem of exploring other planets. 

 The limits of transporting H 2 O and food obviously depends on the ef-

fi ciency and cost of space transportation technology, but many NASA scien-

tists think packing tons of food for a mission to Mars may not be smart. As 

space transportation and food technology improve, this issue should be easy 

to resolve. At some point beyond Mars, distance and time supervene, and 

water conservation and food production will become the realities. 

 Like O 2  and H 2 O, the amount of food loaded onto a spacecraft will depend 

on the effi ciency of its food recycling system. The goal is to recycle as much 

as possible so that energy but little or no mass is added. The original food 

mass is eaten, digested, excreted, collected, and regenerated as effi ciently as 

possible. Such systems are built on simpler co-cycles and subcycles, which 

depend on each other in important ways. 

 You saw earlier that the water cycle is easy to maintain because we do not 

break down H 2 O chemically. H 2 O is a physiological solute; it is absorbed, ex-

creted, secreted, evaporated, or transpired, unadulterated, in the water cycle. 

NASA’s water cycle numbers are 3.5 liters/day for the body and thirty liters/

day for hygiene. 

 The water cycle is coupled to the carbon cycle, sometimes called the food 

cycle, which is more complex. These two cycles operate for all animals on 

Earth. Chemical reactions convert carbon substrates to products for specifi c 

energy-requiring functions, like respiration, while plants replenish the sub-

strates by oxygenic photosynthesis. The carbon cycle connects O 2  and H 2 O 

recycling from respiring animals to photosynthetic plants (fi gure 6.2). 

 An effective food cycle is a basic requirement for deep space exploration, 

and the basic elements are most easily seen by working with only O 2  and 

CO 2 . In practice, the water and complete food cycles are critical, but we can 

understand how these critical resources become limiting in space exploration 
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with a simpler model. We need some food science, too, especially an estimate 

of our food requirements. 

 The history of food science at NASA is fascinating, and in aggregate, the 

space program has come a long way since the days of squeezing Spam out of 

tubes like toothpaste. Now, prepackaged menus consisting of three complete 

meals a day are sent up. They can be rehydrated and heated, and they meet 

the minimum recommended daily allowances (RDA) of vitamins, minerals, 

and protein (Smith et al. 2001). For the shuttle, these menus weighed about 

1.7 kg, of which 0.5 kg was in the package itself; so the weight ratio of food 

to package was about three. 

 The nutritional value of space food is high, but the U.S. crew on the ISS 

must participate in regular nutritional evaluations that track dietary intake 

and body composition and the status of protein, bone, iron, minerals, vita-

mins, and antioxidants. People today tend to listen to popular advice and 

worry more about the calories, fats, and carbohydrate in their diets than 

about vitamins, antioxidants, and minerals. On future lunar and planetary 

missions, defi ciencies in vitamins and other micronutrients that the body 

  FIGURE 6.2.    THE NATURAL CARBON CYCLE OF PLANTS AND ANIMALS ON EARTH. 
 Plants perform oxygenic photosynthesis in their chloroplasts, which require sunlight, CO 2 , and water 
to produce sugars and other carbon substrates, while animals use carbon substrates, reduce O 2  to 
water, and produce CO 2  in their mitochondria. 
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cannot synthesize will be an important problem to resolve. Nutritional de-

fi ciencies, like the dreaded scurvy of past sea voyages, obviously must be 

avoided. 

 On the ISS, food packages contain a barcode that the crew member scans 

to keep track of the daily calorie and nutrient intake. Food experts use the 

data to understand nutritional factors that help limit the adverse conse-

quences of spacefl ight, such as bone loss, shortages of vitamins or minerals, 

and damage to the body from radiation. The purpose of this monitoring is to 

develop optimal dietary strategies for human health in space. 

 The caloric requirements of astronauts are determined by two National 

Research Council formulas for basal energy expenditure (BEE in kilocalories; 

kcal). For women, 

 BEE = 655 + (9.6 × weight) + (1.7 × height) − (4.7 × age) 

 For men, 

 BEE = 66 + (13.7 × weight) + (5 × height) − (6.8 × age) 

 In these formulas, weight is in kilograms (kg), height in centimeters (cm), 

and age in years. Sample calculations indicate that a 170 cm tall, 70 kg woman, 

age 40, needs roughly 1,430 kcal, while a 180 cm, 80 kg man of the same age 

needs roughly 1,790 kcal a day. Taking into account extra calories for activi-

ties and exercise, typical astronauts require 2,300 to 3,100 kcal per day. 

 Astronauts generally eat less in space than they do on Earth, despite close 

attention to dietary preferences and palatability. Weight loss and loss of mus-

cle mass and bone density are inevitable in microgravity. Dietary calcium 

absorption also decreases in part because of lower vitamin D levels because 

of the lack of sunlight. The bones become thinner and more brittle, especially 

the weight-bearing, antigravity parts of the skeleton. Thus, astronauts are en-

couraged to eat and are given calcium and vitamin D supplements. 

 Bone loss in space increases the excretion of calcium in the urine, which 

creates a propensity to form kidney stones. Calcium excretion may be ac-

centuated by the relatively high protein intake of astronauts—eighty-fi ve to 

ninety-fi ve grams per day, or about 25 percent more than normal. The ten-

dency to form kidney stones can be counteracted by liberal fl uid intake and 

by alkalinizing the urine, for instance with potassium citrate. Although too 

much dietary calcium promotes calcium excretion and increases the risk of 
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kidney stones, only one episode of stones has been reported in astronauts and 

cosmonauts through 2010. 

 Earlier, some NASA numbers were mentioned for the human body: 3.5 kg 

of water and 0.7 kg of food per person per day. NASA also allows thirty kg of 

water for hygiene, laundry, and other activities. Let’s assume water for food 

and hygiene can be recycled and reused at 80 and 96 percent effi ciencies, 

respectively. Also, neglecting differences in size, metabolic rate, personal pref-

erence, and the exact energy content of foods will not affect the outcome of 

the following exercise. In addition, daily body losses of CO 2 , liquids (sweat, 

urine), and solids (salt, feces) are tallied and shown along with the require-

ments in fi gure 6.3. The difference between everything in and everything out 

is the  mass balance . 

 Adding up the masses of O 2 , H 2 O, and food needed by an astronaut, the 

sum for one year in space is 0.9 kg O 2  plus 0.7 kg food per day times 365 days. 

This is 329 + 256, or 585 kg (1,287 lbs). Add 3.5 kg H 2 O/day and 30 kg of 

hygiene H 2 O/day, and after recycling at 80 and 96 percent respectively, allow 

losses of 0.7 + 1.2 kg/day. Thus, each astronaut needs 694 kg of surplus water 

for a year in space. The total mass per astronaut per year is therefore 585 + 

694, or 1,279 kg (1.279 metric tons). For a three-year Mars mission, this value 

Body Requirements

Oxygen 0.9 kg

Water 3.5 kg

Dry food 0.7 kg

Body Losses

Carbon dioxide 1.05 kg

Urine 1.5 kg (solids 5%)

Feces 0.15 kg (solids 30%)

Sweat-insensible 2.3 kg (solids 7%)

Hygiene water (30 kg) Used

Liquid

0.28 kg3.67 kg

Solid

Waste

  FIGURE 6.3.    THE MASS BALANCE OF THE HUMAN BODY. 
 Daily requirements are based on an average metabolic rate for a 70 kg man in a thermally neutral 
environment (140 watts). Losses are apportioned into liquid and solid components, except for CO 2 , 
which is a gas at body temperature. Hygiene water is for bathing and for washing clothing and 
other items. Solids can be recycled along with waste water. 

C6029.indb   137C6029.indb   137 10/12/12   9:41 AM10/12/12   9:41 AM



A HOME AWAY FROM HOME

138

is multiplied by three and then by six crew members, yielding some twenty-

three metric tons. Now add up the three years of waste that must be stored 

or jettisoned: 85 kg of old food packages, plus 694 kg of brine and sludge per 

astronaut per year. This adds up to fourteen metric tons and does not include 

any reserves. 

 Finally, let’s illustrate how much “junk” a crew on a voyage to Mars would 

generate if spent resources are recycled at an effi ciency of 50 percent. On the 

positive side, the ship would carry only half the usual amount of supplies on 

the mission. In other words, a round trip requires exactly the same amount 

of O 2  as a one-way trip where there is no recycling. Of course, there’s no such 

thing as a free lunch: more energy is needed, and the crew must still dispose 

of half of what it uses. The important exception is water, because of its more 

effi cient recycling. 

 I once thought of waste disposal in space as just so much rubbish, only 

later recognizing how little trash is appreciated until the garbage man goes 

on strike. The cities of New York and Naples are notorious for this, but the 

 Mir  station was once euphemistically known as the “pigpen” in space. When 

resupply missions to the ISS were interrupted for two years after the  Colum-

bia  mishap, garbage became a major issue. In 2004, Space.com even ran a 

headline, “There Is No Space on the Space Station.” 

 It is not necessary to go into great detail on garbage disposal; a simple 

example will suffi ce. In 2006, a NASA committee on waste processing and 

resource recovery estimated that a crew of six en route to Mars would pro-

duce about 10.5 kilograms (23 lbs) of organic waste each day. A year would 

thus produce nearly four metric tons of biodegradable waste. The question 

is what to do with it. 

 The idea of returning tons of waste to Earth from Mars, some of it three 

years old, would be unpleasant for the crew, who would prefer simply to 

shoot it into space. On Mars, the expedient option, which would be to com-

pact it and fi ll a crater up with it, is politically incorrect, but that is safer than 

trying to take off with eighteen months of trash. Trash dumps are not allowed 

at the South Pole, and they would be offensive on Mars too, but practicality 

may supersede sensibility. Technically advanced options like waste recondi-

tioning for fertilizer or bioreactor fuel are expensive. 

 The idea of producing power biologically—so-called  biopower —has been 

around a long time, but it is in its infancy for space exploration. Mature 

options include devices that convert kinetic energy (motion) into electrical 

current, like lamps powered by pedaling your bike or cell phones charged by 
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cranking a handle. An interesting new prospect, microbial fuel cells, relies on 

bacteria that release electrons during metabolism. Both types of systems, as 

well as some that convert cosmic radiation into electricity, are on the draw-

ing boards. 

 Microbial systems offer a handy way to store energy because of a high 

power-to-weight ratio. They are also a means of disposing of biological waste 

and a source of useful byproducts like O 2 . The downside is that growing mas-

sive vats of microbes on an enclosed spacecraft or on another planet is haz-

ardous and reckless, respectively. NASA thinkers estimate that the amount 

of biodegradable waste produced on a Mars mission could generate 1 kW 

of electrical power, and say a Mars ship’s life-support system would require 

about 1 kW per person. Thus, a biofuel program might contribute 17 to 

25 percent to life support and to waste disposal depending on the size of the 

crew. Microbial fuel cells also could be grown only when there is a critical 

mass of organic matter or when it reaches the point that the crew can no 

longer stand it. 

 The interest in space-based bioreactors has centered on bacteria of the 

genus  Geobacter  and species  sulfurreducens , an anaerobic sedimentary mi-

crobe discovered in 1987 by D. R. Lovley of the University of Massachusetts. 

 Geobacter sulfurreducens  (as well as species found more recently) are called 

“electricigens” because they create electrical current by transferring electrons 

directly to an external electrode (Jones 2006). Electricigens produce energy 

by oxidizing organic material and transferring electrons to insoluble electron 

acceptors in their environments, like iron oxide particles in mud. Electron 

transfer occurs because the microbes produce conductive nanowires that 

ground it to the insoluble material—contact is made across the gap between 

the cell wall and the ground substance (Gorby et al. 2006). 

 In a working cell, trillions of bugs would oxidize waste in the absence of 

O 2  by using graphite as the electron acceptor instead of iron oxide. Since 

they do not require O 2 , microbial fuel cells in principle would work on Mars. 

This is a tidy idea, but this too is still a fi eld of research in its infancy, and we 

have almost no data on effi ciency or durability. Energy is needed to support 

microbial growth, and it is not clear whether adequate trash disposal rates 

are attainable or sustainable at a reasonable scale here on Earth, much less in 

space. Given NASA’s smaller budget today, there may not be time or money 

enough to develop this novel technology for use on a Mars mission. 
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 7 .  R O U N D  A N D  R O U N D  I T  G O E S  .  .  . 

W H E R E  I T  S T O P S ,  N O B O D Y  K N O W S 

 Biologists and engineers think of dynamic living systems as  open  or 
 closed . In other words, the inputs are either consumed or conserved, regard-

less of anything else. However, every living system requires energy as a con-

sumable input. An open system has access to all of its resources— O 2 , H 2 O, 

food—and consumes them. As resources are consumed, waste is excreted 

(or accumulates), and nothing is recycled apart from certain expensive bio-

chemical factors and cofactors that do not concern us here. 

 Open systems operate in one direction, and waste is disposed of; we con-

sume O 2  and hydrocarbons and eliminate CO 2 , ammonia, some water, and 

heat. Metabolically, all higher animals are essentially open systems that use 

more resources than closed systems. However, the energy cost of impound-

ing metabolic byproducts, managing these spent resources, and recycling 

critical resources is not trivial. 

 Since the early days of space exploration, when everything but the astro-

naut and his suit was disposable, sophisticated environmental control and 

life-support systems (ECLSS) have maintained a safe environment for as-

tronauts. On the ISS, some recycling is done to conserve some resources. 

The ECLSS contains multiple subsystems that are integrated into a functional 
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supersystem. Some parts of the supersystem are regenerative, and some are 

nonregenerative, but special control subsystems are required for both. The 

conservation of resources in space will demand increasing attention to detail 

in the future, tracking and replenishing the inevitable losses. 

 We just thought about water, O 2 , and food, but CO 2  is critical, too, because 

it is needed to regenerate critical resources. It cannot be simply dumped 

overboard on long spacefl ights. On the ISS, NASA has been adapting the 

Sabatier process for converting CO 2  and H 2  to H 2 O and methane (CH 4 ). We 

will revisit this after examining the physiological context for why CO 2  must 

be conserved. 

 RECYCLING: OPEN OR CLOSED, HOT OR COLD?  

 To briefl y reiterate, nonregenerative and regenerative life-support systems are 

independent of whether they have a nonbiological or biological basis. There 

are also hybrid systems. Nonregenerative systems are  open ,   and regenerative 

and hybrid systems are  closed  or  partially closed  through the use of chemical 

and/or biological regeneration. For instance, O 2  production by water elec-

trolysis is chemical, while photosynthesis is biochemical. If plants scrub CO 2  

from and return O 2  to the atmosphere, the recycling is biological, but if CO 2  

is broken down in canisters using a catalyst, the recycling is chemical. All 

such processes are ultimately chemical, of course, but it is a challenge to build 

manmade systems that mimic or improve on natural ones. 

 On the ISS, the ECLSS subsystems are monitored and tweaked, but in an 

ecological sense, even those capable of recycling are not self-sustaining. They 

are artifi cial because renewable biological components have not yet been in-

corporated into them. Regenerative terrestrial-like ecosystems for air, ther-

mal comfort, water, and food for a crew on a long exploration mission may 

appear later in this century (if NASA hires back a few botanists). 

 Prototype biologically regenerative or  controlled ecological life-support sys-

tems  (or CELSS, in NASA speak) do exist, and several have been tried out, but 

their operation is challenging. There are no practical embodiments of these 

for long space missions, so I can only report the perspective of some experts 

on the requirements of future systems where resupply missions from Earth 

are impracticable. 

 The use of self-sustaining life-support technology far from Earth will 

require new knowledge of both natural and human-engineered processes. 

C6029.indb   141C6029.indb   141 10/12/12   9:41 AM10/12/12   9:41 AM



A HOME AWAY FROM HOME

142

This technology must set a well-defi ned barrier that prevents us from being 

exposed to conditions that are too close to a long-term survival limit. This 

means understanding the long-term biological effects of even modest devia-

tions from our natural environment. For these reasons, life-support technol-

ogy for deep space is not mature. 

 I have come full circle in recycling by revisiting thermodynamic effi ciency. 

We are happy with machines, like automobile engines, that operate at around 

50 percent effi ciency. This is not bad; muscular exercise is only around 20 

percent effi cient. Still, there is promise in higher effi ciencies, for instance, 

in fuel cells that “cleanly” convert hydrogen or hydrocarbons to electricity. 

A fuel cell’s effi ciency is defi ned by the highest effi ciency that the reaction 

can theoretically achieve. Effi ciency involves the entire system, all of its com-

ponents, which means that each step is multiplied to arrive at an overall or 

 conversion   effi ciency . The design of these systems varies, so it is not possible 

to generalize about effi ciency. For instance, the theoretical thermodynamic 

effi ciency of a hydrogen-oxygen fuel cell is 83 percent (Zhu and Kee 2006), 

and certain solid-oxide fuel cells (SOFC) and ultra–high effi ciency solar cells 

have effi ciencies up to 87 percent (Leya et al. 2005). In prototype systems, the 

conversion effi ciencies are exceptional, 60 to 70 percent, but there are thorny 

practical issues to be worked out before implementation in space. 

 Living organisms are tiny next to their natural environments, so open 

biological systems are the norm. The entire lower atmosphere of the Earth, 

for instance, is available for you to breathe. Most animals operate as though 

the resources in their environments are limitless, since they are regenerated 

ecologically. Green plants in the photosynthesis cycle take up CO 2  and release 

O 2  into the atmosphere, where it is used by animals. So people are open, but 

Earth’s biosphere, apart from sunlight, is closed. 

 Closed systems contain life resources for fi nite periods of time; the inputs 

are used, and the outputs are recycled as new inputs. This method decreases 

the dependence of the system on new resources, but not on energy. A purely 

closed system wastes nothing; it is  self-sustaining  or  self-renewing , but exter-

nal energy is always needed to support the cycles and the amount of energy 

needed exceeds that required to actually perform the work. The Earth’s bio-

sphere is sustained by the Sun, but it is not highly effi cient—nor does it have 

to be, because so much solar energy is available (Pianka 1994). 

 Manmade systems have been open or hybrids of open and closed sys-

tems. For a particular subsystem, whether it is open or closed depends on 

the resource involved. For instance, on submarines, the reactor powers the 
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electrolysis of seawater, which produces O 2  and H 2 . H 2  is discarded, and the 

O 2  replenishes the atmosphere. Respiration reduces the O 2  to water, and the 

body excretes CO 2 , which is dumped. This is an open system. If the CO 2  is 

chemically split into carbon and O 2 , the O 2  can be reused and only simple 

carbon wasted. For potable water obtained by desalination, brine and waste-

water is dumped overboard, where it is recycled by the ocean. Seawater is a 

limitless resource to submariners as long as the salt can be removed. 

 On the ISS, water is limited, and it is recycled, but H 2 O is still used to 

generate O 2  by hydrolysis. The ISS backup systems are nonrenewable— O 2  

cylinders and perchlorate candles must be supplied from Earth. In planning 

for Mars, more effi cient regenerative systems are on the drawing boards, es-

pecially for the use of CO 2  and other waste products for food production. 

 Earth’s ecosystems also fashion old into new and sometimes  better  or more 

successful things: in other words, they evolve. Our biosphere is not simply a 

huge recycling system; it is more precisely a set of linked ecosystems encom-

passing all life on the planet along with resources that sustain and change 

it. Apart from sunlight, the Earth contains everything necessary to support 

the life cycles of millions of diverse but connected species (Pianka 1994). 

This simple analysis makes it seem imperative to reconstruct a biosphere 

to sustain us in space. For more than a century, futurists have envisioned 

enormous closed ships that would carry us to the stars, and some even pre-

dicted that our Solar System has a carrying capacity of trillions of people 

(Daly and Townsend 1993). You can already see the fl aws here, but let’s 

bring on some more science on respiration, heat, and the CO 2  cycle aboard a 

spaceship. 

 THE CO 2  CYCLE 

 The principal source of human energy is  respiration , and the lung is the inter-

face that enables gases in the atmosphere to be exchanged with the blood and 

tissues. The heart pumps the blood through the lungs to the tissues, enabling 

the exchange of gases and nutrients. This simple description embodies the 

two components of respiration: external respiration, defi ned by the ventila-

tion and pulmonary gas exchange, and internal respiration, which entails cell 

respiration and the delivery of O 2  and nutrients and the removal of metabolic 

byproducts, such as CO 2 , from the tissues. Thus the lungs, heart, and blood 

link external and internal respiration. 
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 Ventilation adds O 2  to the blood and removes the CO 2  generated by the 

breakdown of the hydrocarbons that supply the electrons that reduce O 2  to 

water. CO 2  diffuses from the cells into the blood, where the circulation car-

ries it to the lungs, where it is exhaled. To live, we need constant access to a 

gaseous environment high in O 2  and low in CO 2 . 

 Earlier, I mentioned that the cell’s main energy supply is ATP, which con-

tains three high-energy phosphate bonds that release chemical energy when 

they are broken. The most energy is released by breaking the fi rst bond, 

which yields ADP and phosphate (P i ). ADP is recycled to ATP primarily by 

 mitochondria , specialized organelles that utilize electrons derived from glu-

cose and other substrates and add protons to reduce O 2  to H 2 O. The process 

by which mitochondria convert ADP to ATP is  oxidative phosphorylation , 

which produces most of the body’s ATP. Mitochondria are fairly ineffi cient 

and therefore also generate heat. 

 In short, respiration irreversibly reduces O 2  to H 2 O, ATP is produced, and 

heat is released—this is also why we are warm blooded. This heat generated 

by the body is measured by calorimeters much like those that measure the 

calorie counts on food packages in the grocery store. The oxidation of a gram 

of carbohydrate yields 4.18 kilocalories (kcal) of heat (or fi ve kcal per liter of 

O 2 ). One gram of protein yields 4.32 kcal of heat (or 4.46 kcal per liter of O 2 ), 

and a gram of fat yields 9.46 kcal (or 4.69 kcal per liter of O 2 ). The quantities 

in parentheses are the basis for the so-called O 2  equivalence of power and the 

effi ciency of muscular exercise. 

 The effi ciency of exercise at constant work is defi ned by the ratio of how 

much heat is generated relative to the amount of O 2  consumed. When we 

exercise by walking, running, cycling, or swimming, our effi ciency is around 

20 percent (typically 16 to 24 percent for different exercises) (Jones 1997). In 

other words, about fi ve times more O 2  is consumed than would be needed if 

all the energy from burning the fuel was used to perform the work; the extra 

is released as heat. There is thus a direct relationship between the amount of 

work done and the amount of O 2  consumed and amount of CO 2  produced 

per minute. 

 The average, supine, resting person consumes about three milliliters (ml) 

of O 2  per kilogram of body weight per minute. The body thus consumes 

200 ml of O 2  and produces about 170 ml of CO 2  per minute. The resting 

O 2  consumption is often converted to a basal metabolic rate (BMR), or the 

number of calories per day needed to live. BMR varies with age, weight, mus-

cle mass, gender, and genetic factors, and the Web is loaded with tables and 
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calculators of BMR like the closely related BEE from chapter 6. Also, the ratio 

of CO 2  produced to O 2  consumed varies with the fuel used; this ratio is the 

respiratory quotient (RQ) and varies from 1.0 for carbohydrates to 0.7 for 

fats. For a person on a normal diet, RQ is usually about 0.85. 

 A seated person uses slightly more O 2 —about 3.5 ml per min per kg of 

weight, because the postural muscles must perform work for you to stay in 

the chair. This value is called a  met ,   and  mets  (multiple of resting metabolic 

rate) are used to describe the energy cost of various activities. For instance, 

sedentary jobs require two or three mets; occupations such as construction 

and mining require four to eight mets. Heavy exercise can use ten mets, and 

elite athletes involved in cycling, swimming, or cross-country skiing can use 

fi fteen to twenty mets. Astronauts on EVA average three or four mets and 

reach peaks of six to eight mets .  

 During peak exercise, a highly trained, elite, male athlete can consume 

more than six liters of O 2  per minute. And depending on the fuel, this ath-

lete will produce almost the same number of liters of CO 2  per minute. Such 

high loads are not sustainable for long, and in the exercise programs on the 

ISS, the work rates are usually less than six mets. To make a long story short, 

NASA allows 0.9 kg of O 2  per day per astronaut. 

 CO 2  is removed from the cabin atmosphere because of its undesirable ef-

fects. The CO 2  concentration in the cabin of the ISS, for instance, is in the 

range of 0.2 to 0.7 percent. If the inspired CO 2  increases to above 1 percent, 

breathing is stimulated, and the body’s acid-base balance is altered. A chronic 

acid load (metabolic acidosis) may promote calcium excretion and worsen 

the effects of microgravity on the loss of bone mineral density (Bushinsky 

2001). 

 The ability to remove CO 2  from the cabin quickly (and supply O 2 ) is criti-

cal to life support in a partially closed (or closed) atmosphere. The more work 

being performed and the greater the number of individuals, the greater must 

be the minute-by-minute capacity to supply O 2  and eliminate CO 2 . The cabin 

is a  reservoir , and it must be large enough to adequately buffer the peaks in 

the respiratory cycle of the crew. 

 One more thing about respiration and conservation: Recall that the respi-

ratory cycle takes in O 2  and glucose and produces H 2 O and CO 2 . The H 2 O 

contains the original atmospheric O 2  in reduced form. The O 2  in the CO 2  

molecule is from the oxidation of glucose or another substrate. The cell con-

verts hydrocarbon substrates like glucose to CO 2 , passing the electrons off 

to O 2  to make H 2 O, with an overall effi ciency of about 20 percent. This O 2 , 
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 although in two different chemical forms and from two different sources, is 

all available for recycling, but recovering it requires more energy than origi-

nally extracted as ATP and heat. 

 At the end of the book, we’ll put recycling to a different litmus test— one 

based on extreme effi ciencies without regard to technology. Dropping the 

technology and putting a process through its paces will fi nd the limit on how 

far an approach can take us even with near-perfection—for instance, in try-

ing to cross large, resource-poor regions of space. This has some eye-popping 

implications and puts starhopping into a rather unique perspective. 

 MAKING ROOM FOR THE JOLLY GREEN GIANT 

 Using CO 2  to grow plants to help solve food production and food-quality 

issues in space is an obvious strategy, but it is not as easy as it sounds. NASA 

food scientists have been working on this idea for a long time, particularly 

for a mission to Mars, where a signifi cant portion of the crew’s food (and 

possibly O 2 ) might be effi ciently derived from plants. 

 When space food is prepackaged, the storage weight is much less if it is 

dehydrated and later reconstituted with recycled water. Such packages must 

have an extended shelf life. Thermally stabilized emergency rations on the ISS 

are good for at least two years, but this is not long enough for a Mars mis-

sion. Based on experience with submariners and powdered eggs, I agree with 

NASA food scientists: providing fresh foods, like vegetables and leafy greens, 

on exploration missions is a mighty good idea. 

 The issue of growing plants in space catches everyone’s eye, and plant se-

lection is based on lighting, photosynthetic capacity, size, variety, fertilizer, 

and edible yield (Smith et al. 2001, Drysdale et al. 2004). Experiments have 

been conducted on plants in space and in space simulators for years, and 

NASA has winnowed down hundreds of possibilities to a manageable num-

ber, including dwarf wheat, lettuce, tomatoes, rice, soybeans, and potatoes. 

These selections are based on high crop yields, food value, and hydroponic 

success—too bad for asparagus lovers. 

 Early studies on plant growth in space were focused on the effects of grav-

ity on plant orientation, a phenomenon known as  geotropism . In space, most 

plants germinate, develop, and grow normally, except that the roots and 

shoots do not orient themselves vertically. Some species show minor struc-
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tural changes, such as leaf number and thickness, growth rate, or stalk height, 

related to microgravity, radiation, or both. The plants can be oriented using 

light. 

 Plants, at least for a few generations, also reproduce normally in space. 

The physical effects of microgravity are poorly understood, and research is 

needed to understand how space environments affect crop growth and re-

production. It is especially important to learn more about how cumulative 

time in space affects germination, growth, and development over many plant 

generations. 

 The effect of cosmic radiation on seed germination and seedling develop-

ment is a crucial problem. A single, heavy, high-energy cosmic particle can 

wreck root development, for instance in tobacco plants grown from seeds, 

and break chromosomes in lettuce embryos (Planel 2004). Such problems are 

often silent until the seed germinates because the radiation causes mutations 

that affect plant growth or development. 

 A cosmic ray of high mass, such as the nucleus of a carbon or iron atom, 

passing through a cell, acts like a large-caliber rifl e bullet passing through a 

watermelon. The destructive energy is extremely large. The tracks of such 

particles through cells were fi rst documented aboard  Apollo 16  and  17  in the 

Biostack 1 and 2 experiments, which used encysted embryos of the  Artemia  

shrimp of the Great Salt Lake. This tiny embryo can remain dormant for 

years but hatches into a nauplius when it is returned to high-salt conditions. 

The likelihood of failure to hatch and the nauplius to grow after a collision 

with a single cosmic ion in low Earth orbit is very high—up to 95 percent, 

versus a 50 percent hatch rate in Earth controls (Planel 2004). 

 The presence of photosynthetic food-producing systems would also sup-

port the O 2  and CO 2  cycles on long missions. The feasibility of this was fi rst 

demonstrated in the 1960s in recycling studies conducted with algae and arti-

fi cial light. It took an algae mat of only eight square meters to release enough 

O 2  to support one adult. Later studies have suggested that at least forty square 

meters of photosynthetic crops are needed per person to recycle O 2  and to 

provide food. Thus, a crew of six would require 240 square meters of pho-

tosynthetic plants, roughly one-half the area of a standard basketball court. 

 Adding a safety factor of 50 percent, we now have three-fourths of a 

basketball court. In a spacecraft, however, volume, not area, is the key fac-

tor. If the plants are stacked a half meter apart (including the hydroponic 

or dry medium), about 120 m 3  would be needed to grow them. The crew 
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 compartment of the  Apollo 13  capsule had a volume of only six cubic meters,  

 and the  Orion  cabin is about twenty cubic meters. On a Mars mission, room 

must be made for plants, but lately NASA has been furloughing its botanists. 

 Since cabin space is likely to be tight, a two-tiered plan may be better 

for missions to Mars. The fi rst tier is for the  transit  to and from the planet. 

Tier two is for the habitat.   NASA scientists have envisioned a transit system 

similar to that of the ISS based on prepackaged cold or hot food trays with 

three-to-fi ve-year shelf lives. This food system would provide a vegetarian 

diet similar to one available on Earth, but without eggs or dairy products. 

 On Mars, the crew would plant fast-growing crops in a special garden. In 

addition to those already mentioned, peanuts, legumes, spinach, herbs, and 

carrots could be grown. Fast growth in Martian greenhouses may actually be 

pretty slow, because Mars receives only half as much sunlight, more ultravio-

let light (no ozone layer), and far more cosmic radiation than Earth. It may be 

necessary to provide dedicated microclimates enriched in CO 2  to accelerate 

plant growth and photosynthesis (Yamashita et al. 2006). 

 We know about Mars’s soil composition from measurements made by the 

 Viking ,  Mars Pathfi nder , the Mars rovers, and the  Phoenix  lander. Like Earth, 

Mars soils are rich in metal oxides, particularly iron oxide, which imbues the 

planet with its famous redness. The levels of iron oxide, 13 to 17 percent, are 

more than twice those on Earth (Reider et al. 1997). Martian soils, however, 

contain little phosphorus and almost no nitrogen—tough going, even for 

lichens. 

 Most seeds would not sprout happily in Martian soil simply by adding 

sunlight, CO 2 , fertilizer, and water. The ultraviolet, cold, aridity, and soil oxi-

dants, including perchlorate salts discovered by the  Phoenix  lander in 2008, 

are not made for plant growth. Hydroponics might work well, but it is cum-

bersome, and if we choose it, we better have a good working surface technol-

ogy to recover water on the Moon and Mars. 

 NASA crop scientists favor artifi cial soils developed from raw materials 

into which special nutrients can be incorporated. Such “space” soils resem-

ble cat litter; they are porous and capable of absorbing and holding large 

amounts of water. Manmade soils are based on minerals like calcium apatite 

(hydroxyl apatite is the main mineral in bones and teeth) that contain or 

retain plant nutrients such as phosphorus (McGilloway and Weaver 2004). 

 Natural and artifi cial aluminum-silicate minerals, also called zeolites, 

are being widely tested, but today they are used mostly as molecular sieves 

(Mumpton 1999). Zeolites trap positively charged ions like potassium and 
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ammonium, which can be leached out at a controlled rate. Under optimal 

conditions, artifi cial soils may actually outperform natural soils in terms of 

edible yield for some staples, such as wheat. 

 The growth of plants is only half the battle; sustainable technologies for 

harvesting and processing crops into palatable foods must be developed. 

Food production technology in space is ineffi cient with respect to energy 

utilization, but the barriers to achieving high effi ciencies are not insurmount-

able (Drysdale et al. 2004). Time and research will solve these challenges, but 

crop science has a way to go before it can provide a reliable supply of fresh 

food on a Mars mission. 

 MICRONUTRIENTS 

 Micronutrients, especially vitamins, are another concern on long space mis-

sions. Micronutrients cannot be synthesized by the body and must be pro-

vided in the diet. Fortunately, they serve primarily as metabolic cofactors, 

and only tiny amounts of them are needed, hence the term “micronutri-

ent.” This aspect of nutrition in spacefl ight is underappreciated because it is 

relatively easy to provide prepackaged vitamins and other micronutrients for 

short missions. For long exploration missions, micronutrients must be pro-

tected from oxidation and radiation for long periods of time by incorporating 

them into packets or pills. This means that the shelf life of these preparations 

must be extended signifi cantly. 

 Of the thirteen vitamins, the four fat-soluble vitamins—A, D, E, and K—

tend to accumulate in the body, while the nine water-soluble vitamins—the 

eight B vitamins (thiamine, ribofl avin, folic acid, niacin, biotin, pantothenic 

acid, B6, and B12) and vitamin C—do not.   Vitamin B defi ciency diseases 

remain surprisingly common today, but the most interesting problem is with 

Vitamin D. 

 The vitamin D story is special because spacecraft cabins lack sunlight, and 

astronauts live in perpetual twilight (Rettberg et al. 1998). Vitamin D regu-

lates calcium, phosphorus, and bone metabolism, and it promotes skeletal 

strength by facilitating calcium deposition in bone. Vitamin D defi ciencies, 

especially rickets in children at northern latitudes, were once common be-

cause few foods apart from fresh fi sh contain it. 

 Even today, despite the routine fortifi cation of milk and cheese, one in 

seven people have low vitamin D levels worldwide (Holick 2006, 2007). 
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 According to the Harvard School of Public Health, people in North America 

who live north of the arc between San Francisco and Philadelphia and do 

not get fi fteen minutes a day of sunshine are likely to have low vitamin D 

levels. Without vitamin D, only 10 to 15 percent of dietary calcium and about  

 60 percent of phosphorus is absorbed. Vitamin D defi ciency in adults   also 

causes bone diseases, such as osteopenia and osteoporosis, which increase the 

risk of fractures (Bischoff-Ferrari et al. 2004). 

 Vitamin D (D 2  or D 3 ) is normally acquired in two ways: it is consumed in 

the diet, and it is made in the skin. In the skin, a precursor compound called 

7-dehydrocholesterol is converted to vitamin D 3 , or cholecalciferol, by sun-

light (UV-B radiation). Vitamin D from the diet or the skin is stored in fat 

cells and, when released, is metabolized in the liver   to 25-hydroxyvitamin D, 

which the kidneys convert to an active compound called 1,25-dihydroxyvita-

min D. This active vitamin binds to vitamin D receptors on cell membranes. 

The production of 1,25-dihydroxyvitamin D is regulated   by the parathyroid 

hormone and by the plasma levels of calcium and phosphorus. Vitamin D 

also has important nonskeletal functions (Holick 2004). Skeletal   muscles ex-

press receptors for vitamin D and may require vitamin D   for optimal con-

traction. Vitamin D defi ciency produces weakness. Vitamin D receptors are 

also present in the brain, prostate, breasts, large intestine, and immune cells. 

 Some two hundred genes are regulated by 1,25-dihydroxyvitamin D, in-

cluding some involved in the regulation of cell growth, differentiation, and 

programmed cell death or apoptosis. Others are involved in new blood vessel 

formation, or angiogenesis. Vitamin D is also a potent modulator of immune 

function, and the immunological dangers of persistently low vitamin D levels 

are still being discovered. There are studies suggesting that low vitamin D 

levels are associated with an increased risk of developing prostate, breast, and 

colon cancer and with autoimmune conditions including multiple sclerosis. 

 The minimum RDA for vitamin D depends on age. The longstanding rec-

ommendation of 400 IU a day was increased to 600 IU for people ages one 

to seventy, but adults over seventy need 800 IU. In adults, the vitamin is well 

tolerated at intakes as high as 4,000 IU. 

 The optimal vitamin D intake in spacefl ight, especially for a Mars mission, 

is unknown. Depending on how well vitamin D is absorbed, regular exposure 

to UV-B light may be needed too. Perhaps equally important are interactions 

between vitamin D and the development of radiation-induced cancers, but 

even for UV-induced skin cancer, there is essentially nothing known about 

this relationship. Moreover, other micronutrients, including trace metals like 
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zinc and selenium, are also important for cancer prevention. Undoubtedly, 

micronutrients and radiation interact to infl uence the cancer risk, but at 

present virtually nothing else can be said about the problem. 

 Other important physiological effects of spacefl ight are also probably 

linked to nutrition, such as decreases in muscle mass, red blood cell mass, 

and the antioxidant capacity of the blood. Changes in bone and muscle mass 

are attributable primarily to the effects of microgravity and, to a lesser extent, 

to changes in physical conditioning, similar to prolonged bed rest. The body’s 

nutritional state interacts with these factors in ways that are unknown. 

 Vitamin K is found primarily in leafy greens but is also synthesized by 

bacteria that live in the intestinal tract. Although the body requires vitamin 

K for only one reaction, the so-called gamma carboxylation of glutamic acid, 

this function is critical to a number of proteins that bind calcium (Shearer 

1995). This calcium binding is needed to initiate blood clotting, and the ac-

tions of certain anticoagulants, such as warfarin, antagonize vitamin K. This 

antagonism also decrease bone strength and predisposes to osteoporosis and 

fractures. It turns out that vitamin K is also required by the primary bone 

building cell, the  osteoblast , which sets the skeletal strength not just on Earth 

but during exposures to microgravity and to partial gravity on the Moon 

and Mars. 

 In short, the proper intake of vitamins, trace metals, and other micronu-

trients in space is not simply a hypothetical issue. Diseases of vitamin defi -

ciency have never disappeared on Earth, and we are likely to take them with 

us into space. Vitamin D is a special problem for life in twilight and for cancer 

prevention, and vitamins D and K interact to maintain bone strength. 

C6029.indb   151C6029.indb   151 10/12/12   9:41 AM10/12/12   9:41 AM



152

 8 .  B Y  F O R C E  O F  G R AV I T Y 

 Every school child is told that Sir Isaac Newton discovered the law 
of gravity while sitting under an apple tree, but the grip of the ancients, dating 

to Aristotle, had been broken by Galileo’s demonstration that heavier-than-

air objects, regardless of weight, fall with a constant acceleration. This accel-

eration is caused by gravitational force,  g , and the physical attraction between 

two objects. Gravity is proportional to the masses of the objects and to the 

inverse square of the distance between them. Objects dropped or thrown 

always fall to the ground, pulled toward the center of the Earth with a force 

of 1  g , or an acceleration of 9.8 m /sec 2 . 

 Gravity, compared with the three other forces that hold matter together in 

the universe, is weak. It seems to dominate us because Earth’s mass is enor-

mous relative to the little bodies on its surface. Terrestrial objects have weight 

(mass multiplied by  g ), and although the law of gravity is universal,  g  is not. 

It is determined by the size and mass of the object. This means that the veloc-

ity needed to escape from an object increases with its size and mass. Values 

of  g  and for the escape velocity for the eight planets are shown in table 8.1. 

I call particular attention to Mars’s escape velocity, which is 45 percent of 

Earth’s. 
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 TABLE 8.1.  THE FORCE OF GRAVITY AND ESCAPE VELOCITY FOR THE EIGHT PLANETS 

       RADIUS      DENSITY      GRAVITY     ESCAPE VELOCITY
 PLANET  (EARTH = 1) (G/CM3) (M/SEC2) (KM/SEC)

      Mercury     0.38     5.43     3.7 (0.38)     4.3 (0.38) 
     Venus     0.95     5.24     8.9 (0.91)     10.4 (0.93) 
     Earth     1.0     5.51     9.8 (1.0)     11.2 (1.0) 
     Mars     0.53     3.93     3.7 (0.38)     5.03 (0.45) 
     Jupiter     11.2     1.33     22.9 (2.33)     59.6 (5.3) 
     Saturn     9.4     0.69     9.1 (0.93)     35.5 (3.2) 
     Uranus     3.9     1.29     7.8 (0.79)     21.3 (1.9) 
     Neptune     4.0     1.64     11.0 (1.12)     23.5 (2.1)      

 ALLOMETRY 

 Gravity has a larger effect on biology than most people think. I mentioned 

geotropism in plants earlier, but gravity affects every living system by provid-

ing a frame of reference for directionality and orientation. It has also affected 

the evolution of everything from the paramecium to the largest terrestrial 

animals that ever lived. It is involved in all weight-bearing and load-driven 

processes, which has been recognized since antiquity. For all living organ-

isms, the percentage of body mass devoted to structural support increases 

with the size of the body. This is the principle of  allometry , fi rst noted in 1538 

by Galileo, who discerned that larger animals have proportionately thicker 

bones than smaller animals (Schmidt-Nielsen 1984). 

 The point is nicely made by the examination of the skeletons of the shrew 

and the elephant, the smallest and largest living land mammals. An elephant has 

four times as much bone in proportion to its mass as the shrew. Despite a bit of 

haggling over the arithmetic, about 14 percent of the elephant’s mass is skeleton 

compared with only 4 percent for the shrew. We come in at roughly 8 percent, 

which coincidentally equates with marine mammals, from porpoise to blue 

whale, whose larger masses are offset by the buoyancy of water (Vogel 2003). 

 The rules of allometry set a limit on the absolute mass of terrestrial ani-

mals, which would collapse under their own weight if they were too heavy. 

The size limit for a terrestrial animal is related to the limits of bone compres-

sion, muscle strength, and to the stresses of locomotion. The limit for an 

animal based on bone strength, given an appropriate safety factor for getting 

up and walking about, is more than 10,000 (10 5 ) kg and probably less than 

10 6  kg (Christiansen 2002). 
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 This scaling effect is described in land animals by a simple geometric rela-

tionship, M  b  , where M is the body mass and where the exponent  b , the scale 

factor for the skeleton, is about 1.09. A scale factor of 1.0 means the skeleton 

grows in relation to volume. Values of  b  in excess of 1 indicate how much 

bone stress increases with size (Vogel 2003). This relationship nicely illus-

trates the effects of gravity. As for cetaceans, their value is about 1.02. 

 If you fi nd exponents abstruse, listen to your local farmer or veterinarian, 

who will tell you that large animals are more likely to break a bone in a fall 

than small ones. “The bigger they are, the harder they fall” is true. The horse 

or the giraffe is far more likely to break a leg in a fall than the cat, which can 

alight unharmed from a fall from great height. 

 Elephants can weigh more than ten metric tons (10,000 kg), but this is still 

tenfold less than the theoretical terrestrial maximum. Many extinct animals 

of greater mass are found in the fossil record, and larger ones may yet be 

discovered, but the sauropods of the Cretaceous and Jurassic, some of which 

likely tipped the scales at 100,000 kg (220,000 lbs), may be near the limit for 

land animals. 

 On the Earth, gravity is masked by solid ground. The ground is solid be-

cause the electromagnetic and nuclear forces are much stronger than gravity; 

without these other forces, you would freefall toward the center of the Earth, 

4,000 miles away. However, your acceleration would be undetectable without 

visual or other sensory cues. In fact, freefall with one’s eyes closed simply 

causes a feeling of weightlessness. 

 Freefall accounts for the weightlessness of astronauts in low Earth orbit 

(LEO). Gravity is not absent; it pulls on the spacecraft holding it in orbit. 

However, for the astronaut, the force of gravity is cancelled out by the 

craft’s forward acceleration, causing it to fall continuously along a path 

parallel to the curvature of the Earth. Thus, freefall creates an  apparent   zero 

g environment ,   even though the actual force of Earth’s gravity, for instance 

on the ISS, is about 90 percent of normal.  Microgravity  is a state of freef-

all, an effect of approximately one-millionth of one  g . To actually reduce 

gravity by this much (and not just simulate it in freefall), you must travel 

a distance of the square root of one million times the radius of the Earth 

(1,000 radii). Since the Earth’s radius is 4,000 miles, this is about 4 mil-

lion miles (6.4 million km), or roughly sixteen times farther away than 

the Moon. 

 Weightlessness in space was fi rst predicted by Konstantin Tsiolkovsky, 

who sketched people and objects freely fl oating in spacecraft fi fty years be-
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fore the fi rst spacefl ight. Indeed, “weightlessness” is the earliest and most 

dramatic effect encountered by an astronaut entering orbit. The body reacts 

physiologically to microgravity, and the vestibular (balance), cardiovascu-

lar, and musculoskeletal systems are affected. Aerospace books devote entire 

chapters to how microgravity affects the senses, but since we are focused on 

 staying there , these temporary troubles are of low concern. I will mention 

the vestibular effects briefl y, but this chapter will primarily emphasize how 

microgravity affects bone and muscle on long-duration missions. 

 BALANCE AND PERCEPTION 

 Microgravity was originally predicted to have a major effect on balance and 

perception, given the spatial disorientation experienced by pilots of high-

performance aircraft and airsickness in aircrews (NASA 2002). However, the 

inner ear (specifi cally the  vestibular labyrinth ) adapts surprisingly well to mi-

crogravity in a few days. 

 The labyrinth—the otolith organs and semicircular canals— operates co-

operatively with eye movements and the position sense for the trunk and 

limbs. This gives us a sense known as proprioception. Proprioception pro-

vides the brain with information about the location and motion of the body 

in space. 

 The semicircular canals do not respond to gravity; they stabilize your vi-

sion when your head moves. The otolith organs sense gravity, body tilt, and 

acceleration through tiny stones called otoconia that exert gentle pressure on 

hair cells in the otolith organs—the utricle and saccule. These otolith organs 

are oriented along the X, Y, and Z axes of the head. The hair cells sense and 

translate gravitational information into electrical impulses, which the ves-

tibular nerve transmits to the base of the brain. 

 On Earth, gravity provides a stable frame of reference and is normally 

sensed in the up-and-down direction. In aircraft, acceleration can come from 

any direction, and the nervous system cannot tell acceleration from gravity. 

In accordance with relativity, constant acceleration and gravity are equiva-

lent. The sum of the two forces or vectors, direction and intensity, becomes a 

new “vertical” frame of reference. 

 The combined effects of acceleration and gravity create  vestibular illusions  

that can cause aviation accidents, especially during a loss of orientation at 

night or in fog or clouds, where external visual cues are poor (Parmet and 
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Gillingham 2002). Pilots get a false perception, called a  somatogravic   illusion , 

of the  attitude  of the body with respect to the Earth. The most common is 

the  leans , a false sense of displacement about the roll axis, or an illusion of 

banking, that causes the pilot to tilt in the misperceived vertical direction. 

Pilots are trained to ignore illusions and read their instruments, but the false 

sensations may persist for a while even after the directional forces have been 

corrected. 

 The lack of normal directional forces on the vestibular apparatus alters 

the perception of head position and head movement and leads to motion 

sickness. About two-thirds of astronauts develop mild motion sickness. The 

symptoms can often be minimized by avoiding rapid head movements, but 

individuals differ in their susceptibility, severity, and rate of resolution of mo-

tion sickness. There may be nausea, vomiting, and disorientation but rarely 

incapacitation, and an occasional astronaut may be unable to work for the 

fi rst few days in space. 

 The brain adapts quickly to these gravitational changes, and the sense of 

equilibrium is restored as the illness subsides. Adaptation occurs because the 

brain learns to rely on cues from the eyes and the body’s position instead of 

on the otoliths. Thus, much like seasickness, space sickness improves with 

time and responds to simple medications such as scopolamine or meclizine 

(Buckey 2006). Apart from dry mouth and drowsiness, these have few side 

effects. 

 Measurements of posture, gaze, and tilt after spacefl ight show impaired 

gaze control, extra sway, and a reduced ability to control the tilt angle with 

eyes closed. These effects soon resolve, and chronic motion sickness is not 

seen in space or after returning to Earth. Several studies have indicated that 

the vestibular organs adapt to microgravity and may actually increase their 

sensitivity to gravity. 

 Motion sickness may also be encountered whenever gravitational forces 

change, for instance in going from microgravity to partial gravity after land-

ing on the Moon or during the use of gravitational countermeasures to pre-

vent the loss of bone and muscle. Chronic symptoms seem to be very rare, 

like the swaying  mal de debarquement , which sometimes persists for days af-

ter a long sea voyage (Hain et al. 1999). 

 Space motion sickness is self-limited, and astronauts are given time to 

adapt before performing tasks taking concentration and coordination. Ex-

travehicular activities (EVA) are not scheduled during the fi rst three days of 

fl ight in order to minimize problems with disorientation while the astronaut 
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is outside the spacecraft. Emergencies can occur any time, however, and the 

affected crew members may not respond optimally while they are still getting 

acclimatized to microgravity. 

 In the early days of the space program, apart from motion sickness, life 

scientists were worried about the effects of microgravity on the cardiovas-

cular system, which proved more troublesome. Although they thought the 

heart and blood vessels would not tolerate weightlessness because the blood 

would lack weight, this fear was set to rest by early studies. However, other 

important cardiovascular effects of microgravity turned up, and some have 

long-term implications. Orthostatic intolerance was mentioned in chapter 2, 

and other important effects on the heart and blood vessels will be discussed 

later. 

 BONE AND MUSCLE 

 The loss of bone and muscle in microgravity has become a central issue in 

planning a trip to Mars (Turner 2000). These problems have been known for 

years, but the extent of bone loss and its progressiveness was not widely rec-

ognized until studies from the  Mir  station were reported in the 1990s (Vico 

2000) .  The fact is that a strong skeleton is a lot more important on Earth than 

it is in space. 

 Since 2000, astronauts on the ISS have used vigorous exercise—lifting 

weights and running on a treadmill—as countermeasures for bone loss, but 

to little effect. This fi nding has been both puzzling and disappointing to life 

science experts. Measurements of bone density by computed tomography 

(CT) before and after visits to the ISS have shown that the rate of bone loss in 

the pelvis and lower spine is about 1 to 1.5 percent per month. Generally, the 

pelvis shows about twice as much bone loss as the spine (Lang et al. 2004). 

 Bone loss is such a concern because of the greatly increased risk of frac-

tures after long missions. As people age, the skeleton thins and softens natu-

rally, and the elderly are at an increased risk of osteoporosis. This disorder 

diminishes bone strength and is associated with a high incidence of fragility 

fractures. Osteoporosis has become more of an issue over the past century as 

the human lifespan has increased (Rosen 2003). 

 Osteoporosis is actually a disease spectrum in which several processes 

conspire to weaken the bones at different rates. The best understood factor is 

estrogen defi ciency in postmenopausal women, which leads to deterioration 
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of bone microarchitecture and to fragile bones. To talk about bone fragility, I 

must introduce the concept of bone remodeling, the major function of adult 

bone cells. Remodeling of the skeleton involves the removal of old bone (re-

sorption) and the laying down of new bone (formation). 

 Bone resorption is the role of cells called  osteoclasts  and bone formation 

that of  osteoblasts . Both types of bone cells precisely tune their activities to 

maintain bone health. Osteoporosis accompanies an increase in the rate of 

bone turnover or remodeling, which reduces bone strength. The weakening 

occurs because the phase of bone resorption is fast and that of bone replace-

ment is slow. This produces a net loss of bone mass. 

 Since we naturally lose bone as we age, the loss of bone at a young age, for 

example in spacefl ight, is associated with an increased risk of osteoporosis 

later in life. Major risk factors for osteoporosis, apart from spacefl ight and 

estrogen defi ciency, include immobilization, prolonged bed rest, low calcium 

intake, vitamin D defi ciency or unresponsiveness, kidney disease, smoking, 

chronic infl ammation, and the use of steroid medications (Raisz 2005). 

 The occurrence of fragility fractures is monitored by health organizations 

such as the World Health Organization and the National Osteoporosis Foun-

dation (WHO Study Group 1994, NOF 1998). The higher the rate of bone 

loss, the higher the fracture risk, especially in elderly people. Most of these 

fractures occur from falls and commonly involve the hips and wrists. 

 If an astronaut returning from space suffers a large loss of bone, the rate 

of bone loss will return to normal, but the skeletal mass will not return to 

the prefl ight level. Thus, even after the rate has returned to normal, the bone 

remains thinner and the fracture rate remains higher. The loss of skeletal 

mass in microgravity has been refractory to preventive measures. Years ago, 

estrogen replacement was employed to prevent osteoporosis in women, but 

estrogen, particularly in combination with progesterone, increases the inci-

dence of heart disease and breast cancer (Raisz 2005). Lower doses of estro-

gen also slow bone loss in postmenopausal women, but the net benefi t over 

the long run has never been clear. 

 A newer class of drugs, the bisphosphonates, is widely prescribed now 

to prevent osteoporosis. These potent agents oppose bone resorption and 

are also effective in preventing bony satellite lesions or metastases in cancer 

patients. The drugs are taken up by osteoclasts, which are inactivated and 

die in an organized fashion called apoptosis, leaving the osteoblasts intact. 

Bisphosphonates do reduce the frequency of fragility fractures, especially hip 

fractures (Raisz 2005), but they may inhibit bone remodeling excessively and 
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interfere with the repair of microfractures, leading to another form of bone 

fragility called  osteopetrosis ,   which is usually a congenital disease. This makes 

the drugs more dangerous for younger people, and other side effects, espe-

cially heartburn and esophageal irritation, make them undesirable in micro-

gravity. However, the bone loss in space is so severe that these drugs are being 

studied on the ISS to determine if they are helpful. 

 Astronauts also lose muscle mass during spacefl ight, and this wasting or 

atrophy begins in just a few days. Without exercise, the wasting continues un-

til the astronaut loses 30 to 50 percent of her muscle mass (Fitts et al. 2000). 

The affected muscle groups are primarily the postural or antigravity muscles, 

which are involved in standing, walking, and lifting, especially in limb exten-

sion rather than fl exion. Astronauts on long missions may reduce this skeletal 

muscle loss by half by keeping up a vigorous exercise program. 

 At fi rst blush, you may wonder if muscle atrophy in space is simply at-

tributable to a gradual loss of muscle size and strength because the muscles 

are “unloaded,” as with the immobilization of a fractured limb or with pro-

longed bed rest. This idea is actually sound, and aggressive exercise counter-

measures in space have led to signifi cant improvements (Greenleaf 2004). 

Crews on the ISS participate in a daily two-hour exercise program six days 

per week, although most still develop signifi cant muscle loss. Thus, decon-

ditioning is not the whole story, and to see why requires a closer examination 

of muscle physiology. 

 The skeletal muscles make up the largest tissue in the body, some 40 per-

cent of body mass. Muscles are bundles or fascicles of  fi bers —long cylindrical 

cells—arranged in parallel along the long axis of the muscle. Each fi ber is 

composed of a hundred or more smaller units called  myofi brils . These con-

tain protein fi laments of actin and myosin, which slide by each other when 

the muscle contracts. 

 Muscle contraction is initiated by activating the motor nerve to the mus-

cle, which stimulates channels on muscle cell membranes to allow sodium to 

enter the cell and trigger an electrical action potential. The action potential 

initiates a contraction. The contraction is coordinated by calcium ions re-

leased from storage sites inside the muscle cell. Calcium binds to a protein 

called troponin C on the actin fi laments, and troponin C changes the shape 

of the protein fi laments, causing them to shorten (Guyton and Hall 2000). 

Muscle contraction and relaxation also require energy, supplied by ATP. 

 There are two main muscle fi ber types, white or fast fi bers (type II), which 

primarily use glucose, and red or slow fi bers (type I), which contain many 
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mitochondria that consume O 2  to make ATP. The amount of O 2  delivered to 

the muscle is proportional to blood hemoglobin content and to blood fl ow, 

and the delivery of O 2  is facilitated by a red protein, myoglobin, closely related 

to hemoglobin. Myoglobin helps O 2  diffuse from capillaries into muscle cells 

and mitochondria. Of the two fi ber types, fast fi bers contract more rapidly 

and with greater force, but they fatigue more easily than slow fi bers. Slow fi -

bers develop force more gradually but maintain it for longer periods of time. 

As a rule, strength training conditions fast fi bers; aerobic training, such as 

running and swimming, trains slow fi bers. 

 The force of muscle contraction is converted into mechanical work. Force 

acting on a joint creates torque that rotates the joint on its axis, such as fl ex-

ing the knee. During each contraction, one of three things can happen to 

the length of the muscle. If it shortens as a load is moved, the contraction 

is  concentric  or  isotonic  (constant tension). If muscle position is fi xed, the 

muscle remains at a constant length, and the contraction is  isometric , as in 

straining. If the muscle lengthens or stretches, the contraction is  eccentric . All 

three types of contraction are important to training and conditioning, but 

microgravity, in addition to unloading the postural muscles directly, causes 

the loss of stretch or eccentric contraction. The loss of stretch is attributable 

to the loss of postural load, and it is an important factor in muscle atrophy 

(Convertino 1991). 

 Muscle stretching helps counteract the atrophy of spacefl ight, and keeping 

stretch on the antigravity muscles in space is highly desirable. The Russians 

even invented an elastic suit called the penguin suit to do just that. It was 

tested in space, primarily on the  Mir , but most astronauts found it uncom-

fortable, and its effectiveness is questionable. 

 As a boy, I was amazed that kids my age but stronger than me tended to be 

the lankier ones. It was quite a mystery until my father told me they had le-

verage. I didn’t quite believe him until later, when I learned something more 

about strength. The strength of a contraction, or peak force, is related not 

just to muscle mass but to the length of the muscle, regardless of the degree 

of shortening. Strength is usually measured by a single maximum contrac-

tion, but power is the rate of performance of work or the amount of work the 

muscle does over time (per second). In other words, strength is peak muscle 

power, and endurance is power over distance. On long spacefl ights, endur-

ance exercise does not prevent atrophy. All it does is use up more O 2  and put 

more CO 2  through the life-support system. 
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 Strength is related to muscle mass because large muscles have more ac-

tin and myosin fi laments for recruitment during a contraction. The size of 

these fi laments, which is related to the fi ber cross-sectional area, generally 

determines the strength. Training increases both the size and the number 

of muscle fi bers, but it also transforms one type of fi ber into another; for 

instance, weight lifting increases the number of type II muscle fi bers by al-

lowing new fi ber development and by converting red fi bers into white fi bers. 

This is called fi ber-type switching, or plasticity. Endurance training will de-

velop more red fi bers and increase the density of the capillaries, the myoglo-

bin content, and the number of mitochondria. 

 When muscle activity is interrupted, for instance after an injury, immo-

bilization, or after a period of physical training, muscle performance gradu-

ally declines. Over days to weeks, immobilization and deconditioning reduce 

both strength and endurance. The largest and most rapid decrements occur 

after an injury with muscle immobilization, followed by immobilization of 

healthy muscle, and then prolonged bed rest, which is similar to spacefl ight. 

The worst case involves muscle paralysis, which has to do with both disuse 

and loss of neurotropic (nerve) factors. 

 The degree of muscle atrophy is related to the extent and duration of dis-

use, and all fi ber types show similar decreases in cross-sectional area. When 

the effects of injury, immobilization, and deconditioning are compared, there 

are a few biochemical differences in muscle atrophy, and this is also true of 

muscle atrophy in microgravity. 

 After an immobilizing injury, muscle strength usually decreases by about 

50 percent but then stabilizes after about a month. If a limb without muscle 

injury is immobilized, performance declines more slowly, but the fi nal loss of 

function is still about half. With simple deconditioning, muscle performance 

is stable for about a week and then begins to decline gradually. Studies of 

deconditioning have also indicated that the loss of adaptation is local and not 

attributable to neurotropic factors. In other words, if a muscle is immobilized 

or its training stops, the fall in muscle strength is caused by intrinsic changes 

in the muscle cell. 

 Prolonged bed rest also has an effect beyond that of simple immobilization, 

and it raises an important concern about microgravity. After three weeks of 

bed rest, the maximal O 2  uptake during exercise, the VO 2max , may decline by 

a third. Much of this effect is related to a decline in the cardiac output dur-

ing exercise, attributable primarily to a decrease in the heart’s  stroke volume . 
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 Stroke volume is the amount of blood put out by the ventricles during 

one heartbeat, usually about 1 ml per kg of body weight. The reason stroke 

volume decreases in space is complex, but the atrophy of heart muscle it-

self plays a very minor role. Instead, stroke volume falls because less venous 

blood returns to the heart and because the ventricles become stiffer or less 

compliant. These factors impair the ability of the heart to fi ll with blood dur-

ing relaxation, or diastole. 

 The fall in the heart’s stroke volume in space is comparable to that asso-

ciated with protracted bed rest. The physiology, however, is more complex 

because of the low blood volume in space. We saw earlier that astronauts 

returning from microgravity are prone to fainting because the amount of 

venous blood returning to the heart is low. The stroke volume is low but 

can be improved by giving extra fl uids to the astronaut before reentry. In 

microgravity, the blood was displaced centrally into the chest, and the heart’s 

stretch receptors were activated, causing the body to undergo diuresis, similar 

to immersion in water. This response kept the volume of blood returning to 

the heart and the stroke volume near normal, but only while in space. 

 Defi nitive measurements of cardiovascular performance in space are not 

available, although the mass of the heart seems to decrease by only about 

10 percent (Perhonen et al. 2001). This means that atrophy of the heart is dis-

tinct from atrophy of the skeletal muscles and that microgravity has a bigger 

effect on skeletal muscles. More studies are needed to understand how these 

physiological mechanisms operate, particularly on long missions. 

 The loss of muscle mass in spacefl ight can be tracked indirectly by moni-

toring changes in body weight and muscle circumference or muscle volume, 

but the precise effects of microgravity on performance are not known because 

of the limitations of conducting research in spacecraft environments. Muscle 

volume measurements by magnetic resonance imaging (MRI) indicate that 

the volume of the antigravity muscles declines by about 20 percent, for in-

stance, in the soleus muscle in the leg. For an individual, changes in muscle 

volume are a reasonable index of changes in performance, including strength 

and endurance. 

 On the ISS, the crew has a treadmill, a bicycle ergometer, and resistance 

trainers. Exercise regimens vary, and moderate aerobic exercise is performed 

for about fi ve hours a week and resistance exercise on three days. Despite this 

regimen, after six months, astronauts show a signifi cant loss of calf muscle 

mass and a one-third decrease in peak calf power along with the conversion 
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of slow to fast fi ber types in the gastrocnemius and soleus muscles. These are 

features of unloaded muscles (Trappe et al. 2009). 

 On long missions, muscle changes may be confounded by diet, by low 

vitamin D levels, and by changes in the levels of steroid hormones such as tes-

tosterone and cortisol. These effects have not all been sorted out, but postural 

muscle atrophy is greater than is seen with simple bed rest. The muscles of 

the upper extremity are affected less than those of the lower back, thighs, and 

legs because arm use increases and leg use decreases in microgravity. The use 

of the arms is the easiest way for astronauts to move around the spacecraft. 

 If the muscle atrophy of spacefl ight involves cellular changes, muscle cells 

should look and behave differently. Simple early experiments made scientists 

think microgravity had little or no effect on muscle cells, or on any cells for 

that matter, because the forces that govern how cellular macromolecules in-

teract are so much stronger than the force of gravity. Most of the organelles 

in a cell are slightly denser than the cytoplasm but too small to be affected 

seriously by microgravity. The nucleus and the mitochondria may be excep-

tions, but because they tend to be tethered to the cytoskeleton, the effects of 

microgravity on them were thought to be minor. However, more sensitive 

later studies have given some cause for concern. 

 Muscle atrophy and its doppelganger, hypertrophy, refl ect imbalances 

between the breakdown ( proteolysis ) of existing muscle proteins and the 

synthesis of new ones. For instance, weight lifting increases muscle mass by 

increasing the synthesis of new muscle protein compared with proteolysis. In 

contrast, protein synthesis decreases and proteolysis increases during muscle 

atrophy. Extra nitrogen is released as proteins break down and is excreted in 

the urine, and this has been observed in microgravity environments. 

 In the absence of disease, muscle atrophy ultimately stabilizes, the syn-

thesis and breakdown rates of proteins fall below the normal level, and the 

balance is restored. The contractile proteins are lost at a greater rate than 

other cell proteins, and the thin actin fi laments decline more than the thick 

myosin fi laments. This is not too surprising since less protein synthesis and 

more proteolysis are also hallmarks of malnutrition, neuromuscular wasting, 

hibernation, and acute and chronic infections. 

 Two other facts about muscle atrophy are often overlooked. The fi rst is 

that disuse is associated with smaller and not fewer muscle fi bers, indicating 

that idle muscle cells do not die. The muscle cross-sectional area and fi ber 

density return to normal on reconditioning. The second is that type I or slow 
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fi bers, which are rich in mitochondria, are more sensitive to atrophy than 

type II or fast fi bers. In fact, in some muscles 90 percent of the atrophy occurs 

in the slow fi bers (Kalpana 1998). 

 During atrophy, hybrid fi bers appear, and they revert during recondition-

ing. Type I fi ber atrophy is also accompanied by a loss of muscle capillaries 

and mitochondrial density. Most antigravity muscles are loaded with slow 

fi bers, which might seem odd—except that they normally contract and relax 

sixteen hours a day. Physiologists would like to know whether micrograv-

ity affects the formation of new muscle mitochondria and capillaries and, if 

so, how. 

 One way to learn more about how microgravity affects skeletal muscle 

cells is to study how spacefl ight affects the expression of the genes that regu-

late muscle proteins. This means conducting work on rodents because muscle 

biopsies are easier to obtain from space-fl own rats and mice than from as-

tronauts. Let’s look at the kinds of muscle genes that are turned on and off in 

microgravity. This can be done using the molecular profi ling tools of  micro-

array analysis  and  genome wide   association studies  (GWAS). GWAS allows for 

a simultaneous analysis of the expression of the thousands of gene products 

or messenger RNA molecules that encode for different proteins in healthy 

versus injured or diseased tissues. 

 GWAS is quite powerful, and it is helping shape modern molecular medi-

cine. Certain diseases, such as cancer, diabetes, Alzheimer’s, and cardiovas-

cular disease, are being defi ned by the customized profi ling of the genes 

expressed or repressed by cells of individuals at risk or already affected by 

disease. Gene profi ling has also been applied to the study of skeletal muscles 

and cells in spacefl ight in order to see microgravity effects (Nichols 2006). 

 One study in 2003 showed a decrease in the expression of metabolic en-

zymes involved in how mitochondria oxidize fats (fatty acids) along with an 

increase in the enzymes of glycolysis (Stein and Wade 2003). Differences have 

also been found between microgravity and simulations of microgravity, for 

instance, by gently suspending a rat by its tail so gravity does not act on 

the hind limbs. Another study in 2004 showed that microgravity affected the 

expression of 257 genes (100 went up and 157 went down), whereas tail sus-

pension only affected seventy-four genes (thirty-seven up and thirty-seven 

down). Thus, spacefl ight up- or down-regulated about 2.7 and 4.2 times as 

many genes, respectively, as did tail suspension (Nikawa et al. 2004). These 

two stresses are therefore not as comparable as once believed. 
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 Microarray data from space-fl own rats also shows two distinct gene pat-

terns. The fi rst is the unbalanced expression of genes that duplicate mito-

chondria along with the disturbed expression of proteins of the cell’s internal 

scaffolding or  cytoskeleton . These cytoskeletal proteins, such as dynein, an-

chor mitochondria in place. Dynein expression is disrupted by microgravity, 

and this changes the microscopic internal skeleton that governs the distribu-

tion of mitochondria. 

 The second pattern is the overexpression of the enzymes of protein break-

down (proteolysis). These genes activate the cell’s main protein disposal 

pathway through a protein called ubiquitin and a pathway called ubiquitin-

dependent proteolysis. Ubiquitin acts as a fl ag, attaching to damaged or ab-

normal proteins and identifying them for degradation. Flagged proteins are 

broken down into amino acids in organelles called  proteasomes . The protea-

some excretes or recycles amino acids for the synthesis of new proteins. 

 In muscle cells, mitochondria can be stained with vital dyes to assess their 

numbers and distribution. The staining patterns in the muscles of space rats 

indicate that exposure to microgravity leads to an abnormal distribution of 

mitochondria in the cell. Thus, microgravity seems to disrupt the spatial or-

ganization of muscle cells by interfering with the expression of proteins that 

anchor mitochondria to the cell’s internal skeleton. 

 The distribution of muscle mitochondria may also refl ect a gravity-sensing 

network that contributes to the rapid and characteristic structural and func-

tional changes that mitochondria undergo in response to certain environ-

mental stimuli. As this area of research expands, it may demonstrate intrinsic 

physical effects of microgravity on muscle structure and function that are not 

amenable to routine countermeasures. This may mean it will be necessary to 

restore part or all of the normal force of gravity on long space missions. 

 WEIGHTLESSNESS AND THE WHITE BLOOD CELL 

 Forty years ago, one of the great puzzles of spacefl ight became clear: micro-

gravity affects immune function in an odd way. Spacefl ight interferes with the 

ability to activate and populate certain types of white blood cells (Sonnenfeld 

and Shearer 2002). In the 1960s, Apollo astronauts were found to have mildly 

depressed immune cell function after their fl ights, and this took about a week 

to recover. It was noticed that the circulating T lymphocyte could not be 
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 activated. T lymphocytes are central to cell-mediated immunity and com-

prise an important fi rst-line defense against microbial pathogens. 

 At the time, it was thought that this effect was caused by changes in stress 

hormone levels or perhaps by inadequate nutrition; however, in 1984 data 

were published demonstrating that T cells also could not be activated prop-

erly in space, implicating microgravity itself as the cause of the problem. 

Subsequently, it was observed that specifi c key immune-response genes in 

lymphocytes do not respond to an activating stimulus in microgravity. Why 

this loss of gene regulation occurs is unknown. 

 Practically speaking, astronauts are not overly impaired by weakened im-

mune responses. They do get colds and other minor viral illnesses more of-

ten than normal after returning from spacefl ight, but as people spend longer 

periods of time confi ned to spacecraft or habitats, there may be an increased 

risk of activating latent infections or contracting new infections. This aspect 

of space biology requires more understanding. 

 The complexity of the immune system is such that some of the effects of 

microgravity on it might not be primary but secondary or derivative. To ex-

plore this possibility, NASA funded some investigators to fl y fruit fl ies on the 

shuttle and measure the behavior of their relatively simple immune systems. 

The fruit fl ies were housed and bred on the shuttle for thirteen days, and sig-

nifi cant depression of their immune function was found, but mainly in larvae 

born in space (Marcu et al. 2011). This is further evidence that microgravity 

is the culprit. 

 This is not the only possibility. There is evidence that spacefl ight increases 

oxidative stress both in the immune system and in the musculoskeletal sys-

tem. Oxidative stress can be triggered in many ways, but on a spacecraft, two 

factors, radiation and microgravity, have been considered the most impor-

tant. Oxidative stress increases the net production of reactive oxygen species 

(ROS), which damage the cell by chemically altering the functions of macro-

molecules including lipids, proteins, and nucleic acids. Interestingly, some of 

these events involve neuroimmune modulation (NIM). 

 NIM is a part of the body’s responses to environmental stress, including 

those of isolation and confi nement. Virtually every major stimulus to the 

central nervous system has secondary effects on both arms of the immune 

system. This can increase the susceptibility to infection, to autoimmune dis-

eases, or to cancer. These are good reasons for understanding the effects of 

physical stimuli on NIM (Friedman and Lawrence 2002), including changes 

in the gravitational and magnetic and fi elds around the body. 
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 Evidence is mounting for strong bidirectional communication between 

the brain and the immune system implemented by a range of hormones and 

small proteins, or neuropeptides, involved in the hypothalamic-pituitary 

axis (HPA) (Kim and Sanders 2006). Many stresses that interact with each 

other also infl uence the extent, and in some cases, the direction of NIM. Such 

interactions include the genetic background of the individual, the level of 

chronic stress, and the intensity, duration, and types of acute stress. 

 Immune function is linked to life’s early events, and we know that this re-

lationship continues throughout life. This immunological memory is driven 

by what are probably both preexisting genetic programs and acquired envi-

ronmental or epigenetic programs (Moynihan and Santiago 2007). There is 

the disturbing possibility that a life spent in microgravity or partial gravity 

might signifi cantly disrupt the regulation of our endocrine systems. Some 

investigators have suggested that microgravity interacts with light levels, for 

instance in winter twilight, but this has not been studied carefully. Snippets 

of information do provide a provocative glimpse of how the body’s endocrine 

performance and biological cycles change in extreme environments. 

 Chemical compounds called endocrine disruptors, which are being found 

everywhere today, are generating public health concerns. Some occur natu-

rally, but many are manmade, such as bisphenol A, an ingredient of plastic 

implicated in cancer (Jenkins et al. 2011). These disruptors mimic natural 

steroid hormones and interfere with normal steroid hormone synthesis and 

function. Some affect reproduction, others the functions of steroid-sensitive 

tissues like the thyroid and the brain. There are chemicals that affect human 

immune function, some that cause diabetes, and some with epigenetic effects 

that modify gene expression and have transgenerational effects. The implica-

tions for closed environments are enormous, but untested. 

 The human body maintains a vestige of seasonal thyroid hormone secre-

tion related to intermittent exposure to the cold. This can be detected, for 

instance, during residence in Antarctica (Do et al. 2004, Burger 2004). Long-

time residents of Antarctica acquire the “Antarctic stare”—episodes of gazing 

impassively off into space for no apparent reason. The stare is associated with 

mild changes in thyroid function known as the polar T (3) syndrome. The 

syndrome is characterized by an increase in thyroid gland function shown 

by increases in circulating levels of thyroid stimulating hormone (TSH), the 

hormone-binding protein thyroglobulin, and changes in the production and 

clearance of active thyroid hormone—free thyroxin (T4), which falls, and 

T3, which rises. 
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 The cause of these thyroid effects is not entirely clear, but the cold climate 

is an obvious factor, particularly the increased utilization of thyroid hormone 

by peripheral tissues in the cold, especially in skeletal muscle, as well as less 

thyroid hormone binding to thyroid hormone receptors on the cells in the 

brain. The loss of thyroid hormone effects on the brain adversely affects the 

levels of neurochemical transmitters and could lead to depression of both 

immune and cognitive function. 

 There is mild clinical depression and cognitive decline observed during 

long stays in Antarctica, which thyroid supplements appear to alleviate. This 

suggests that changes in thyroid hormone synthesis and interactions in un-

usual environments are physiologically important and may operate through 

NIM. The implications for long-term effects on endocrine and immune func-

tion in spacefl ight are again enormous but untested. 

 Our understanding of the physiological aspects of immune function in 

space is thus rudimentary, and more knowledge is needed about the regula-

tion of the body’s infl ammatory and anti-infl ammatory responses in space. 

This includes the effects of endocrine and nutritional factors and oxidative 

stress on immune function (Tracey 2005) and their interactions, in particu-

lar, with microgravity and radiation. 

 Physiological and biochemical equipoise in the immune system have im-

portant implications for resistance to infection, brain function, bone and 

muscle health, cardiovascular disease, cancer, and reproduction both on 

Earth and in space. The independent effects of microgravity on animal re-

production are, of course, also a source of both great interest and heated 

debate; the latter refl ects a paucity of clear studies on animal gestation in 

microgravity, which to date primarily involve the zebrafi sh. In short, a better 

understanding of the long-term health effects of hormonal factors, oxida-

tive stress, and chemical disruptors on immune function in microgravity and 

partial gravity is necessary because they may specifi cally infl uence the success 

or failure of prolonged space missions. 

C6029.indb   168C6029.indb   168 10/12/12   9:41 AM10/12/12   9:41 AM



169

 9 .  T H E  C O S M I C  R AY  D I L E M M A 

 So far, the challenges of human space exploration may seem to 
you as if they could be managed through technological and biological in-

novation. This is a reasonable supposition if we are tenacious enough and 

if costs can be managed, and the opportunity for future space exploration 

and exciting new spinoff technologies seems high. However, we have yet to 

discuss the silent but sizzling showstopper,  ionizing cosmic radiation . Unlike 

the earlier problems, protection from cosmic radiation is a matter for neither 

simple hard shells nor biological adaptation. 

 This cosmic ray dilemma, as I say, will take time to solve. Some top radia-

tion physicists think it is impossible, because the shielding requirements are 

so high, to eliminate signifi cant ionizing radiation exposures in space and 

that the only practical strategy is to keep radiation exposures  as low as rea-

sonably achievable . This catchphrase goes by the NASA acronym ALARA. We 

will examine the dilemma in suffi cient detail to understand it without getting 

stuck in atomic physics, but I want to be clear at the outset that our options 

for dealing with ionizing radiation are limited. 

 In 2011, just before Thanksgiving, a visitor from the Johnson Space Cen-

ter spent the day hobnobbing with us in our laboratory at Duke University. 

C6029.indb   169C6029.indb   169 10/12/12   9:41 AM10/12/12   9:41 AM



A HOME AWAY FROM HOME

170

NASA visitors always have a unique perspective, and not being an inside 

man, I often pick up fascinating tidbits about how the agency operates. For 

years, I’ve detected a shared frustration with NASA’s ponderous ineffi ciency 

as well as with aerospace industry diktats over space hardware. 

 Our visitor, Jim Logan, was no exception. A no-nonsense physician who 

has spent twenty years at NASA, Logan is an expert in telemedicine who even 

took a midservice hiatus in the private sector to spinoff some of his creative 

ideas. On the day of his visit, after a brief update on the use of remote heart 

ultrasound on the ISS, our conversation drifted toward the future of human 

spacefl ight. He was less sanguine about spacefl ight outside the Van Allen belts 

than I was mainly because he thought NASA would continue to waltz around 

the radiation issue for years to come. “It’s like space hardware development 

and the aerospace industry,” he said. “They grumble about how little we 

know, get a lot of money to study it, then come back for more money with a 

new list of problems.” 

 “This is understandable to a point,” I said, “but in time, shielding tech-

nology will settle the issue in deep space, and remote mining technology will 

solve it on the Moon.” 

 “Yes,” he replied, “this can be done. You saw how submariners solved the 

radiation protection problem, and they did it before anyone ever went into 

space. And I’ve always said that for Moon-Mars, we will have to start out like 

ants, earthworms, and moles—living underground.” 

 Jim Logan is exactly right: Admiral Rickover’s nuclear engineers solved 

the undersea reactor radiation problem in the 1950s. Twenty-fi ve years later, 

I was amazed to learn that submariners on patrol had been living and work-

ing within one hundred feet of an atomic reactor and receiving less radiation 

than they did from natural sunlight during shore duty. However, as you will 

see, cosmic radiation is a unique problem. 

 Logan also emphasized the importance of nonpotable water in space. “In 

principle, water shielding combined with naval reactor-propulsion technol-

ogy would work in space, with water both as shielding and as a propellant,” 

he noted. Steam power may harken back to Jules Verne, and water is heavier 

than and not as “up to the minute” as solar-electric propulsion (SEP), but 

there is no reason that this well-established technology couldn’t be adapted 

for spacefl ight. 

 The problem of ineffi cient technology development is old news to NASA 

people, who nevertheless seem resigned to it. The 2011 Human Exploration 

Framework Team (HEFT) had noted that to maintain “affordability and 
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shorten the development cycle, NASA must change its traditional approach 

to human space systems acquisition and development.” They emphasized 

a fl exible “capability-driven approach” to human space exploration, rather 

than one based on specifi c destinations and schedules, and they stated that a 

fi fteen-year exploration horizon was too short. 

 Reading between the lines, the Achilles’ heel is clear: the lead time for new 

technology is too long, and the mission timeframe is too short; hence, long 

delays, cost overruns, and frustration. However, the advice of the HEFT is 

eerily similar to that of the two dozen other extramural panels appointed to 

advise NASA since Project Apollo. It is not clear how to make the whole thing 

match up in today’s political and economic climate, but there is a fresh expec-

tation that the move toward privatization will increase both the competitive-

ness in the aerospace industry and competitively priced options for NASA. 

 I have wandered afi eld now, since our topic is cosmic radiation, but the 

radiation problem  is a logistical nightmare, which affects our ability to solve 

it. Earlier I mentioned three natural mechanisms that have done a remarkable 

job of shielding life from cosmic radiation for billions of years: Earth’s atmo-

sphere, oceans, and magnetic fi eld. We can exploit these same mechanisms 

in space. 

 The types and intensity of radiation in the sky vary with latitude, altitude, 

and the phase of the solar cycle (Townsend 2001). The details create uncer-

tainties in the actual dose of damaging cosmic radiation, but these details 

aside, the importance of the atmosphere in radiation protection is easy to 

demonstrate in round numbers. If we arbitrarily set the natural background 

radiation at one unit of biological effect per year, the dose, because of the 

solar and galactic radiation components, gradually increases with altitude. 

Atop Mt. Everest (29,029 feet, or 8,848 meters), we are receiving about one 

hundred units. Although no one stays on Everest very long, commercial and 

military fl ight crews who fl y seven hundred hours a year receive at least one 

hundred times more cosmic radiation than people who live in New York 

City. The airlines have noticed because the risk of cancer in these fl ight crews 

has been estimated at close to 1 percent above the normal lifetime risk of 

25 percent. 

 There is a hidden factor in this statistic too: the level of O 2  inside com-

mercial aircraft. This level is maintained at the equivalent of being at a slightly 

higher altitude than Colorado Springs. In theory, O 2  can raise (or, in hypoxia, 

lower) the radiation cancer risk by interacting with radiation to infl uence the 

genetic stability of the cell through increased reactive oxygen species (ROS) 
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and other free radical mechanisms. The interaction of O 2  with radiation is 

defi ned by the  oxygen enhancement ratio , which indicates that radiation- 

induced DNA instability is increased by about threefold by O 2 . Regrettably, 

there is no hard information on the concentrations of O 2  required to affect 

the radiation cancer risk in people in hypoxic environments. 

 If you recall the genetic mutation the Tibetans acquired to help them 

adapt to high altitude, you know that 90 percent of Tibetans but only 10 per-

cent of the Han Chinese carried it. My colleague “Q,” who happens to be of 

Han descent, has his eye on joining the crew of a Tibetan starship operating 

at two-thirds sea level O 2  and fi fty times more radiation than astronauts ex-

perience in LEO. This seems like ALARA in the extreme, but his Darwinian 

reasoning is based on lowering the O 2  enhancement ratio. By having seen 

more radiation and less O 2 , his descendants might eventually become better 

adapted to radiation. Small epidemiological studies suggest “Q” might be 

right (Amsel et al. 1982), but his experiment of nature won’t be performed 

any time soon—and we’d also have to wait centuries before we could look 

for the results. 

 THE ABCS OF COSMIC RAYS 

 The effects of ionizing radiation are linked to a fairly simple physical chemical 

principle: radiation interacts with the molecules in living systems and modi-

fi es them chemically so that they don’t function properly. This molecular 

radiation damage is often permanent. A radiation-damaged molecule must 

be repaired or replaced in order for the affected cells and organs to regain the 

function and to avoid adverse consequences later on. These consequences are 

known simply as late or delayed radiation effects. Radiation, like ROS, dam-

ages all sorts of biomolecules, including proteins, lipids, and nucleic acids. 

 The consequences of radiation exposure run the gamut from acute ra-

diation sickness to later-appearing effects like cataracts, brain degeneration, 

vascular disease, birth defects, and cancer. In deep space, without our pro-

tective atmospheric umbrella and Van Allen belts, the lives of astronauts are 

endangered by both the acute and the late effects of radiation. 

 As a general rule, higher radiation doses mean higher rates of cellular dam-

age. There may also be a threshold dose below which signifi cant biological 

effects either do not occur or are repaired completely. Whether such a thresh-

old is important depends both on how the damage is assessed and the type 
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of radiation, and there are many types. Space radiation is also qualitatively 

different from the natural background and medical radiation encountered on 

Earth. To paraphrase Orwell’s Napoleon in  Animal Farm , all forms of radia-

tion are equal, but some are more equal than others. 

 Space radiation has not wiped out life on our planet because our atmo-

sphere, oceans, and Van Allen belts absorb and defl ect a spate of cosmic rays. 

Cosmic radiation is far more intense than background radiation and includes 

cosmic particles, a few of which do penetrate our atmosphere, especially at 

higher altitudes and at the poles. Principally however, we are exposed to that 

type of electromagnetic radiation known simply as  light . 

 The wave property of light and the spectrum of electromagnetic frequen-

cies are used to divide radiation into different types (see fi gure 9.1). The 

higher the frequency of the wave (shorter wavelength), the more energy it 

transmits. For instance, gamma rays, having a wavelength of a billionth of 

a centimeter or less, have the highest energies and can produce widespread 

molecular damage. Space contains the full spectrum of electromagnetic ra-

diation, but the group of highly energetic particles, ions, and atomic nuclei 

called  ionizing particle radiation  is especially hazardous to life. 

 Recall that atomic nuclei are made up of two types of baryons: positively 

charged protons and uncharged neutrons of almost exactly the same mass. 

These are held together to form the nucleus by the strong nuclear force. 

Atomic nuclei are surrounded by negatively charged elementary particles 

called electrons, which have 1/1,836th the mass of the proton. Our galaxy 

is pervaded by high-speed protons, neutrons, electrons, and helium nuclei, 

as well as by larger atomic nuclei that have been stripped of their electrons 
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  FIGURE 9.1.    THE ELECTROMAGNETIC SPECTRUM. 
 The frequency and energy of electromagnetic radiation increase inversely with wavelength. 
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through collisions or by acceleration to velocities close to light speed. This 

ionizing radiation readily penetrates tissues and causes genetic mutations. It 

is therefore the main danger to life in space (Kiefer et al. 1994). 

 The types of ionizing radiation encountered just beyond our atmosphere 

have primarily one of three origins: solar cosmic radiation (SCR), galactic 

cosmic radiation (GCR), or geomagnetic radiation trapped in the Van Allen 

belts. The main features of these types of radiation are different. 

 GCR originates in the Milky Way outside the Solar System, where par-

ticles can be accelerated to relativistic velocities. These particles are roughly 

98 percent baryons and 2 percent electrons. The baryons are primarily pro-

tons (87 percent), that is, hydrogen nuclei (atomic number or Z=1). Another 

12 percent are alpha particles (or helium nuclei, Z=4), and the last 1 percent 

are heavy ions. The heavy ions include nuclei of all naturally occurring ele-

ments (up to and including uranium, Z=92). A tiny number of very high-

energy particles are extragalactic and derive from ancient, distant supernovas 

and quasars. 

 SCR consists of low-energy particles and solar particle events (SPE) of 

the solar wind or heliosphere. SPE are sporadic bursts of highly energetic 

protons, helium ions, and heavy ions and electrons emitted by magnetic so-

lar disturbances. SPE start rapidly and generally last a few hours, although 

proton events may last for a few days. Very rarely, the particle energy is high 

enough to sterilize Earth, were it not for our strong magnetic fi eld (Baker 

et al. 2004). 

 GCRs enter the Solar System when the energy of the particles can over-

come the outbound pressure of the solar wind, or heliosphere. The helio-

sphere is magnetic, and arriving GCRs are defl ected and attenuated. The 

strength of the solar wind varies with the eleven-year solar cycle; hence GCR 

fl uxes vary inversely with the solar cycle. This is called  solar modulation . GCR 

fl ux peaks at the minimum solar activity and dips at high solar activity; the 

peak difference is about fi vefold. A typical eleven-year solar cycle usually has 

four quiet years with an occasional SPE and seven active years with a large 

number of SPE near the solar maximum. 

 The Van Allen belts provide shielding against SPE and GCR by trapping 

incoming electrically charged particle radiation. These particles are defl ected 

magnetically, and only at the poles is Earth’s surface fully exposed. In con-

trast, at the magnetic equators only the most highly energetic particles ever 

hit the ground. 
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 The atmosphere, because it is dense, provides Earth with another level of 

protection from cosmic radiation. The importance of the atmosphere was 

illustrated earlier by the increase in radiation with altitude. The radiation per 

unit of surface area doubles roughly every mile above sea level, up to about 

six miles. The amount of cosmic radiation received by the crew of a space-

craft also varies with the vehicle’s trajectory and the length of the mission. As 

a result, mission planners carefully factor these exposures into the fl ight plan. 

 The long-term health effects of ionizing radiation are of greatest concern in 

staying in space, but nonionizing radiation is also harmful, as anyone knows 

who has had a sunburn, snow blindness, or skin cancer. With no atmosphere, 

solar ultraviolet (UV) radiation would produce blinding retinal burns in a 

matter of seconds. Your mother taught you never to look directly at the Sun 

for a good reason. Solar UV is also dangerous to the eye on the Moon and on 

Mars, but it is nonpenetrating, and shielding against it is simple. 

 THE ALARA PRINCIPLE 

 In deep space, we have three alternatives for dealing with cosmic radiation. 

The fi rst is radiation shielding for spacecraft and astronauts, the second is 

biochemical countermeasures that improve tolerance to space radiation, and 

the third is the ALARA principle. ALARA allows a higher but “generally ac-

ceptable risk” of death from a cumulative lifetime dose of radiation. In other 

words, a few astronauts will die early of leukemia, lung cancer, and brain 

damage, but they chose to be astronauts, so it’s on them. 

 These three alternatives are not mutually exclusive, but overtly life- 

shortening practices are objectionable. Waiting until the radiation exposures 

are acceptable is not the same as saying that they are not allowable. This also 

allows for sending older volunteers into space. 

 Ionizing radiation causes tissue damage in several ways and is best seen by 

shifting our attention from the wave to the photon, or particle, properties of 

light. As photons pass through tissues, they transfer energy in discrete pack-

ets. This energy transfer causes both dose-dependent and dose-independent 

types of damage. Dose effects relate to the apparent mass and velocity of the 

particles, which account for the health effects of heavy ions, baryons, and 

atomic nuclei. If a cell can be killed by a single fast, heavy ion passing through 

its nucleus, then ten heavy particles can kill ten cells, and so forth. This is dose 
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dependence. There are also dose-independent effects, for which the prob-

ability of cell death or damage may be detected in a population but cannot 

be predicted precisely for an individual. These effects are therefore random, 

or  stochastic , events. 

 Damage by ionizing radiation involves three processes: the  photoelectric ef-

fect , the  Compton effect , and  pair production . Low-energy radiation produces 

a photoelectric effect when an arriving or  incident  photon interacts with an 

electron in the outer shell of a target atom. If the incident photon has more 

energy than the energy that binds the electron to the atom, the photon is 

absorbed, and the electron leaves with the energy of the photon, minus the 

binding energy. 

 At a higher energy, an incident photon interacting with an electron trans-

fers part of its energy to the electron and continues on as a less energetic 

photon. This is the Compton effect. When a very-high-energy photon is ab-

sorbed by an atom, a positron and an electron are produced. This is pair pro-

duction. A positron has the mass of an electron but a positive charge instead. 

Positrons and electrons rapidly annihilate each other, emitting two photons 

that fl y away in opposite directions. Heavy particles can produce direct mo-

lecular damage as well as generate all three kinds of secondary photon events. 

 Our senses do not detect ionizing radiation or tell us that it is damaging 

our bodies, so we must rely on instruments to measure radioactivity. The 

standard international (SI) unit for an absorbed dose of ionizing radiation is 

the  gray  (Gy), which deposits 1 joule/kg of energy (also 100 rads). The Gy is 

multiplied by a biological quality factor for the type of radiation in order to 

compare radiation doses absorbed by the tissues, because different types of ra-

diation produce different effects. This yields a unit called the  sievert  (Sv), and 

most exposures are recorded in thousandths of a sievert (millisieverts; mSv). 

 A little more on the biological quality factor: Heavy particles, like neutrons, 

produce more effects than X-rays at the same dose. This effect is standardized 

(to a 250 kV photon) to derive a relative biologic effectiveness (RBE); high 

RBE means a big effect. That is, ionizing particles have the highest RBE. For 

gamma rays and X-rays the RBE is one, while for neutrons the RBE can be 

as high as twenty. RBE also involves the ionization along the radiation track 

through the tissue. The energy deposited is called the linear energy transfer, 

or LET (in kilovolts per micron; kV/10 −6  meter). High- and low-LET radia-

tion have different biological effects, correlating roughly with the amount of 

O 2  present in the cell. High-LET radiation damages oxygenated and hypoxic 
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cells in roughly the same way, but low-LET radiation causes less damage to 

hypoxic cells because it produces fewer reactive oxygen species (ROS). 

 Certain types of radiation interact with O 2  or with carbon, nitrogen, met-

als, or other atomic nuclei from which electrons can be stripped to produce 

free radicals. Free radicals contain unpaired electrons and are unstable, with 

lifespans of fractions of a second. In cells and tissues, radiation mainly gener-

ates ROS. For instance, X-rays generate the hydroxyl radical (·OH), the most 

damaging of all ROS. Wherever ·OH is generated, it immediately oxidizes the 

nearest molecule of protein, lipid, or nucleic acid. 

 A major site of radiation damage is the chromosome. Chromosomes con-

tain chromatin, which encases in protective proteins the double-stranded 

molecules of DNA that carry our genetic information. Chromosomes self-

replicate and provide progeny cells with the genetic information of the par-

ents. DNA is an ideal propagator of life because it is stable, but it does have 

a capacity for tiny random variations (mutations) that promote evolutionary 

change. 

 DNA damage can take several chemical forms, as shown in fi gure 9.2. 

These include chemical additions (adducts), base deletions, and breaks in 

one or both strands. The protective proteins around DNA, such as histones, 

can also be damaged. Mammalian cells also have repair enzymes for many 

types of DNA damage, like single-strand breaks, and this is an important 

part of our natural defense against cancer and radiation. Radiation damage 

can lead to genomic instability through permanent genetic mutations or the 

modifi cation of certain epigenetic marks on either DNA or proteins. These 

effects can interfere with the expression of tumor suppressor genes or with 

the DNA repair enzymes. If both DNA strands break, however, the molecule 

is diffi cult to repair, and most cells die at that point (Lobrich et al. 1995). 

 Less severe DNA damage may also be lethal but manifest only when the 

damaged cells divide. For instance, in mitosis, the cell precisely duplicates 

its chromosomes, and if any are broken, the broken ends can recombine or 

cross over with the ends of different chromosomes, often effectively. These 

events are sources of natural genetic diversity for the second type of cell divi-

sion, meiosis, because they allow rearrangements or sorting of chromosomes 

in germ cells (ova and sperm). However, chromosomal crossovers in non-

germ cells (somatic cells) are often lethal. If large numbers of cells in a tissue 

must divide rapidly, the tissue is especially vulnerable to radiation. This is 

also the basis for radiation’s effect on cancer cells, but certain normal tissues, 
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  FIGURE 9.2.    DIFFERENT TYPES OF MOLECULAR DNA DAMAGE. 
 Radiation produces many DNA chemical mutations and epigenetic changes in DNA bases and as-
sociated proteins. Some modifications can be repaired, some are passed through to daughter cells, 
and others are lethal. The top part of the diagram shows the normal processes required to synthesize 
new proteins; the bottom part shows the many effects of radiation. 

such as the bone marrow, the lining of blood vessels (endothelial cells), and 

the outside (epithelial) cell lining of the intestine are highly sensitive to radia-

tion damage. 

 The measurement of radiation doses in space is a tough problem. Biologi-

cal dosimeters detect and record the amount and type of radiation received 

using different kinds of detectors; however, detectors near the body do not 

see the actual dose received by the organs. This shortcoming can be over-

come by estimating the total radiation exposure from actual damage to chro-

mosomes in the body, for instance, in white blood cells. 

 Damage to lymphocytes, for instance, can be compared to that of control 

lymphocytes exposed to known doses of radiation. This type of analysis can 

detect whole-body radiation doses that are very low (about 0.1 Sv). It cap-

tures a functional effect of radiation on the white blood cell that can be used 

to help us understand both the radiation exposure history of the person and 
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the combined effects of radiation and other biological effects of space on 

groups of people. 

 The radiation sensitivity of lymphocytes has even been considered as a 

test to screen astronauts for natural radiation resistance. Screening strategies 

based on physical attributes such as height or vision always trouble the popu-

list, but selecting space explorers on the basis of whether their lymphocytes 

survive a death ray in a dish would exasperate otherwise highly qualifi ed can-

didates whose lymphocytes were not up to snuff. This simply puts too much 

weight on the behavior of a single type of cell in a simulation. 

 Here is an analogous case that illustrates a frequent fl aw in the logic of 

such methods of screening. A small heart anomaly is present in about 25 per-

cent of healthy people, an anomaly called a  patent foramen ovale , or PFO. A 

PFO is a small passage between the two upper chambers of heart, the atria. 

On rare occasions, it can cause a problem by allowing a blood clot to pass 

from the right side, or venous circulation, to the left side, or arterial circula-

tion, without being fi ltered by the lungs. This clot can then migrate to an 

artery to the brain, causing a stroke. This is called paradoxical embolization. 

 Not infrequently, scuba divers during ascent or astronauts decompress-

ing in spacesuits before EVA develop bubbles in their venous blood. Such 

bubbles are easily fi ltered by the lungs and normally leave the body harm-

lessly. Occasionally, the load of gas leaving solution is too large and causes 

decompression sickness, or the bends. If this happens with a PFO present, 

venous bubbles can cross the heart into the arterial circulation, causing para-

doxical gas embolization. 

 A PFO is easily detected using noninvasive medical ultrasound of the 

heart or echocardiography. Some years ago, someone had the brilliant idea 

of screening astronauts with ultrasound and excluding those with PFOs from 

EVA in order to avoid this problem. Predictably, astronauts protested be-

cause people with PFOs dive routinely with no increased risk of DCS. DCS is 

caused by events related to the supersaturated gas burden in the body (which 

causes the bubbles during ascent), not by the PFO itself. If someone with a 

PFO does not properly decompress, the ensuing DCS may be complicated 

by paradoxical embolism, but this is altogether a consequence of improper 

decompression. The furor fi nally died down when NASA decided to institute 

safer decompression procedures rather than screen astronauts for PFOs. 

 The argument against screening healthy candidates for sensitivity to radia-

tion with a blood test is different than using the blood test to detect existing 
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radiation damage, for instance, from persistent chromosomal abnormalities. 

This area of research is in its infancy, but even if the prior and acute effects 

of radiation are known, the late effects are hard to predict. The worst effect, 

the induction of cancer, may not occur for twenty or more years after the ex-

posure. In an exposed population, the number of cancer cases increases over 

time, but the events are stochastic, and ultimately, a small percentage of the 

group is affected. This means that not everyone with the same radiation dose 

gets cancer, even people of the same age, gender, and overall health. 

 This difference derives mainly from three factors. The fi rst is individual 

differences in radiation tolerance, including the ability to repair damage. The 

second is that mutations that transform cells into cancer are random, and not 

everyone gets the same ones. Finally, as people age, they die of other causes. 

Older people, primarily those over the age of fi fty-fi ve, whose life expectancy 

is twenty or so years, thus have a lower risk of radiation-induced cancer than 

younger people. In other words, as life expectancy becomes shorter, the latent 

period for cancer development is longer than the host’s expected lifespan. 

 These aspects of radiation are a concern for spacefl ight, but radiation tol-

erance is also a factor. Tolerance involves the cell’s recovery and repair mech-

anisms and is affected by how the radiation dose is received. A single large 

dose or fraction of radiation given over hours has a far greater effect than the 

same dose given over days, weeks, or longer. And despite recovery from acute 

radiation injury, late effects may still develop. 

 The extent of recovery after radiation damage is related to the number of 

progenitor or  stem cells  that remain alive in the bone marrow and other organs. 

Stem cells are essentially blank (undifferentiated) cells produced in both em-

bryonic and adult varieties that can give rise to essentially all types of special-

ized cells. If too many stem cells are destroyed and cannot be replaced from 

healthy ones, radiation injury will be more severe and persistent. 

 Radiation impairs survival in all types of mammalian cells, and radiation 

dose is related in a predictable way to the fraction of surviving cells. For low 

doses of X-rays or gamma rays, a survival curve may indicate that the cells are 

repairing a certain amount of radiation damage. For strongly ionizing radia-

tion, however, the repair effect disappears, and death depends strictly on dose. 

 Radiation therapy in cancer works because radiation is given in timed in-

crements and in doses, called fractions, that preferentially kill rapidly divid-

ing tumor cells over normal cells (Fornace et al. 2000). Some tumor cells are 

naturally resistant to radiation because of innate tolerance factors .  In some 
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cases, these factors promote hypoxia and increase the expression of tumor 

protection genes known as  oncogenes . 

 Cells also produce a range of natural molecules in response to radiation, 

including hormones, growth factors, antioxidant enzymes, and small signal 

molecules called cytokines. Cytokines are involved mainly in the cell-to-cell 

regulation of the body’s infl ammatory response. Radiation induces some 

cytokines that promote infl ammation, such as tumor necrosis factor alpha 

(TNF) and interleukin-1 (IL-1). These two cytokines were originally identi-

fi ed because they cause wasting in cancer patients and fever during infections, 

respectively. They help fi ght infection and protect blood cells from radiation, 

but in some cases, TNF enhances the ability of radiation to kill cancer cells. 

This contrast illustrates the complexity of radiation effects but does suggest 

that better strategies can be worked out for radiation protection. 

 The production of growth factor molecules is an important radiation re-

pair mechanism. Different growth factors, including fi broblast growth factor 

(FGF), platelet-derived growth factor (PDGF), vascular endothelial growth 

factor (VEGF), and transforming growth factor (TGF)-beta, play roles in 

the repair of radiation injury, but most do not improve radiation tolerance. 

Some actually perpetuate the infl ux of infl ammatory cells into blood vessels, 

causing infl ammation and worsening cellular damage via “bystander” effects. 

TGF-beta promotes repair but also causes infl ammation and extensive scar-

ring or fi brosis after radiation, especially in the lungs and the skin. 

 RADIATION’S EFFECTS 

 Much of our knowledge of the mass effects of radiation comes from the sur-

vivors of Hiroshima and Nagasaki, Pacifi c islanders exposed to fallout from 

U.S. thermonuclear bomb tests, and rare reactor accidents like Chernobyl. 

These calamitous events confi rm both immediate and late deaths from radia-

tion (Schull 1998). The dose and type of radiation and radiation tolerance 

are all important. In survivors of the atomic bomb blasts, late carcinogenic 

and genetic effects correlated with the distance from the explosion’s epicen-

ter. The development of chromosome breakage and cancer was greatest in 

survivors within about a mile (2 km) of the epicenter (Schull 1998, Preston 

et al. 2003). The young and the elderly are most sensitive, and women tolerate 

radiation better than men. Exposure to less than two Gy generally requires 
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no treatment, but exposure to 3.25 Gy without treatment kills about half the 

people. 

 There are three well-recognized radiation sickness syndromes. The cere-

brovascular syndrome (twenty to one hundred Gy) damages the brain and 

blood vessels and causes death within forty-eight hours. It kills so quickly that 

there is no time to see the damage to other body systems. At ten to twenty Gy, 

the sloughing of intestinal cells leads to gastrointestinal syndrome, causing 

diarrhea and dehydration, followed in about ten days by infection and death. 

Patients with the gastrointestinal syndrome may live for weeks or months 

and may survive if they receive fl uids, electrolytes, blood products, and anti-

biotics. The hematopoietic syndrome is caused by bone marrow failure after 

exposure to two to eight Gy of radiation. It takes a few weeks to develop 

because mature cells in the bone marrow must become depleted while new 

ones are no longer being produced. Lymphocytes die fi rst, followed by other 

white cells and megakaryocytes, the blood platelet precursor. Death usually 

occurs from bleeding and infection before anemia appears. 

 The effects of radioactive fallout are not fully understood. The analysis of 

radiation exposures from the Marshall Islands and the 1986 Chernobyl ac-

cident has been invaluable, but the numbers are small. In time, Chernobyl 

will cause 6,000 to 10,000 excess deaths, and at least eight types of cancer are 

seen among survivors, but especially important are leukemia and cancers of 

the thyroid, breast, colon, and lung. 

 In 2002, the fi rst true estimates of the number of cancer deaths from the 

atmospheric nuclear test programs of 1951 to 1962 appeared in a report pre-

pared for Congress by the Department of Health and Human Services. Over 

this period, 390 nuclear bombs were exploded above ground—mostly by the 

United States and the Soviet Union (Simon et al. 2006). Radioactive fallout 

encircled the Earth. 

 It was assumed that these exposures would not cause many cancers, but 

the excess thyroid cancer and leukemia cases turned out to be far greater than 

most thought possible. Between 1951 and 2000, some 11,000 more people 

died from these two cancers in the United States alone, particularly in those 

exposed at a very young age. Thousands have died in other countries too, 

especially around the infamous Soviet Semipalantinsk test site. 

 Astronauts usually do not face these types of radiation, and the quality 

and consequences of cosmic radiation are different (Durante and Cucinotta 

2008). However, these experiences warn us not to underestimate the risks. 
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We lack reliable risk estimates of the radiation doses that astronauts will re-

ceive after they leave the Earth’s atmosphere and Van Allen belts, but radia-

tion will be a serious health risk on the Moon and Mars, especially at places 

without atmospheres or near Jupiter (Cucinotta et al. 2005).  

 There are two problems: the constant exposure to solar and galactic radia-

tion and the sporadic exposure to high-level SPE and galactic bursts. Since 

most of the radiation is solar, you would think that moving away from the 

Sun would decrease the risk, but the solar wind protects the Solar System 

from GCR. It repels GCR, and thus the amount of galactic radiation reaching 

us varies inversely with our distance from the Sun. Thus Mars, even though 

it is farther from the Sun, is not safe. Mars orbiter data indicate that radiation 

levels there are 2.5 times those on the ISS because of Mars’s thin atmosphere 

and lack of a magnetic fi eld. The surface of Mars is safer than deep space 

(NASA 1999), but astronauts will still need better radiation shielding than is 

currently available. 

 Radiation exposure limits are especially hard to set when the level of risk is 

poorly established (Cucinotta et al. 2004). This uncertainty has to do mainly 

with unknowns in biological dose, individual susceptibility, and the predic-

tion of late effects such as cancer. For instance, astronauts are exposed to ion-

izing radiation from GCR and SPE at different energies and on different pro-

fi les. Even if the dose estimate is precise, it is diffi cult to predict late effects that 

could be attributable to natural disease and other causes of mortality instead. 

 Scientists have known about this uncertainty for years, but only recently 

has it been evaluated carefully. Cancer risk assessments are being done to 

determine what kind of data would increase the level of confi dence in risk 

predictions. At this point, the expected lifetime cancer risk for astronauts 

after a three-year Mars mission is not predictable to within a factor of fi ve. 

This means that risk calculations are less useful in planning protection for 

the crew. 

 In deep space, the late effects of radiation, including cancer and brain ef-

fects, will derive mainly from high-energy (HZE) ions in SPE and GCR. Be-

cause HZE effects will dominate, risk estimates from data from missions in 

LEO is unreliable. LEO is comparatively safe because the HZE is defl ected by 

the Van Allen belts; hence, little HZE exposure data exist. Only during the 

Apollo era, with its missions beyond the Van Allen belts, were radiation doses 

dominated by GCR. This is important because HZE is not well attenuated by 

conventional shielding, like aluminum, or by current spacesuits.  Stopping 

C6029.indb   183C6029.indb   183 10/12/12   9:41 AM10/12/12   9:41 AM



A HOME AWAY FROM HOME

184

these particles produces secondary radiation from atomic interactions in 

solid materials. These phenomena are called  Bremsstrahlung  and  spallation  

(Cucinotta 2002, 2005). 

 Bremsstrahlung occurs when high-speed electrons slow down inside cer-

tain materials, emitting X-rays as a result. Spallation is the generation of 

particles from high-energy interactions with atomic nuclei. GCR and SPE 

contain high-velocity protons that penetrate most shielding and cause tissue 

damage from both primary and secondary effects. Without proper shelter, 

high-energy SPE can cause fatal radiation sickness. 

 The Van Allen belts trap electrons with energies of a few MeV, electrons that 

could otherwise penetrate two centimeters of H 2 O or give off Bremsstrahlung 

that could penetrate even more deeply. Trapped protons have energies up to 

several hundred MeV, but they usually penetrate less than one centimeter of 

H 2 O. Standard shielding thus effectively attenuates trapped radiation at low 

energy. The high-energy component is small but easily penetrates spacecraft 

and tissues and produces secondary effects (Cucinotta   2002). 

 In contrast, GCR exposure is dominated in LEO by high-energy particles 

because the Van Allen belts block the low energies. The remaining particles 

travel at relativistic velocities and undergo multiple atomic interactions 

within shielding and other materials, including tissues. This produces a surge 

of secondary particles, including neutrons, protons, helium, and heavy ions, 

especially in materials of high atomic number. In fact, astronauts with their 

eyes closed report bright scintillations, called  phosphenes , which are thought 

to be related to high-speed heavy ions. 

 The origin of phosphenes was fi rst attributed to charged particles passing 

though the eye and either hitting retinal cells or causing fl ashes of blue Ce-

renkov radiation by disrupting the electromagnetic properties of the vitreous 

humor of the eye. They were thought to be insignifi cant, but later work raised 

the possibility that fast particles are hitting the brain in the optical corona or 

perhaps in the visual cortex (Fuglesang et al. 2006). If true, this could have 

major implications for vision and other brain functions on long missions in 

deep space. 

 The best shielding against secondary radiation from GCR would be 

hydrogen- rich materials of low atomic mass, like water. These materials 

limit secondary particle production and are quite effective per unit of mass 

in stopping heavy ions after atomic collisions. This was shown to work by 

shuttle experiments comparing polyethylene (HCH)  n   and aluminum spheres 

of an equivalent size and mass. 
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 In the past, NASA had higher radiation exposure limits for astronauts than 

are allowed terrestrial radiation workers because they fl ew a limited number 

of missions. The nuclear industry has age-specifi c, career dose limits com-

puted as age x 0.01 Sv. To avoid large lifetime doses, U.S. radiation workers 

have yearly exposure limits of fi fty mSv. Terrestrial radiation workers rarely 

approach their lifetime limits. NASA’s system for astronauts is similar, and 

they are considered radiation workers (Cucinotta 2002, 2005). 

 NASA accepts space radiation exposures that are associated with a 3 percent 

increase in the lifetime risk of developing cancer. The cancer risk is super-

imposed on the expected “normal” cancer rates in a population of the astro-

naut’s age and gender. The incidence of nearly all cancers increases with age, 

refl ecting natural genomic instability and the accumulation of environmental 

chemical effects and spontaneous mutations. Thus, the ratio of radiation-

induced to normal cancer risk is less for older than for younger astronauts. 

 The level of uncertainty in these effects is high, making it hard to estimate 

an actual statistical confi dence interval. It is easy to see the importance of this 

uncertainty by plotting the risk of cancer as a function of the linear energy 

transfer (LET) across a range of energies. This has been done in fi gure 9.3. 

The prediction varies with LET, and the statistical confi dence interval, as a 

measure of variability, is highest for radiation doses associated with the high-

est probability of developing cancer. 

 When statistical confi dence is low, it is diffi cult to evaluate risk- mitigating 

strategies for  spacefl ight radiation apart from improving the radiation shield-

ing. But the cost and stability of every new shielding strategy must also be 

compared against proven shielding strategies. For instance, water is excellent 

shielding for neutrons, but it is heavy and expensive to launch in the swim-

ming-pool quantities necessary to block cosmic neutrons. Another strategy is 

to limit the time in deep space by investing in faster propulsion. And biologi-

cal countermeasures are also ripe for improvement. 

 Some NASA scientists think that better radiation risk predictions would 

increase the number of permissible days in space simply by improving the 

confi dence of the estimate. In other words, the uncertainty is so high that 

better predictions would probably increase the astronaut’s allowable time in 

space. But new information might just as well increase the predicted risk, 

and odd effects may be encountered too, such as a lower cancer risk for cer-

tain radiation exposures. Indeed, some populations that receive slightly more 

than average natural background radiation actually show a small reduction 

in cancer risk—an effect called  hormesis . 
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 COUNTERMEASURES 

 The science of radiation-induced damage should eventually lead to better 

biological protection for space radiation. Highly effective countermeasures 

would be groundbreaking, but they must work for high-LET radiation for 

long periods with few side effects. Unique protection strategies for relativis-

tic-speed HZE ions will require independent validation because agents that 

protect against low-LET radiation may not protect against high-speed heavy 

particles. 

 The United States has developed drugs for protection against atomic blasts, 

to reduce radiation therapy side effects, and more recently for counterterror-
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  FIGURE 9.3.    THE HIGH UNCERTAINTY IN THE BIOLOGICAL EFFECTS OF COSMIC 
RADIATION. 
 The graph illustrates the high variability (wide 95 percent confidence intervals) in the predicted 
probability of excess cancer deaths at linear energy transfer rates relevant to exposure to cosmic 
radiation. 
  Source:  Adapted from data in Cucinotta et al. (2004). 
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ism. Many of the biodefense agents are free radical scavengers or antioxidants 

(Wan 2006). Other drugs stimulate the recovery of stem cell populations in 

sensitive tissues, which might block or limit acute damage. 

 Most protective drugs for radiation sickness have serious side effects. In 

some cases, combining lower doses of protective agents with natural antioxi-

dants such as vitamins A and E helps alleviate the side effects, but cellular an-

tioxidant levels are unlikely to become high enough to prevent DNA damage 

from acute high-LET radiation. On the other hand, antioxidants may offer 

some benefi t against the late effects (Fornace et al. 2000). 

 Drugs that prevent the growth of premalignant cells in radiation-exposed 

tissues are also being explored. The estrogen antagonist tamoxifen, used 

against breast cancer, for instance, may block tumor induction caused by 

several types of radiation. Finally, the age and gender dependence of can-

cer suggests avenues for crew selection to reduce the cancer risk. Of course, 

the notion of sending only postmenopausal women to Mars would be rather 

contentious! 

 There are breakthroughs in radioprotection on the horizon that are in 

need of research. Aspects of genetic engineering and stem cell biology are es-

pecially promising if cells can be endowed permanently with radiation resis-

tance through the expression of biological factors that confer resistance before 

the exposure. This would reduce the amount of damage that must be repaired 

during and after the exposure. The ability to replace radiation-damaged cells 

with fresh stem cells has also attracted attention. Radiation resistance is fea-

sible: experiments of nature indicate that certain organisms, especially bacte-

ria, survive doses of ionizing radiation thousands of times greater than those 

that would kill people. 

 One such bacterium is the extremophile  Deinococcus radiodurans , named 

for its radiation resistance. This resistance is not related to fewer DNA double- 

strand breaks from radiation exposures, which develop at a normal rate, but 

rather to its active DNA repair enzymes, which can repair double-strand 

breaks and are resistant to radiation damage. This resistance has been traced 

to an unusually high intracellular ratio of manganese to iron (Mn /Fe), which 

somehow protects the proteins from free radical damage. Thus this microbe 

has developed tolerance by evolving proteins for a DNA repair system that 

are resistant to radiation damage (Daly et al. 2007). This suggests that natural 

ways around DNA radiation damage may be inducible in other living organ-

isms or perhaps given to people, so that more space radiation can be tolerated 

with fewer adverse health effects. 
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 1 0 .  T I N Y  B U B B L E S 

 You might think that by now we could have developed a coherent 
plan for human space travel, but the lack of information on the hazards of 

life outside the Van Allen belts, where only a handful of Apollo astronauts 

have ever been, means that all bets are off. The longer-term effect of radia-

tion on the human body is still a big unknown, and sound statistical thinking 

points out weaknesses in our understanding rather than a solid estimate of 

risk. Other unknowns must also be taken into account in putting together a 

sequence of steps for space exploration. The rationale for a lunar base was set 

out earlier, but in order to get from the Moon to Mars, both transportation 

and surface technologies will require new advances. 

 DESTINATION MARS 

 To illustrate the challenges of interplanetary exploration, let’s examine solu-

tions to a couple of key problems raised by an attempt to travel to Mars. 

The leaders in the fi eld are well aware of these problems, but they have not 

agreed upon the solutions, mainly because of a lack of information. Assum-
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ing a moonbase proves practicable, the surface technologies can be adapted 

for Mars while the transportation issues are being worked out, issues such as 

getting off the planet safely after the mission. 

 Interplanetary missions are risk multipliers; they superimpose  getting 

there  and  staying there  in a unique way. Time and distance increase the risk 

of a lethal failure occurring, one for which corrective action is not possible in 

deep space. The longer you spend on the planet, the more time there is for the 

surface technology to fail and prevent you from getting home. Let’s examine 

the risks and see if we can minimize them. Doing so might be costly, but we’ll 

let someone else worry about that. 

 NASA’s Space and Life Sciences Directorate has gone through the trouble 

of tallying and stratifying the risks of deep space exploration, including a 

Mars mission. More than one hundred risk factors have been identifi ed, and 

most are attributed to a relatively small group of factors. The Pareto principle 

is at work: 20 percent of the causes account for 80 percent of the risk. Accord-

ingly, I have focused on the top 20 percent of the risk factors. 

 These factors have less to do with exploding boosters, disintegrating heat 

shields, or wayward egress than with breaches in life support, radiation shield-

ing, and illness. Bone and muscle loss and the psychosocial aspects of living in 

a tightly confi ned space for a long time also come into play. Although group 

confl icts are highly disruptive, these are best avoided by meticulous crew se-

lection and training and are therefore set aside here. You may have heard of the 

Mars500 experiment, which ended in 2011: to study the psychological effects 

of living in the sort of confi ned environment that would have to be endured 

during the long journey to Mars, six men volunteered to live in a seventy-

two-square-meter cabin in Moscow for 520 days, and they did so peaceably. 

 The hope of sending astronauts to Mars using an upgraded version of 

our new space transportation system ultimately depends both on its cost and 

on how much experience we have with the system. A round trip to Mars is 

roughly the same distance a thousand Moon trips—it is too far away and too 

much of a one-shot deal to squander big resources without expectation of a 

big return. But what is a reasonable return on a Mars investment? I cannot 

answer that question directly, but perhaps there is another way to look at it. 

 After the Moon, and apart from an asteroid, Mars or its moons are the only 

options. Asteroid missions, which are not on par with planetary missions, are 

left for later. Earlier, we also considered Venus, which is closer than Mars—

but also closer to the Sun. We decided against it because it is hot enough to 

melt lead. It is bad luck that Venus turned out to be so  inhospitable. Thus, 
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our fi rst interplanetary foray will be to Mars or one of its moons. The ques-

tion is: “when?” Planning for a Mars mission is already quite advanced; in 

fact, the text of the 1998 NASA Mars Reference mission (Drake 1998, NASA 

1999, Charles 1999), devised originally to evaluate the feasibility of the mis-

sion in 2014, is rather dog-eared (fi gure 10.1) at this point. 

 Although it is now over ten years old, the plan is still informative, for two 

reasons. The fi rst is that the fi fteen-year window implied by the reference 

mission has gotten longer, not shorter, as we have learned more about the 

issues. The second is its advocacy of the so-called fast or conjunction mission, 

consisting of six months in deep space each way, returning 2.5 years later, 

after the astronauts spend eighteen months on Mars. This is still the preferred 

format because it minimizes the time in transit and maximizes the time on 

the ground. The alternative, an opposition mission, requires more time in 

space and less time on Mars. 

Depart Earth
(Jan. 2014)

Arrive Mars 
(July 2014)

Depart Mars 
(Jan. 2016)

Arrive Earth
(July 2016)

Sun

  FIGURE 10.1.    THE 1998 NASA MANNED MARS REFERENCE MISSION ORIGINALLY 
PROPOSED FOR 2014 THROUGH 2016. 
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 Because Mars has a thin atmosphere, astronauts would receive less cosmic 

radiation by spending more time on the planet. After six months in transit, 

they should arrive in shape to operate in a spacesuit at 38 percent Earth grav-

ity and healthy enough that when they leave for home eighteen months later, 

they could survive six more months in space. At least that’s the plan. 

 Because sending resupply ships to the surface of Mars is not going to be 

feasible for a long time, the systems and cargo on the original ship or ships 

must support the entire mission until Mars surface technologies can provide 

additional resources. For logistical and safety reasons, a working habitat as 

proposed by Robert Zubrin and others would be set up on the Red Planet 

some time before a crew ship actually left Earth. 

 An established base ensures that power, atmosphere, water, and food for 

the crew is waiting when they arrive. This habitat must be maintained from 

Earth while the crew is en route—a good reason not to leave it unattended 

for too long. And the ship must have contingencies to deal with failures. This 

is why proponents of advanced propulsion systems that could carry astro-

nauts to Mars in under sixty days think it is the key to Mars. 

 If a Mars habitat is set up remotely, a dual approach to the renewable 

atmosphere makes sense: a “disposable” temporary atmosphere and a regen-

erative cycle that replenishes the atmosphere with the help of green plants. 

Although plants may also be grown en route, most experts favor gardening 

on Mars, where there is decent gravity (NRC 1998). Moreover, gardening on 

Mars is feasible with plants that don’t require genetic alterations. They must 

simply be selected and bred for hardiness, productivity, and fecundity in an 

appropriate artifi cial soil. 

 The reason plants still cannot be trusted to provide the bulk of food and 

O 2  on a Mars spacecraft has to do with the carbon cycle. Recall that on Earth, 

sunlight and H 2 O plus CO 2  from animal respiration (or factories) is coupled 

to the release of O 2  by plants performing oxygenic photosynthesis. Plants use 

CO 2  (and get nitrogen from waste products or fertilizers), and animals eat 

plants. Dead material is recycled primarily by saprophytic bacteria in the soil. 

To complete the cycle, terrestrial animals, including human beings, breathe 

in O 2  and exhale CO 2 . 

 This cycle can be moved into space, by using artifi cial lighting and plants 

to recycle the atmosphere on a spacecraft, but compared with an upgraded 

SLS such a craft would be very large and very expensive. The heavier it is, the 

more it will cost to operate at high velocity, and the slower it is, the greater 

the microgravity and cosmic ray problems. 
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 Once bioregenerative surface technology is placed on Mars, adding a crew 

becomes easier. Such a system would be neither a simple greenhouse nor an 

Earthlike ecosystem (Sridhar et al. 2000) because it would not have huge nat-

ural holding areas like those that store and recycle waste here on Earth. Our 

holding areas include the atmosphere, oceans, and continental land masses. 

No one really knows how small those areas can be and still provide adequate 

buffering for stable and effi cient bioregenerative systems. Bioregenerative 

experiments have failed dismally on Earth, and horticulture has another 

downside: it increases the reservoir of niches for microorganisms, including 

dangerous bacteria and fungi. 

 MICROBES IN SPACE 

 On November 8, 2011, the Russian Space Agency launched a 170-million-

dollar, fourteen-ton spacecraft on a three-year mission to land on Phobos, 

collect some soil, and then return a small capsule of samples to Earth. The 

 Phobos-Grunt  spacecraft was also carrying a Chinese orbiter to monitor Mars 

dust storms and a study funded by the Planetary Society called LIFE (Liv-

ing Interplanetary Life Experiment) intended to test the survival of Archaea, 

bacteria, and tiny eukaryotes in deep space. Among the ten little organisms, 

the passenger considered most likely to survive the sea of radiation was our 

old friend  Deinococcus radiodurans . 

 The spacecraft lugged eight tons of fuel into LEO, but the rocket to send 

it to Mars failed to fi re. The ship stopped communicating with its managers 

and missed its last call for the Red Planet. The orbit gradually decayed, the 

chief engineer apologized profusely, and the craft unceremoniously burned 

up over the Pacifi c Ocean, off the coast of Chile, two months later. Although 

for Russia the mission was yet another great indignity for Mars spacecraft, the 

furor it ignited about the wisdom of shooting unattended microorganisms at 

Mars momentarily died down when the thing crashed. 

 If you think carefully about the LIFE experiment, you will see only one 

question it could have answered: which (if any) of these ten organisms 

can survive a nearly naked trip into deep space? The answer sheds not one 

scintilla of light on whether life actually originated on Earth—the princi-

pal reason given for the experiment. The architects of LIFE were wondering 

whether life came here from elsewhere, a theory about a “cosmic teapot” 

called  panspermia . 
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 Many microbes are quite resistant to harsh environments, and some thrive 

under remarkably extreme conditions. These extremophiles include  D. radio-

durans ; there are also thermophiles (heat), halophiles (high salt), barophiles 

(high pressure), xerophiles (dry), cryophiles (cold), acidophiles (acid), and 

others. These little darlings of exobiology prove that life can handle a wide 

array of physical environments, and most extremophiles become dormant in 

hard times, forming spores until conditions for growth improve. 

 Fastidious microbes are often associated with terrestrial plants or animals, 

and some cause diseases (these are pathogens). The ancient bacteria of genus 

 Clostridium , for instance, grow only by fermenting carbon compounds in the 

absence of oxygen. These strict anaerobes are natural saprophytes and play 

important roles in the carbon cycle, but they also cause tetanus, botulism, gas 

gangrene, antibiotic-associated diarrhea, and other diseases. When exposed 

to air, they form endospores that remain dormant for months or years. 

 The possibility that such organisms might stow away on interplanetary 

spacecraft is well appreciated. Some years ago, an editor of  Discover  maga-

zine raised the possibility that the Mars rovers may have accidentally carried 

a common skin bacterium,  Bacillus safensis , to Mars from the Jet Propulsion 

Laboratory in Pasadena. The Mars Science Laboratory and  Curiosity  rover 

are taking another look for signs of past life on the Red Planet. Hopefully, 

  Curiosity  did not harbor some curious Earth microbe, which would confuse 

the issue about whether life once arose indigenously on our neighboring 

planet. NASA goes to great lengths to avoid such confounds, and it is not 

clear that even spore-forming bacteria could survive in interplanetary space 

or with the level of UV on Mars. However, one mistake can create a perma-

nent mess. 

 Once people get involved, microbes will go to Mars no matter what we 

do. Billions of bacteria live in our pores and hair follicles; others peacefully 

luxuriate in our intestines. There is no practical way, antiseptics and antibiot-

ics included, to eliminate them completely. Moreover, a Mars ship carrying 

plants gives microbes innumerable places to hide. 

 In the early days of spacefl ight, Russian scientists detected microorgan-

isms growing in strange places on their spaceships, such as in crevices in the 

structural materials of cabin interiors and equipment. These beasties were 

busily degrading the structure of spacecraft components. Russian scientists 

identifi ed nearly one hundred different species of microbes in  Mir ’s cabin en-

vironment, including bacteria, molds, and fungi. A few species were potential 

pathogens, but most simply ate synthetic materials, including plastics. 
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 Although microbial bioreactors, as noted earlier, do have certain attractive 

features, the other side of the coin is corrosion. Some microbes cause  biofoul-

ing , especially those that make protective  biofi lms  under stagnant or O 2 -poor 

conditions. Biocorrosion takes different forms on structures exposed to the 

atmosphere and may involve fi lters, tubing, pumps, membranes, and water 

lines. This happens on all manned spacecraft, including the ISS. There are 

many types of biofouling, but the process often leaves mineral deposits and 

pits beneath living colonies. The pitting can be controlled by biocides and 

some conventional corrosion-control methods, for instance, by adding silver 

ions to cooling and water-circulating systems; however, over long periods, 

biocides are degraded or deposited on internal surfaces, releasing the micro-

organisms to grow (Roman and Wieland 2005). 

 Unchecked microbial growth in life-support systems hastens the deterio-

ration of critical metal or polymer components but may also affect human 

health if pathogens escape into the atmosphere (LaDuc et al. 2004). This 

is a classic problem of source control in infectious diseases. Outbreaks of 

pneumonia by bacteria that thrive in wet environments, such as  Legionella 

pneumophilia  (Legionnaire’s disease) and  pseudomonas aerugenosa , are well 

known. On a Mars mission, someone would be responsible for monitoring 

and controlling the growth of microorganisms, especially dangerous ones, 

but it is hard to imagine how simple quarantine measures and biocides could 

prevent the contamination of Mars. This objection has been presented by 

some as a reason for not sending people to Mars at all. 

 The effect of microgravity on microbial virulence was studied in the patho-

genic bacterium  Salmonella typhimurium ,   grown aboard the shuttle STS-115 

mission in 2006 (Wilson et al. 2007).  Salmonella typhimurium  is an enteric 

(intestinal) pathogen that causes gastroenteritis, and it is related to the strain 

of  Salmonella  that causes typhoid fever.  Salmonellosis  also causes fever and 

abdominal cramps, diarrhea, and dehydration for up to a week, and it may 

require hospitalization. The organism’s natural reservoirs include livestock, 

poultry, and pet turtles, and it often causes outbreaks of diarrhea associated 

with eating lettuce, tomatoes, cantaloupe, other fresh produce, raw eggs, and 

chicken. 

  Salmonella  gene expression in spacefl ight was compared with ground con-

trols, and virulence was checked by inoculating fl own and unfl own bacteria 

into mice. Over nine days in space, the microbe’s gene expression changed, 

and it developed unique attributes, including the accumulation of an unusual 

external coat or matrix connected with the formation of biofi lms. The space-
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fl own microbes were signifi cantly more virulent in mice, and after a standard 

inoculation, the lethality increased by about 50 percent. 

 An analysis indicated that 167 genes and seventy-three proteins had 

changed—sixty-nine genes were upregulated, and ninety-six were downreg-

ulated. These responses appear to be regulated by an RNA-binding protein 

called Hfq, which is activated when the bacterium senses shear stress in its 

environment. Although this microbe uses biofi lms in its own defense, it is 

unclear exactly how this response increases its virulence. The idea that micro-

gravity provides an environmental cue to induce a bacterial pathogen to in-

crease its virulence has troublesome implications for long space missions, 

where a weakened immune response in people in a closed environment may 

increase the risk of life-threatening infections. This sounds like another good 

grant proposal for NASA. 

 GAS LEAKS 

 Since the verdict on microbes is still out, let’s return to some unfi nished busi-

ness on the conservation of the respiratory gases, O 2  and CO 2 . Gases escape 

all spacecraft at a slow rate. On the ISS, O 2  is generated onboard, CO 2  is 

dumped overboard, and nitrogen is stored as a “makeup” gas. The ISS is 

not perfectly sealed, and there are leaks to the outside, where the pressure is 

essentially zero. The leak rate is 1 percent per month, so if this gas was not 

made up, the atmosphere of the ISS would climb to the altitude of Mt. Everest 

in nine years and to the edge of space, the Karman line, in about forty years. 

 These leaks are no big deal because the gas escapes at a snail’s pace, but 

they do bring to mind the Aristotelian dictum of  horror vacuii —Nature ab-

hors a vacuum.  Horror vacuii  is incorrect, of course; in nonquantum phys-

ics, space is a perfect vacuum. Earth’s atmosphere is not sucked into space 

because it has mass and because our planet’s gravity is enough to hold it. In 

the seventeenth century, the mass of the atmosphere led Torricelli to discover 

barometric pressure. 

 Let’s think about O 2  for the crew of a Mars spacecraft. Recall that NASA 

allows for an astronaut to use about 0.9 kg of O 2  and generate about 1.05 kg 

of CO 2  per day. It might seem that the astronaut is producing more CO 2  than 

he or she is consuming O 2 , but since CO 2  is heavier than O 2 , this is not the 

case. At standard conditions, one mole of CO 2  weighs forty-four grams, while 

one mole of O 2  weighs thirty-two grams. Thus, an astronaut produces about 
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twenty-four moles of CO 2  and consumes twenty-eight moles of O 2  each day. 

The ratio is 0.86, or about midrange for the respiratory quotient (RQ). 

 For a crew of six and a mission duration of three years, the mass of O 2  that 

must be carried is nearly six metric tons (5,913 kg), excluding a safety fac-

tor and the weight of the storage canisters. During the mission, nearly seven 

metric tons of CO 2  must be recycled or dumped overboard. If we take twice 

as much O 2  as we need and allow two tons for the storage weight, the ship 

would leave Earth with fourteen tons of O 2  in storage (30,800 lbs). To keep 

this in perspective, the payload capacity of the Space Shuttle was twenty-fi ve 

metric tons (55,250 lb). 

 If all goes well, the ship would return from Mars with six tons of O 2 . If 

some of the O 2  in metabolic CO 2  can be recycled, the ship could carry a 

smaller O 2  supply. If a bit over two-thirds of this CO 2  is recovered as O 2 , 

about one-third of the original six tons of O 2  would be left after three years. 

This means the safety factor could be reduced to four tons and the ship would 

still return from Mars with six tons of O 2  in reserve. 

 CO 2  on the ISS is removed by the Sabatier reaction: CO 2  + H 2  → H 2 O + 

CH 4 . Hydrogen (H 2 ) comes from the electrolysis of H 2 O used to generate O 2 , 

and the methane (CH 4 ) is dumped overboard. The water can be reused to 

regenerate O 2 , but the conversion effi ciency of CO 2  to O 2  on the ISS is only 

about 3 percent. In other words, the useful recycling of CO 2  to O 2  for a Mars 

mission is going to take much more effi cient technology. 

 Apart from emphasizing the mass of cargo needed for Mars, this think-

ing introduces the idea of a safety factor. Using ISS data and a NASA nine-

hundred-day mission protocol, we can also estimate the amounts of N 2  and 

O 2  gas lost from a Mars ship. Let’s assume we breathe sea-level air, and we 

split the mission into three hundred days in space and six hundred days on 

Mars. This is less time on the planet than usual, but it makes the arithmetic 

easier. If the constant air leak rate is 0.111 kg per day for 900 days, the ship 

loses 100 kg of gas: 21 kg of O 2  and 79 kg of N 2 . On Mars, the airlock loses 

2 kg per day for 600 days, or 1,200 kg: 252 kg of O 2  and 948 kg of N 2 . The net 

O 2  loss is 273 kg. Also notice that nearly fi ve times as much N 2  make-up gas 

is needed as O 2 . 

 If we start with twelve tons of O 2 , this loss is 2.275 percent of the total. If 

we use high recycling to save on mass and start with only six tons of O 2 , then 

the 273 kg of O 2  lost is 4.55 percent of the total. If recycling is very high and 

we start with two tons of O 2 , then the leak takes 13.7 percent of the total. 
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A constant leak thus reduces the safety factor most when the recycling ef-

fi ciency is highest. 

 THE AGE OF THE ASTRONAUT 

 You have become well acquainted with the medical problems of space, but 

ultimately none of them should prevent people from going to Mars if new 

space transportation systems reduce the radiation exposure and shorten the 

time in space. The big challenges will be landing, living there for eighteen 

months, and getting off the planet again. 

 Barring a catastrophe, radiation is the greatest health risk on a Mars mis-

sion, and without better shielding, a Mars crew would be exposed to cancer-

causing levels of radiation. For NASA’s 3 percent lifetime excess risk of fatal 

cancer, the decisive statistics are set not only by the cumulative dose but by 

the astronaut’s age and gender at the start of the mission. 

 The relationship of cancer risk to age and gender means that older male 

and female astronauts can receive more radiation than younger ones. The ca-

reer radiation exposure limits for fi fty-fi ve-year-old astronauts is two to three 

times greater than for twenty-fi ve to forty-fi ve-year-old astronauts. This im-

plies older astronauts are better candidates for Mars travel than younger ones, 

at least insofar as radiation-induced cancer is concerned. By having lived 

longer, older astronauts also have a higher risk of age-related diseases, in-

cluding cardiovascular and neurological disease and osteoporosis. However, 

radiation may also interact with these comorbid conditions as they progress. 

Thus, it is not clear whether it is better to send thirty-fi ve-year-olds or fi fty-

fi ve-year-olds to Mars. 

 By NASA’s 3 percent rule, astronauts on a nine-hundred-day conjunction 

mission would barely get to Mars even if four inches (ten cm) of water is used 

to shield the spacecraft. A fi fty-fi ve-year-old man on a ship with standard 

shielding would reach the 3 percent limit during transit, while an extra ten 

cm of H 2 O shielding would buy him some time on the planet—about half 

the mission. After returning, his  excess  cancer risk would be approximately 

6 percent above the normal roughly 25 percent in his remaining life expec-

tancy. Most people would brush off such a risk to be among the fi rst to go 

Mars, but there are also unknowns about how the radiation interacts with 

other medical factors. 
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 The muscle and bone loss on long spacefl ights are not fatal, but the post-

fl ight fracture risk could be. For muscle atrophy, exercise countermeasures 

are helpful, and people who spend months in space do fully recover their 

strength. It is unknown however, if 0.38  g  on Mars will help reverse the mus-

cle atrophy of the outbound fl ight in time for the return fl ight. This would 

become clear in lunar studies before a Mars mission. 

 Bone loss begins with weightlessness and continues throughout the mis-

sion. The excretion of calcium increases, as does the risk of kidney stones. 

The loss of calcium refl ects skeletal remodeling concentrated in the weight-

bearing regions. In the lower spine, hips, pelvis, and legs, bone loss will be 

1.0 to 1.5 percent per month. Over six months, the astronauts would lose 

6 to 7.5 percent of skeletal mass, but at 0.38  g , what would happen is anyone’s 

guess. At best, the rate of bone loss would fall to near zero. On the return 

trip, however, another 6 to 7.5 percent would be lost, for a total of at least 

12 to 15 percent. The bone experts at NASA do not seem to know what to 

do to prevent this yet, but drug therapy and artifi cial gravity are being taken 

seriously as countermeasures. 

 After the astronaut returns, the implications of this bone loss become clear 

when age and bone mineral density is plotted on a graph (fi gure 10.2). The 

graph compares the lifetime of an Earth woman with a woman that leaves 

at age fi fty on a three-year trip to Mars. It indicates that the Mars woman 
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  FIGURE 10.2.    EXPECTED LOSS OF BONE MINERAL DENSITY ON A THREE-YEAR MISSION 
TO MARS FOR A TYPICAL FIFTY-YEAR-OLD FEMALE ASTRONAUT. 
  Source : Adapted from data in Clement (2003). 
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would develops osteoporosis about a decade earlier than if she stayed home. 

Clearly, the long-term risk of fractures must be factored into the decision 

to go. 

 ON BIOLOGICAL CLOCKS 

 Internal clocks set the physiological cycles in plants and animals and regulate 

many functions in biology. The study of biological clocks or the rhythms of 

living organisms is called chronobiology. The most famous clock, the twenty-

four-hour  circadian rhythm , is governed by external stimuli called  zeitgebers 

 (time givers). The zeitgeber synchronizes the internal clock with local time, 

and  daylight  is the most important cue. 

 The daily or diurnal biological clock in mammals is set by the eye. Light 

falling on the retina stimulates the optic nerve, which imparts a periodicity 

to cells in an area of the brain called the hypothalamus (Berson et al. 2002). 

In the hypothalamus, these pacemaker cells reside in an area called the su-

prachiasmatic nucleus (SCN) and are synchronized into integrated rhythms 

by so-called  clock genes . Clock genes are activated regularly, and their mes-

senger RNA encodes for proteins that coordinate the electrical oscillations of 

hundreds of neurons (Yamaguchi et al. 2003). 

 Clocks also exist in other mammalian cells, including those of the car-

diovascular system (Young 2006). These clocks are not fully understood, but 

they do regulate blood pressure and other circulatory functions. A mutation 

that disrupts the heart clock in the mouse slows the heart rate and causes loss 

of normal diurnal variations in cardiac power (Bray et al. 2008). Such mice 

also exhibit changes in the expression patterns of hundreds of cardiac genes 

involved in cell regulation, protein synthesis, and metabolism. 

 The cardiac clock, it seems, is anticipating circadian differences in physical 

work and is thereby tuning its responses to its environment. The circadian 

rhythms adjust an organism’s metabolic activity to its behavior at a particu-

larly advantageous time of day. And these rhythms are required to learn to 

 anticipate  by incorporating local time and the behavior of the internal clock 

into learning and memory. 

 Diurnal as well as seasonal light cues are involved in the regulation of 

sleep-wake cycles, appetite, immune function, psychomotor performance, 

and endocrine function in people. Often, even normal gene expression 

and other basic biochemical processes show predictable diurnal variations 
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 (Merrow et al. 2006). Loss of these cues affects fi tness in space just as it does 

in unusual environments on Earth. 

 Most of us are fully cognizant of the effects of sleep deprivation, jet lag, 

and rotating work shifts. They affect our sense of well-being and our perfor-

mance, but most importantly, the disruption of biorhythms contributes to 

diseases ranging from obesity to heart attacks. In astronauts on short mis-

sions, these rhythms are reasonably well maintained despite the twilight on 

the spacecraft. However, astronauts usually only sleep about six hours a night 

and eventually show signs of sleep deprivation. After about three months in 

space, the natural circadian rhythms tend to dampen out, but the reasons for 

this and their implications are unknown. 

 A question for Mars planners is how careful to be in maintaining normal 

daily rhythms on the mission. Once there, a Mars day is only about forty 

minutes longer than an Earth day, but Martian light levels are lower. Clock 

biologists don’t know how this will affect the crew on a multiyear stint on the 

Red Planet, but by ignoring chronobiology, we may literally let the clock tick 

toward poor decisions, poor performance, disruptive behavior, or the emer-

gence of disease. Our knowledge of biological rhythms is not yet suffi ciently 

grounded to perceive the implications of this clearly. 
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 1 1 .  T H E  C A S E  F O R  M A R S 

 The title of this chapter echoes a series of symposia as well as 
Robert Zubrin’s (1996) intriguing book. Zubrin and like-minded people 

are highly vocal about their view of Mars exploration: within a decade, they 

claim, current technology could carry us to Mars. Diametrically opposed are 

the folks who say that sending robots is cheaper and safer, especially since it 

is looking more likely that there has never been life on Mars. But here again 

we see the unnecessary dichotomy between man and machines. 

 Mars activists argue that the so-called Siren of the Moon has seduced 

NASA into ignoring the Red Planet. They see Mars as an interesting place 

and the Moon as dull, barren, inhospitable, and of little scientifi c or practical 

value. This faction includes Zubrin, whose credibility is bolstered by a pro-

fessional background in aerospace engineering. Yet his so-called Mars Direct 

mission is no closer to reality than when it was fi rst proposed in the 1990s. 

His analysis, although visionary, had some fl aws, and even NASA’s new fi rst 

Mars mission, penciled in for 2035, won’t happen unless our propulsion, 

power, and surface technologies are an iteration beyond the systems being 

prepared for the next twenty years. It is sobering to look over the two-page 
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list of new technologies required for Mars outlined in the NASA 2011 HEFT 

report. 

 A journey to Mars is no voyage in a sailing ship on the high seas; it is more 

like Magellan circumnavigating the globe in one ship—with only an airless 

Antarctica from which to replenish his stock and make repairs to his ship. Ma-

gellan, fi ve ships, and 270 men left Seville; three years later, one ship, the  Victo-

ria , and eighteen debilitated men returned—sans Magellan. Over 90 percent 

of the crew was lost, and  Victoria  barely made it. Such a “success” on Mars 

would shut NASA’s exploration-class missions down for the rest of the century. 

 Robotic probes have been steadily accumulating more data about Mars. 

In doing so, Mars has begun to seem less exotic—and less hospitable—than 

we had hoped. The case for Mars has slowly lost steam as it has become clear 

that traveling millions of miles in deep space, landing on another large planet, 

and coming home again comes with higher risks and higher costs than we 

can handle right now—regardless of the payoff. 

 The idea of getting there and back quickly has much to recommend it 

because it reduces the periods of discrete risk for radiation, weightlessness, 

and life-support malfunctions. This means waiting until the travel time is 

 short enough , but no one yet knows how short is enough, or how to shorten 

it. And really fast travel depends on advanced engine designs that are still on 

the NASA drawing boards. It is not clear how expensive or how successful 

these will be in the long run. 

 Chemical rocket engines are hampered by a low effi ciency, or a low  specifi c 

impulse . Specifi c impulse is measured by how long a pound of fuel will pro-

duce a pound of thrust. For instance, the Space Shuttle’s main engine had a 

specifi c impulse of about 450 seconds. With enough fuel to get to Mars, this 

engine would get us there in six months. In principle, advanced solar elec-

tric or nuclear electric drives could cut this travel time signifi cantly. It may 

also be possible for the ship to accelerate and decelerate for enough of the 

trip to produce artifi cial gravity in the cabin, which would ameliorate some 

of the detrimental effects of weightlessness. The idea of generating gravity 

on interplanetary missions, which makes the spacecraft harder to control, 

is unpopular with aerospace engineers, but it may be necessary for medical 

reasons. The problem with bone loss has already been emphasized, but there 

is also evidence that the “puffy-face bird-leg syndrome” is not as benign as I 

earlier led you to believe. The facial swelling from the cephalic fl uid shift in 

astronauts caused by exposure to microgravity is regularly accompanied by 
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swelling of the optic discs, called  papilledema . The optic disc is the round area 

at the back of the eye where the optic nerve, which carries visual information 

to the brain, enters the retina. Since the skull is closed, moderate increases in 

the pressure inside it can cause the optic nerves to swell, affecting the vision. 

Indeed, about a third of the astronauts on short missions and two-thirds on 

long missions actually experience decreases in visual acuity that may persist 

for years after the fl ight (Mader et al. 2011).  

 It is thought that swelling of the face and neck slightly obstructs the drain-

age of venous blood from the brain, leading to mild but prolonged increases 

in intracranial pressure. In this setting, bulging of the optic nerve or fl atten-

ing of the eyeball may permanently and progressively affect the astronaut’s 

eyesight. If so, you can expect to see partial gravity on manned spacecraft to 

Mars and beyond. 

 The idea of a premission to one of Mars’ moons, Deimos or Phobos, has 

also become popular, and NASA fi rst sponsored a workshop on this plan in 

2007. There is a case for using the more distant Deimos, which has a nearly 

“geocentric” orbit, as an observation post. Its small size (less than ten miles 

across) has the advantages and disadvantages of working in microgravity, and 

its low density suggests an abundance of water ice or dry ice. Phobos is the 

larger and closer of the two, but it is still tiny (28 km in diameter). It revolves 

around Mars every 7.5 hours and is a mere 5,800 miles above Mars, and the 

views would surely be breathtaking. There would be much to learn about 

Phobos, whose origin as a moon is quite perplexing, but imagine going the 

entire way to Mars without actually landing on it! My friend “Q” has likened 

this to kissing his sister. 

 I have tiptoed around the issue of getting the crew off the planet for their 

return journey because it is a big problem for experienced engineers. The 

Apollo approach is attractive because it worked, except that the escape veloc-

ity for Mars is a daunting 11,250 mph (5.03 km /sec). Mars has 38 percent of 

the gravity of the Earth, and it retains a wafer-thin atmosphere. The planet’s 

atmosphere does create drag, and some winged fl ight is theoretically possible. 

Again, the aerospace engineers are working on some options. 

 If history is any indication, the 2035 target date will slip, but the amount 

of slippage will depend on what we do with our new SLS. If NASA is not en-

gaged on the Moon but busily chasing asteroids, we should not be surprised 

when China lands on the Moon, develops the necessary surface technology, 

and then takes it to Mars before we do. It is also conceivable that the fi rst 
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Mars mission will be privately funded, but the approach most likely to suc-

ceed is the development of focused partnerships among the invested nations 

and the aerospace industry. 

 Distance aside, Mars has one big advantage over the Moon: large areas of 

water ice, particularly at the poles. Its other advantages are less critical, such 

as more O 2  in the soil, a twenty-four-hour day, an atmosphere, and better 

temperature stability. The amount of sunlight for power, although not up to 

the lunar level, is adequate. 

 As the complexity of the cosmic radiation issue has become clear, it has 

also made NASA scientists increasingly nervous. NASA is working on shield-

ing strategies, but it has not yet decided on what to do. New lightweight ma-

terials, water, and magnetic shields generated by portable electromagnets are 

under investigation. 

 The magnetic shield is based on a strategy originally proposed for Apollo, 

and it might be done with a reasonably small electromagnet that could fi t 

aboard a Mars spacecraft (Chown 2010). But before sending people to Mars 

on an electromagnetically shrouded ship, the idea would have to be tested 

outside the Van Allen belts with a working prototype, for instance in lunar 

orbit or on the Moon. If it works, another twenty years might see us on Mars, 

after upgrading the transportation technology currently in the works. 

 Portable magnetic shielding for a lunar habitat may be effective, although 

expensive, but locating a habitat on the Moon or Mars, where there are al-

ready minimagnetospheres, would be less expensive. Several such naturally 

protected areas are known on the Moon, probably the remnants of ancient 

cataclysmic magnetizing events on the lunar surface, and some are up to one 

hundred kilometers wide. 

 When Zubrin   wrote  The Case for Mars  in 1996, he also understood the 

importance of establishing an advance habitat well before the mission leaves 

Earth. His rationale was fuel, life support, and safety, as well as cost. Despite 

the lead time, this part of his plan is compelling because getting off Mars 

is no picnic. NASA engineers are working along the same lines but are less 

enamored with setting up a refueling station on Mars for the return fl ight. 

 The Mars habitat would be stocked with O 2 , water, food, and other re-

sources for the crew for eighteen months. The crew would explore the region, 

maintain the habitat, and learn to deal with the human health issues. These 

issues epitomize the challenges of   staying there. 
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 THE WEATHER FORECAST 

 Martian climate and weather are also genuine concerns (Leovy 2001). Mar-

tian dust storms are formidable, sometimes global events that can greatly 

diminish the sunlight at the surface for long periods. Some of the most spec-

tacular events originate in the southern hemisphere, in the Hellas Planitia, a 

massive impact basin covered in red dust. On the other hand, the atmosphere 

offers an alternative source of power: wind. 

 The pressure of the Martian atmosphere is less than 1 percent of that of 

Earth at sea level, about six mbar (4.57 mmHg or Torr). Like the Earth, baro-

metric pressure falls with altitude, and at the summit of Olympus Mons, the 

pressure is less than one mbar. At the bottom of Valles Marineris, four miles 

deep, it may be ten mbar. The composition of the atmosphere, as measured 

by the Viking spacecraft in 1976, is 95.3% CO 2 , 2.7% N 2 , and 1.6% Ar. There 

are traces of O 2  (0.15%), carbon monoxide (0.07%), H 2 O (0.03%), methane, 

and other gases. 

 Although the atmosphere is mostly CO 2 , it is too thin to produce more 

than a weak greenhouse effect. The average temperature on the surface of 

Mars is only 5°C higher than it would be with no atmosphere at all, and the 

planet is as cold as Antarctica. For the human explorer on Mars, a continuous 

source of power will be just as critical as it at the South Pole. 

 Just like the Earth, the temperature on Mars varies with altitude, latitude, 

and season (Hess et al. 1979). Martian temperatures resemble our terrestrial 

deserts but with greater diurnal and seasonal variations because of the low 

barometric pressure and the absence of the moderating effects of our oceans. 

Atmospheric pressure on Mars increases as much as 25 percent in the sum-

mer because CO 2  sublimates at the poles (Malin et al. 2001). Moreover, the 

planet’s axial tilt and orbital eccentricity, major determinants of the seasons, 

are greater than ours. Mars’s tilt is about 25 °  compared with our 23.5 ° , and 

the distance between Mars and the Sun can vary by as much as twenty-six 

million miles, an orbit fi ve times as eccentric as Earth’s. 

 The atmospheric temperature on Mars changes daily by about 60 ° C com-

pared with 30 ° C on Earth. At the poles, the daily surface temperature fl uctua-

tion is 90 ° C, while here, even in Antarctica, it is less than 50 ° C. NASA’s explo-

ration rovers confi rmed the large seasonal and diurnal temperature variations 

at two locations, including near the equator (fi gure 11.1). 
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  FIGURE 11.1.    ATMOSPHERIC TEMPERATURE ON THE SURFACE OF MARS MEASURED 
AT 2 ° S LATITUDE. 
 Temperatures for a Martian year (687 Earth days) are on the top axis of the large graph. Air tem-
peratures on the Antarctic plateau on Earth at 80 ° S latitude are plotted for 2003 on the bottom axis 
for comparison. The small graph at the right shows typical daily temperature fluctuations one meter 
above the surface for a six-day period near the equator. 
  Source : Courtesy JPL, Pasadena, Calif. 

 The search of the rugged terrain for future robotic and human landing 

sites and for niches for extremophiles has detected ancient hydrologic activity 

on Mars’s surface. Mars was once covered by fairly deep seas, as evidenced 

by the extensive sulfate deposits and the famous “blueberry fi elds”—hema-

tite spherules— discovered by the Mars rovers. These concretions represent 

gradual precipitation of the mineral out of aqueous solution and, in some 

places they cover thousands of hectares (Moore 2004). 

 A lot of attention has been given to Earthlike topography in the search 

for past riverbeds, lake sites, and springs. However, even crater rims and ex-

humed joints and faults show evidence that subterranean liquid once cir-

culated there (Okubo and McEwen 2007). Layered deposits show signs of 

bleaching and cement formation probably refl ecting the periodic fl ow of re-

ducing and oxidizing fl uids, similar to those found on Earth. These sites may 

have persistent subsurface water that would be useful to human explorers for 

practical and scientifi c reasons. 

 Yet most of the water on Mars is contained in frozen deposits at the poles, 

layered beneath caps of dust and dry ice—most prominently at the southern 

pole, which covers an area larger than Texas (Bandfi eld 2007). In 2007, these 

deposits were mapped by radar on the  Mars Express Orbiter , and the echoes 
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suggested that the intervening layers contain approximately 90 percent water-

ice perhaps up to 2.3 miles (3.7 km) thick. If this is correct, the southern 

pole contains enough ice to cover the planet’s surface with water thirty-six 

feet (11 m) deep. This ice, however, is extremely cold—winter temperatures 

at the Martian poles fall below that which causes CO 2  in the atmosphere to 

precipitate as dry-ice snow. 

 The Martian water and dry-ice cycles, fi rst detected many years ago, were 

confi rmed by the  Phoenix  lander before it was frozen during the Martian 

winter (Hand 2008).  Phoenix  had detected a moderately alkaline soil (pH 7.7) 

highly enriched in salts of perchlorate (ClO 4 
−), including magnesium and 

calcium perchlorate (Hecht et al. 2009). These salts are highly desiccating, 

but the soil neither prohibits nor promotes life as we know it. There are a few 

types of anaerobic bacteria capable of harvesting energy from the perchlorate 

molecule, but perhaps most importantly, the  Phoenix  data confi rmed abun-

dant O 2  in the soil of Mars. 

  Phoenix  also found evidence of water in the Martian microenvironment, 

mostly in the form of hydrous phases or minerals (Smith et al. 2009). It is 

not clear how much water is absorbed or exists as ice cement in soil inter-

stices during local changes in weather. Indeed,  Phoenix  found that high cirrus 

clouds (~4 km altitude) and ice precipitation (snow) allow water exchange 

between the atmosphere and the ground (Whiteway et al. 2009). 

 The water cycle on Mars is unusual compared with that of Earth. The 

atmospheric pressure on Mars is so low that liquid water exists only in the 

range of temperatures between 0 °  and 10 ° C. To understand this, we need 

a bit of chemistry and some meteorological information. Because of Mars’s 

CO 2  atmosphere and eccentric orbital mechanics, there are large variations 

in the amounts of dry ice and water at the poles throughout the year (Byrne 

and Ingersoll 2003). Like the Arctic, the Martian poles recede in summer and 

expand in winter. Also, CO 2  and water molecules go through phases of gas, 

liquid, and solid, defi ned by the phase diagram and triple point, where the 

three phases meet. These phase diagrams are shown in fi gure 11.2. 

 On Earth at sea level, liquid water exists in the range of 0 to 100 °  C. The 

triple point, where liquid water, ice, and water vapor converge, is at 0.01 ° C 

and 6.1 mbar (0.06 atmospheres). This is close to the atmospheric pressure 

and surface temperature of Mars, but since the surface is usually colder than 

0 ° C, water exists primarily as ice or as water vapor, and ice sublimates into 

the atmosphere. This is why water clouds appear in the Martian atmosphere 

and ice is found on the ground but liquid water is hard to fi nd. 
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  FIGURE 11.2.    THE CHEMICAL PHASE DIAGRAMS FOR CARBON DIOXIDE (CO 2 ) AND 
WATER (H 2 O) AT THE TEMPERATURES AND ATMOSPHERIC PRESSURES OF MARS AND 
EARTH. 
 The Y-axis is a log scale. The boundaries for the three major phases of each ice, liquid, or vapor 
are indicated by dashed lines. The average temperatures and pressures on the two planets are the 
round spots. Water can exist naturally in all three phases on Earth but mainly as ice or water vapor 
on Mars because of the low atmospheric pressure. Water on Mars behaves like dry ice, and it boils 
at 10 °  C (50 °  F). Only in the narrow range between 0 and 10 °  C (see solid triangle) is water liquid 
on Mars. 

 Water on Mars thus behaves like dry ice (CO 2 ) on Earth. CO 2  on Mars, be-

cause of the lower atmospheric pressure, sublimates (ice to vapor) at −130 ° C, 

compared with −78.5 ° C on Earth. The dry ice/water ice mixture at the Mar-

tian poles is thus colder than South Pole ice, and it would require a lot more 

heat to melt it to recover the water. This is one reason why a warmer spot 

than the poles is desirable for a Mars base. 

 Martian soils have a high salt content, which depresses the freezing point 

of water perhaps by 60 ° C or more, which could allow liquid brines to exist in 

some areas. In the mid-latitudes in the Hellas region,   there are   deposits with 

radar properties consistent with massive water-ice structures that may be 

debris-covered glaciers. Mid-latitude glaciers may have formed during previ-

ous climate cycles that were more conducive   to glaciation and may   represent 

signifi cant amounts of nonpolar water ice on   Mars (Holt et al. 2008). 
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 Mars’s greenhouse effect, unlike the Earth’s, is infl uenced more by its red 

dust than by CO 2 . At the end of the twentieth century, the brightness or 

albedo of Mars decreased, and the darkened southern highlands began to ab-

sorb more sunlight, causing Mars to warm slowly. A simulation of the  planet’s 

climate suggested that the mean atmospheric temperature increased by 

0.65°C between 1976 and 2000 (Fenton et al. 2007), although to just −77 ° C 

(196 K). The warmer summer temperatures at high southern latitudes could 

be helping the steady retreat of the south polar ice escarpment, which has 

been underway since at least 2000. 

 The redistribution of dust by the wind causes large areas of Mars to darken 

or brighten. The exposure of dark bedrock by the movement of brighter dust 

into small depressions contributes to the surface darkening. Dark surfaces 

enhance the processes that raise dust and lead to further darkening, thus sus-

taining the cycle of warming. 

 Some Mars experts think that one thousand years from now the mean 

atmospheric temperature might naturally reach −50 ° C, causing polar CO 2  

to sublimate and triggering further warming. This would leave mostly water 

ice at the poles. On the other hand, warming would increase wind speed 

and perhaps cause refl ective dust to remain airborne longer, counteracting 

the warming trend. In other words, Mars, like Earth, is undergoing climate 

change, but planetary scientists do not know whether or not it will become a 

more temperate place. 

 Based on the distance and time in space, I have emphasized missions that 

put astronauts on the planet for eighteen months. The long length of stay 

and narrow departure windows are dictated by Earth-Mars orbital mechan-

ics. The crew cannot simply leave whenever they want because they must 

conserve fuel and time in space. Eventually, O 2 , water, and food must be 

produced on Mars, at temperatures comparable to Antarctica’s. The longer 

the crew remains on Mars, the longer it must depend on vital surface tech-

nologies and the more likely it is that someone will have a serious injury or 

illness requiring, for example, a major operation. 

 SURFACE TIME 

 The conjunction mission minimizes time in space and maximizes time on 

the surface of Mars. A  fast transit  means the astronauts spend less time in 
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 microgravity and receive less cosmic radiation. The cumulative dose of ra-

diation is reduced because more time is spent under the thin but protective 

umbrella of Mars’s atmosphere. Despite its greater distance from the Sun, 

radiation is more intense on Mars than on Earth because of Mars’s weak mag-

netic fi eld. Also, high-energy cosmic particles easily pass through the thin 

atmosphere, heavily exposing Mars’s surface to GCR and SPE. This means 

more secondary products are generated in the atmosphere and by interac-

tions with minerals on the surface. 

 The atmosphere does defl ect and attenuate some charged particles and 

provides better radiation protection than the Moon (Rapp 2006). The bad 

news is that many secondary neutrons are produced by cosmic rays that hit 

the ground. For low-energy GCR, more neutrons are propagated backward 

from the ground than are produced in the atmosphere. During a massive 

SPE, even high-energy neutrons may propagate as much radiation from the 

ground as from the atmosphere. Mars’s radiation levels therefore vary greatly 

with the cosmic ray fl ux, atmospheric conditions, and the type of surface ma-

terial. This makes the radiation dose on the surface diffi cult to estimate, and it 

varies from region to region. The average astronaut in a typical spacesuit at the 

equator would get roughly one hundred times more radiation than on Earth. 

 Although the Martian atmosphere, just like the Moon, contains virtually 

no O 2 , there is plenty of O 2  locked in the soil (Yen et al. 2005). The soil is rich 

in iron oxides and sulfur dioxide, especially hematite (Fe 2 O 3 ) and olivine (Mg, 

Fe 2  SiO 4 ). Other metal oxides, such as aluminum, calcium, and titanium, are 

abundant too. As with lunar soil, O 2  can be released fairly simply by heating 

in the presence of a catalyst. Developing a simple technology to harvest and 

store O 2  in quantity from Moon resources is crucial to the exploration of Mars. 

 The use of greenhouses to harvest O 2  on Mars requires the establishment 

of a large biomass, so green plants at fi rst would decorate the Martian dinner 

plate. The creation of greenhouse and soil processing systems that extract O 2 

 and add nitrogen for plant growth could provide two sources of O 2 , and a 

safety margin. The development of surface soil science and a plant-growth 

facility (SPGF) are the next steps in sustainable bioregenerative life support, 

and these would actually be easier on Mars than on the Moon because of the 

former’s relative abundance of CO 2  and water. There are also technologies for 

making artifi cial soils from lunar and Martian regolith minerals. 

 SPFG construction is a challenge to materials science because the structure 

would need translucence, great strength, and durability, taking into account 
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mass, volume, power, water, and maintenance requirements. Greenhouse 

mass can be reduced by infl ating fl exible or semirigid structures with CO 2  to 

a slightly greater pressure than the Armstrong line (plants will desiccate in a 

near-vacuum, too). A bit of O 2  can be bled in until photosynthesis generates 

enough O 2  to support both plants and people (Hublitz et al. 2004). Technolo-

gies already exist for the fabrication of transparent, infl atable domes that use 

both natural and artifi cial lighting to grow plants. 

 A fairly straightforward approach to optimal SPGF horticulture has al-

ready been worked out. The optimal output of edible biomass, called Q max , is 

related to the ratio of crop yield to energy cost. The implication is that food 

production is most effi cient when the crop volume and the energy cost are 

low and the growth period is short. However, artifi cial systems are still inef-

fi cient, which means they require more energy than natural systems. 

 If you are interested in edible biomass, the expression M x EBI 2 / (V x E x T) 

gives you the Q max , where M is the total crop harvest (dry biomass) and EBI 2  

is the edible biomass (index) squared. These variables are multiplied and 

then divided by the product of V (the volume of crop), E (the energy for 

crop growth), and T (the growth period) (Berkovich et al. 2004). 

 The transfer of lunar surface technologies to Mars should be straightfor-

ward. Transferable technologies include habitat structures, tunneling and 

mining equipment, ground transportation, and spacesuit technology (Ya-

ma shita et al. 2006). Regrettably, the atmospheric pressure on Mars is too 

low for humans to do without pressurized habitats and pressure suits, and 

breaches of habitat integrity would cause hypoxia, the bends, and ebullism, 

just as they would on the Moon. Similarly, Mars habitats, vehicles, and space-

suits will intrinsically lose gases that must be compensated for over time. 

 The use of underground tunneling or natural underground structures on 

Mars offers the same advantages as on the Moon for protection from radia-

tion and the retention of heat and atmospheres. NASA has funded the evalua-

tion of this concept for some time, and the approach could be combined with 

situating near magnetic hot spots that limit the average amount of cosmic 

radiation hitting the ground. 

 In short, the initial exploration of Mars will require faster transportation, 

effective shielding and radiation countermeasures, experienced crew selec-

tion, a carefully chosen landing site, and sound surface and subsurface tech-

nologies. The use of localized magnetic hot spots on the planet could provide 

signifi cant shelter from cosmic radiation and would be especially important 

C6029.indb   213C6029.indb   213 10/12/12   9:41 AM10/12/12   9:41 AM



WHERE ARE WE GOING?

214

for the selection of a site for a permanent Mars base. Solving these problems 

by the end of the century might increase the time humans could spend safely 

on Mars to as much as a decade. 

 SUITS AND STRUCTURES 

 The Advanced Development Offi ce at NASA’s Johnson Space Center has been 

working on novel concepts for planetary habitats for years. The habitats and 

spacesuits for Mars may evolve to incorporate different materials,  thicknesses, 

strengths, and thermal properties than used on the Moon, but strong, fl ex-

ible lightweight materials that prove serviceable on the Moon should transfer 

well to Mars. In addition to being lightweight and durable, the structures 

must be easy to install and operate, spacious, and inexpensive to maintain. 

The preferred concept, a preintegrated, semi-hard-shell module set up on 

the lunar surface before the mission crew arrives, would work on Mars too. 

Powered landing systems like the one developed for the  Curiosity  rover could 

be perfected for habitats. Alternatively, soft, self-assembling, prefabricated 

structures could be bounced onto the planet’s surface and deployed or in-

fl ated automatically. 

 Ultimately, structures of indigenous Martian or composite Mars and Earth 

materials will be needed, and the robotic technology for subsurface tunnel 

boring and regolith processing worked out for the Moon would be transfer-

able to Mars with a little modifi cation. Future habitats have also been en-

visioned that would assume certain biological features. These may include 

intelligent self-diagnostic and corrective or repair capabilities or incorporate 

self-renewing biological materials into the structures. 

 The habitat is the centerpiece of Mars exploration, yet the importance of 

ground transportation and spacesuits cannot be overlooked. The procedures 

worked out for habitat entrance and egress and protection from lunar dust will 

be invaluable on Mars. Mars vehicles and spacesuits must have extended capa-

bilities, and for an astronaut to venture any distance from base, both must be 

improved signifi cantly (Harris 2001). A spacesuit has more constraints than 

a passenger vehicle, although hybrids—powered suit systems—similar to 

the extravehicular mobility unit (EMU) used in LEO are a good bet for Mars. 

 Today’s EVA suits are limited not only by mobility but by mass and size. 

A Mars suit will be smaller, lighter, more fl exible, and have a lower center of 

gravity than a traditional suit while still offering durable protection against 
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the environment, particularly dust. This also applies to accoutrements such 

as inner garments, helmets, visors, and gloves. 

 A pressurized, puncture-resistant, self-contained Mars suit is critical be-

cause the atmospheric pressure on Mars is far too low to relax suit stringency. 

Unfortunately, notions of elastic body suits and pressurized O 2  masks are 

physiologically untenable. The Armstrong line of Earth’s atmosphere is an 

order of magnitude higher pressure than the Martian atmosphere. Just like 

today’s suits, Mars suits will be called on to eliminate CO 2 , regulate tempera-

ture, provide O 2  and H 2 O, and contain waste. 

 The notion of converting Mars into a planet more suitable to our biology 

is popular in science fi ction because “terraforming” is deceptively simple if 

you overlook the absolute mass and temperature of the planet. Many ideas 

have been put forth, and theoretically, some are possible, but none are tech-

nologically and economically practicable. The atmosphere of Mars is in ther-

mal and chemical equilibrium with the planet’s surface, and over millions 

of years may have settled out at a minimum near the triple point of water 

(6.1 mbar). If so, it may be tough to move it off of its settling point without 

help from the Sun and geological time. 

 Mars’s climate changes naturally because of its axial tilt. When the south-

ern ice cap is exposed to the Sun, enough CO 2  may be released to nearly 

double the atmospheric pressure (Phillips et al. 2011). Martian soils also con-

tain enough CO 2  bound as magnesite (MgCO 3 ) that releasing it could hypo-

thetically increase the planet’s atmospheric pressure to more than two bars 

(1 bar = 0.987 terrestrial atmosphere). The greenhouse effect would push the 

temperature up, but a higher temperature and pressure would increase the 

volume of surface water into which CO 2  could dissolve, which might oppose 

a favorable shift in the atmospheric equilibrium. Some O 2  would also have to 

be released into the sky from soil and later from green plants. 

 Converting the atmosphere from cirrus to nimbus would be a vast under-

taking, but how about increasing Mars’s pressure just enough to get rid of our 

pressure suits? In other words, what would it take to get Mars’s atmosphere 

below the Armstrong line? The line is 62.8 mbar, and the average pressure on 

Mars is 6.1 mbar. Even the tenfold increase in pressure, however, would not 

provide a breathable atmosphere, even with pure O 2  and a pressure-demand 

mask and regulator. 

 An acclimatized Sherpa on Mt. Everest, where the total pressure is 336 

mbar, has an inspired PO 2  without extra O 2  of about 70 mbar, or 11.5 times 

higher than the total pressure on Mars. An Everest mountaineer with extra 
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O 2  has an inspired PO 2  of about 110 mbar, or eighteen times greater than 

the total pressure on Mars. A military pilot’s pressure-demand O 2  mask (de-

signed for 43,000 feet) can be used in an emergency at up to 50,000 feet 

(117 mbar). Thus, depending on the level of acclimatization and the type of 

pressure-breathing system you choose, the pressure on Mars would have to 

be increased 12.5-fold with O 2  to become directly breathable or eighteen- to 

twenty-fold without it in order to breathe with bottled O 2  and a pressure-

demand mask and regulator. Given Mars’s diameter, a breathable atmosphere 

a little over two kilometers thick would fi ll a volume of three hundred million 

cubic kilometers (seventy-two million cubic miles) in round numbers. 

 ONE-WAY TRIPS 

 Mars is far away, cold, and has a minimal atmosphere and a higher radia-

tion profi le than once thought. Astronauts will take great risks getting there 

and staying there. After eighteen months on the planet, they would enter 

their return vehicle, launch it, escape the planet’s gravity, and spend six more 

months in space coming home. It is diffi cult to predict when the technology 

to minimize these risks will become available, and there may not be enough 

information to make an educated guess until well into a new phase of human 

exploration. Alternatively, one might throw caution to the wind and send a 

few old volunteers on a one-way mission to establish a habitat on the planet. 

This idea has been fl oating around for some time, and it is not as outrageous 

as it might seem at fi rst blush. It is more likely, however, to be put into action 

by private rather than government fi nancing. 

 Proposals began appearing in print about 2006 for the one-way, one-

person option, which was proposed by the former NASA engineer James C. 

McLane III, and the “Mars to Stay” mission was pushed by the former Apollo 

astronaut Buzz Aldrin. These bootstrap ideas are designed to reduce the cost 

and boost the speed of settlement of Mars. Traditionally, explorers have 

risked their lives for lower odds, and driven by opportunity, migrants often 

leave home with no intention of returning. As the days of staking a claim for 

church or country are long past, a one-way Mars voyager would obviously 

have an unconventional mindset and be driven by unconventional priorities. 

Only time will tell, but humanity’s fi rst landing on another planet could be 

chronicled by the smartphone. 
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 In thinking this over, it is instructive to review how unmanned Mars 

probes have fared in the past (fi gure 11.3). The history dating to 1960 shows 

steady improvement, but round-trip missions to Mars still have low odds of 

success. Since 2000, one-way lander missions have succeeded about 83 per-

cent of the time, but this will not do for a mission involving people. If the 

one-way success rate is 83 percent, the round trip success rate, everything 

else being equal, would be roughly 69 percent. Recall that the shuttle, over 

thirty years, had a 98.5 percent success rate. The one-way lander information 

does not take into account the time on the planet or the departure from the 

surface.   However, if the one-way success rate could be raised to 98.5 percent, 

there undoubtedly would be a line of volunteers. 

 In a word, I would stress three key ideas about Mars. First, time and distance 

make any Mars mission dangerous, and even a modest risk of failure is unac-

ceptable because it would expose the entire manned space program to being 

mothballed. The loss of a Mars crew would put an end to exploration-class 
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  FIGURE 11.3.    THE ROBOTIC EXPLORATION OF MARS SINCE 1960. 
 The top graph indicates the total number of probes launched from Earth toward Mars in each de-
cade. The bottom graph is the percentage of missions that planners rated as successful. The percent-
age of successful missions has been steadily increasing, but the missions have all been one way. No 
Mars return missions have been undertaken except the 2011 Russian  Phobos-Grunt  mission, which 
failed. The 2008 soft landing of the  Phoenix  lander was the first in thirty-two years and the third in 
history. Mars  Curiosity  is not included. 
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missions for a long time. Thus the fi rst attempt must have a high probability 

of success. 

 Second, paring these risks down requires time, money, and experience. 

The ability to reduce risk is closely connected to a clear understanding of the 

environment, rapid travel times, reliable life support and radiation shielding, 

and thorough contingency planning. Proper timing based on proven equip-

ment is implicit, including prearranged habitats and surface technology. 

 Finally, a successful fi rst mission and important discoveries made during 

it will govern the level of interest in returning to Mars. Mars is not a con-

quest, and a sound scientifi c agenda is essential. The alternative of sending a 

few space cowboys on a one-way trip is not completely out of the question 

for a private venture, or perhaps for China, where failing to “volunteer” has 

inimical undertones. However, the most sensible approach entails the forma-

tion of partnerships among the committed parties. In any case, Mars plan-

ners will know to select a region with the best mission characteristics and the 

best possibilities for groundbreaking science. 

 Although the dream of stepping onto the Red Planet to discover the fi rst 

extraterrestrial microbe or bug is fading, other new discoveries may be just as 

staggering. The planet’s resources are massive and could offer untold benefi ts 

to humanity given the wherewithal to handle the discovery issues as a unifi ed, 

advanced civilization. Imagine your great-great-great-granddaughter Mary 

Esther one day telling her daughter: “Did you know the yttrium and terbium 

in bot-mentor’s lemon-lime sun wings came from the Xenotime Mine in the 

Valles Marineris?” 
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 1 2 .  B I G  P L A N E T S ,  D WA R F  P L A N E T S , 

A N D  S M A L L  B O D I E S 

 We are approaching the point in our technological development 
where large-scale explorations of the Moon and Mars are becoming feasi-

ble twenty-fi rst-century objectives. The outer system, however, is six times 

larger than the inner system, and beyond Mars reside four giants, hundreds 

of moons, and a tapestry of dwarf planets and small solar-system bodies, a 

few of which could be intriguing places to explore. We would need a special 

reason to send people to them, particularly since an entire other world, Mars, 

could preoccupy us for the next fi ve hundred years. 

 For better or for worse, astronomers decided fi nally to defi ne what a  planet  

was in 2006, and we again live in a system of eight planets. A planet was pre-

viously an object in between a moon and a star, but the discovery of Pluto-

sized objects in the Kuiper belt began to cause trouble. Historically, “small” 

objects like Pluto and Ceres have fallen into and out of planetary status for 

centuries, although astronomers knew that planets were really big. The outer 

planets were also distinguishable not just by their overstuffed size but by their 

gaseous natures. 

 In 2006, at the Twenty-sixth General Assembly in Prague, the Interna-

tional Astronomical Union (IAU) made up a new class of celestial object 
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 TABLE 12.1.   IAU 2006 DEFINITION OF A PLANET 

    CATEGORY     DEFINITION     MEMBERS  

Planet A celestial body (a) in orbit 
around the Sun and (b) of 
sufficient mass for its self-gravity 
to make it assume a nearly round 
shape and that (c) has cleared the 
neighborhood around its orbit

Mercury, Venus, Earth, 
Mars, Jupiter, Saturn, 
Uranus, Neptune

Dwarf planet A celestial body (a) in orbit 
around the Sun and (b) of 
sufficient mass for it to assume a 
nearly round shape but that (c) 
has not cleared the neighborhood 
around its orbit and (d) is not a 
satellite

Ceres, Pluto, Eris, 
Makemake, Haumea 

Small solar-system 
bodies

All other objects orbiting the Sun 
except satellites

Asteroids, comets, most 
trans-Neptunian objects 
(TNOs) 

called “dwarf planet” and relegated Pluto to it. The IAU divided the Solar Sys-

tem’s celestial bodies into three categories:  planets ,  dwarf planets , and  small 

solar-system bodies  (table 12.1). In a nod to Pluto fans, dwarf planets that 

orbit beyond Neptune were named “plutoids.” 

 As a strictly amateur astronomer, I gravitate toward the parsimonious 

view of the astronomer Mike Brown, the discoverer of Eris and other dis-

tant things (Brown 2010). According to Brown, we have learned a lot about 

the Solar System simply by watching how the big stuff behaves: a yellow 

star, four rocky inner planets, an asteroid belt, four gas giant outer planets, 

and a cloud of diverse objects, the Kuiper belt. This makes a lot of sense in 

view of the large number of other planetary systems that have already been 

discovered. 

 The inner and outer systems are separated by a void between Mars and 

Jupiter populated by thousands of remnants of the ancient Solar System, the 

main asteroid belt. Mars, comparable to Antarctica, is balmy compared with 

the objects here. The lowest recorded temperature on the Antarctic plateau 

is −89.5 ° C (−128.5 ° F), or 183.5 K. Ceres is 167 K, Jupiter’s moon Callisto is 

120 K, and Saturn’s moon Titan is 90 K. Uranus’s Shakespearian twins, Oberon 

and Titania, are ~60 K. Neptune’s Triton, the coldest moon of all, is 35 K. Re-

call that liquid nitrogen’s temperature is 77 K; these are cryogenic conditions. 
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 THE TRUTH ABOUT ASTEROIDS 

 Since the other side of the asteroid belt is so prohibitively cold—and because 

NASA has a mandate to visit an asteroid—let’s think asteroids for a minute. 

There are a huge number of them around, and it is important to understand 

the scientifi c implications of such missions. 

 NASA brainstorming about choosing, intercepting, and sampling an as-

teroid has led it to design tethers, jetpacks, bungee cords, and cargo nets. 

Near-Earth asteroids move fast and have almost no gravity. Our would-be ex-

plorers would fl y for weeks or months in a mother ship, drop from a shuttle-

craft, hover just above the surface of the asteroid, and then take samples to 

bring home. The mother ship’s engines, navigation, and shielding would be 

magnifi cent, but the rest of the technology that requires development will be 

expensive, highly specialized, and almost exclusively for use with asteroids. 

 The selection of an asteroid and the timing of the mission are contentious 

mainly because every other interesting place in the Solar System has signifi -

cant gravity and requires vital surface technologies. I had to smile when, with 

a perfectly straight face, NASA’s Near Earth Object program manager Donald 

Yeomans justifi ed this mission to the press: “Every hundred million years or 

so an asteroid six miles wide—the type that killed off the dinosaurs—smacks 

Earth.” 

 In 2011, the asteroid 2055 YU55, a rock the size of an aircraft carrier, did 

come within 202,000 miles of Earth, about three-quarters of the way to the 

Moon. This was the closest approach to Earth of an object of that size in 

thirty years. Had YU55 hit us, it could have created a four-thousand-megaton 

blast on land or a seventy-foot tsunami in the ocean. But are you so worried 

about such a cataclysm that you think it’s worthwhile to rappel onto such a 

rock yourself ? Why not just send a probe of some kind? 

 NASA’s Near-Earth Object Program Offi ce at the Jet Propulsion Labo-

ratory (JPL) in Pasadena was established to detect, track, and characterize 

potentially hazardous asteroids and comets near Earth; hence the NEO ac-

ronym. Once found, an NEO is tracked for a while, and its orbital path is 

predicted. Computer models are then used to calculate the probability of it 

hitting Earth within next few years. The NEO Program Offi ce website offers 

many interesting facts, which are worth a look, but the implications are left 

mainly to the imagination. 
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 Every thousand years or so, a meteoroid the size of an aircraft carrier does 

hit us and causes impact damage to a large area, such as the Tunguska air 

burst in Siberia in 1908. The early detection of such a threat is in our best 

interest, and the options for defl ecting such objects have been studied in 

some detail. NASA experts mention missiles and thermonuclear devices as 

“relatively mature options,” but there is more than a little disagreement here. 

There is no disagreement, however, about human visitors having no role in 

defl ecting asteroids. 

 A small subset of large asteroids passing close to Earth several years before 

the impact might be amenable to a nudge by a robotic gravity tractor placed 

near the asteroid. The presence of the tractor would produce a tiny change 

in the velocity of the asteroid that would be amplifi ed by the gravitational ef-

fects of its fl yby, causing it to miss us the next time its orbit takes it around. 

 The NEO offi ce claims to have accounted for 60 –90 percent of all civili-

zation-wrecking objects, mostly asteroids, but only about 1,300 potentially 

hazardous asteroids have actually be catalogued so far. These objects are at 

least fi ve hundred feet in diameter and pass within 0.05 AU (about 4.65 mil-

lion miles) of Earth. However, the number of NEOs increases sharply as their 

size decreases. We are more likely to be hit by something too small and mov-

ing too fast to be detected in time to knock it off course. People in the path of 

the object, like those living along the track of a hurricane, would have to be 

warned and evacuated beforehand. 

 Recall, too, that the Earth is 70 percent water and that we inhabit less than 

1 percent of its surface, mostly along coastlines. In the worst case, the next big 

meteoroid event would resemble the 2004 Indonesian earthquake and tsu-

nami that killed 230,000 people. If NEO control offi cers stay alert, we should 

have time to move people out of the way and prevent mass casualties. On the 

whole, it seems more sensible to worry about a terrorist with a suitcase bomb 

or a deadly global pandemic than about being hit by a massive space rock. 

 The main asteroid belt does not contain much mass because of the out-

ward migration of the giant planets in the early Solar System. Many asteroids 

were ejected inward and hit the inner planets during the late heavy bombard-

ment 3.9 billion years ago. The evidence is found in the many craters on the 

Moon dating to a relatively short time span 600 million years after the for-

mation of the Solar System (Walsh 2009). A repeat volley of asteroids at this 

point would require a major shakeup of the outer system. 

 The composition of the remaining asteroids is related to their distance 

from the Sun. Astronomers originally typed asteroids by chemical composi-
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tion, using a classifi cation called CSM. Nearly 80 percent are C-type, espe-

cially toward the belt’s outer edge, similar to carbonaceous chondrites. Most 

of the rest, found at a distance of 2 to 3 AU, are stony or S-types, made of 

nickel-iron and iron-magnesium silicates. A few are shiny metallic M-types, 

almost pure nickel-iron. There are overlapping forms and a dozen rarer types 

but all lack precious stones or metals, despite the latest pipe dreams of would-

be asteroid miners. 

 OASIS CERES 

 Since no killer asteroid is threatening us right now and I can’t tell NEOs 

apart, let’s look at the interesting dwarf planet Ceres. Ceres may be useful if 

we ever need a stopover to help explorers cross the asteroid belt, but this is an 

“if ” in capital letters. Regardless, relative to other round bodies in its vicinity, 

Ceres’ characteristics are exceptional. 

 A trip to Ceres is 3.5 times lengthier than one to Mars. Ceres orbits the 

Sun every 4.6 years at roughly 2.76 AU, closer to Mars than to Jupiter. It is 

never closer to us than 160 million miles and always invisible to the eye, but 

it is six hundred miles across and contains one-third of the mass of the as-

teroid belt. Discovered by the Sicilian astronomer Giuseppe Piazzi in 1801, 

it was hailed as a new planet, but soon other tiny planets were found, and 

they all were renamed asteroids. Apart from its upgrade to a dwarf planet, 

Ceres attracted little attention until the Hubble was turned on it, and in 2005, 

something unusual was seen. 

 Ceres’ shape is similar to Earth’s; it too pulled itself into a sphere under 

its own gravity (which requires a diameter of about 250 miles or 400 km). It 

is one of four round objects in the asteroid belt; Pallas, Vesta, and Hygeia are 

the others (McCord et al. 2006). Planetary spheres are oblate spheroids—

fl attened at the poles and slightly fat at the equator. This shape represents the 

equilibrium between the inward force of gravity and the outward push of in-

ternal pressure. The equatorial bulge is caused by rotation. A planetary mass 

is optimally organized for the forces acting on it and is therefore  relaxed . 

Ceres is the only relaxed body in the asteroid belt. 

 Ceres is not homogeneous; it is layered or differentiated (Thomas 2005). 

It has a rocky core and an enveloping water-ice mantle perhaps 100 km 

(62 miles) thick and covered by soot—a dirty snowball. Ceres’ density is 

about 2.1 g/cm 3  and less than Vesta and Pallas, which are rocks. The density 
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of water ice is about 0.94; rock is about 3.5, and most metals around 4.5 g/

cm 3 . Ceres is also more refl ective than its neighbors, refl ecting 11 percent of 

the sunlight that strikes it. This means Ceres is up to 27 percent water. 

 Where did all this water come from, and how has Ceres, with no atmo-

sphere, held on to it for millions of years? The ice should have sublimated, 

but it did not, probably because of Ceres’ solid crust of mineral clays, mostly 

carbonaceous chondrites and saponite from the stellar nebula that formed 

our Solar System. 

 In 2007, NASA’s  Dawn  spacecraft set out to photograph, map, and mea-

sure the gravitational fi elds and density of Ceres and Vesta. Vesta is a quarter 

the mass of Ceres but closer to Earth; it has a geology like the four inner 

planets. Ceres is like the moons of the outer planets. Learning more about the 

differences between the two should tell us more about the transition between 

the inner and the outer Solar System.  Dawn  reached Vesta in 2011, and NASA 

cooked up a “ Vesta  Fiesta” for the kids before the craft moved on to Ceres, 

where it will arrive in 2015.  Dawn ’s novel xenon ion engines and its solar-

powered instruments have been of great interest to engineers, but riding for 

more than eight years on a  Dawn -like ship would kill you from boredom or 

radiation. 

 If you had to go there, you would fi nd resources on Ceres, more fresh wa-

ter than Antarctica has, and room to explore: it has roughly the surface area 

of Alaska plus Texas. It has no atmosphere, and the ship would land easily. 

It also has a low escape velocity, only 0.51 km /sec (~1,100 mph). Ceres gets 

enough sunlight for standard collectors to generate solar electricity, but your 

collector would need to be 7.7 times larger than one on the Moon to generate 

the same amount of power. 

 Ceres has a nine-hour day, and the Sun in the sky, one-third the usual di-

ameter, would rise and set quickly. Ceres is cold, averaging −106 ° C (167 K), 

although it does warm up to −34 ° C (−23 ° F or 239 K) during the day. At sun-

set, the temperature plunges 70 ° C, and the morning (or evening) star, called 

Earth, would be a blue Mars-like orb. You would need a pressure suit, but, 

weighing less than fi ve pounds in its 2.8 percent gravity, you could learn to 

leap four stories. This also means that bone-loss and muscle-atrophy coun-

termeasures are needed. 

 In science fi ction, if you don’t mind meteoroids and cosmic radiation, 

Ceres is the place from which to mine asteroids. The notion of asteroid min-

ing is so prevalent that some think it is inevitable, but the asteroids have a 

combined mass of only about 5 percent of the Moon, spread out over ten 
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times the area of the inner Solar System. It would be impracticable to recover 

much of anything there. Ceres does have magnesium, iron, silicon, ammonia, 

nickel, sulfur, and O 2  but nothing for the prospector more precious than 

peridot. 

 TITAN AND THE GALILEANS 

 The trip from Earth to Ceres took the  Dawn  spacecraft more than eight years, 

and Ceres is less than halfway to Jupiter. If  Dawn  continued on to Jupiter, it 

would add almost eleven years to the trip. Chemical propulsion is too slow 

and ineffi cient for the outer Solar System. Newer electric rockets propelled by 

plasma generate less thrust, but the fuel goes ten times as far (Choueiri 2009). 

Making such technology faster is the work of future aerospace engineers, as 

is determining the routes of travel for which a certain power achieves the 

highest velocity. 

 High-effi ciency routes may exist in a network of virtual “tubes” defi ned 

by the combined gravitational fi elds of all of the objects in the Solar System. 

These gravitational hubs, euphemistically called an interplanetary superhigh-

way, defi ne the system’s gravitational topography, along whose contours fu-

ture spacecraft might operate (Stewart 2006). At the birth of the Solar System, 

the inner planets accreted from solar nebula between the massive gravity wells 

of the Sun and Jupiter. Jupiter is an abortive brown dwarf star condensate 

consisting mainly of the two lightest and most abundant elements in the uni-

verse, hydrogen and helium, in a ratio similar to that of the Sun. It may still 

connect to the inner planets through gravitational zones that could be used 

to boost travel effi ciency to its moons. If so, we might bypass Ceres entirely. 

 The four giants are nothing like the four rocky inner planets. Saturn, also 

made up mostly of hydrogen and helium, is a  gas giant  like Jupiter. Uranus 

and Neptune are  ice giants  made of heavier elements, including carbon, O 2 , 

and N 2 . The size of these planets is defi ned by the tops of their atmospheres, 

since they lack a clear solid surface. Near their centers, the gas becomes 

denser, liquefi es, and then solidifi es. The composition of the cores, except 

for Jupiter’s, whose is of metallic hydrogen, are unknown. The massive grav-

ity and lack of a surface prevent “landing,” unless a gas-liquid interface allows 

for the deployment of a submarine. 

 Approach Jupiter at your own peril, not just for fear of ponderous grav-

ity, lack of a surface, and violent winds, but because the planet’s powerful 
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  FIGURE 12.1.    JUPITER’S MASSIVE MAGNETOSPHERE. 
 The axes are scaled in multiples of Jupiter’s radius (71,434 km), with Jupiter located invisibly at 
the axis crossing. Cross-sections of the main radiation belts are shown by the shaded areas. The 
approximate positions of the four Galilean moons are shown as dark dots. 

 magnetosphere generates intense radiation. Jupiter’s magnetosphere is the 

second-largest structure in the Solar System, after the heliosphere. It trails 

out behind the planet and stretches almost to Saturn. 

 Years ago, it was found that the planet gives off twice as much heat as it re-

ceives from the Sun. Jupiter’s center of liquid hydrogen is in a highly conduc-

tive state, and the planet spins furiously, every 9.9 hours, generating internal 

magnetism and heat. This creates Jupiter’s magnetosphere, a magnetic fi eld 

fi fteen times stronger than the Earth’s, which traps charged particles in toroid 

belts encircling the planet (fi gure 12.1). 

 Jupiter’s big radiation belts have big implications too: they will kill you. 

One belt between the sky and Jupiter’s ring is a fi eld of charged particles 

streaming from Io, while a second belt of neutral particles probably origi-

nates from Europa. The inner belt is ten times the strength of the Van Allen 

belts and generates massive auroras at the poles. The Cassini spacecraft de-

termined that these radiation belts were 2.5 times more powerful than fi rst 

thought. So if you want to see Jupiter, you must pick from its menu of sixty-

three or more satellites. 
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 The four Galileans, Io, Europa, Callisto, and Ganymede, are all interest-

ing, but only Ganymede and Callisto could be visited by people, because Io 

and Europa are too close to Jupiter. All are tidally locked, the same side al-

ways facing Jupiter, just as one side of our Moon faces us. The Galileans ac-

creted from an ancient water-ice-rich skirt gathered around the new planet. 

Other ices are probably not present because the temperatures are a bit high. 

 The water content of the Galilean moons varies with distance from Ju-

piter, possibly an effect of the temperature gradient arising from the heat of 

the planet. Their densities fall progressively, indicating increasing amounts 

of water. Io’s density is 3.5 g/cm 3 , rock and metal, while Europa is 3 g/cm 3 , 

silicates and water. Ganymede and Callisto are just under 2 g/cm 3 , half water. 

 Io is frighteningly close to Jupiter (1.3 times farther than our moon is to 

us); it is a dry hellhole whirling around the planet every 1.75 days. In a space-

suit, you would receive a lethal radiation dose in fi fteen minutes; you might as 

well stand on the melted Fukushima reactor in your shorts. Io is surprisingly 

cold but has local hot spots caused by tidal interactions with Jupiter, Europa, 

and Ganymede. Io’s interior fl exes, generating heat and volcanism and giving 

the moon a thin sulfur dioxide atmosphere. 

 Europa is next, the smallest of the Galileans, 90 percent the size of Se-

lene and with a bit less gravity (13 percent of Earth’s). It orbits at some 

416,900 miles (670,900 km), in a nearly perfect circle, every 3.5 days. A darling 

of science fi ction, Europa has attained superstar status because of its apparent 

subsurface liquid ocean, which engenders speculations of life. This is an as-

tonishing conjecture, given how cold it is and what little knowledge we have 

about the origins of life on our own planet, which has a far warmer history. 

 Nevertheless, a pioneer on the origins of life, the chemist Stanley L. Miller 

(1930 –2007) at the University of California, who earned fame with Har-

old C. Urey, proposed that life could originate in the cold. Miller and two 

colleagues identifi ed a variety of prebiotic building blocks of life, amino ac-

ids and RNA bases, in a dilute cyanide solution frozen away at −78°C for 

twenty-seven years. They felt these compounds could have been produced 

on the primordial Earth by a  eutectic   mixture  of ice, ammonia, and hydrogen 

cyanide (HCN) (Miyakawa et al. 2007). 

 A eutectic mixture freezes at a lower temperature than any of its constitu-

ents. A good example is seawater, which is 0.35 percent salt. As a result, our 

oceans freeze at −2 °  C (28.4 ° F) instead of 0 ° C. The ice crystals are basically 

pure water, which means that microscopic pockets of liquid are trapped at a 

high salt content, allowing certain chemicals to polymerize in the cold. 
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 Miller’s notion was criticized for three reasons. First, as temperature falls, 

chemical reactivity falls; second, cyanide was rare in our primitive oceans; 

and third, polymers trapped in ice crystals probably won’t generate life. The 

idea of a cold start for life on comets or icy moons has especially little to rec-

ommend it from biologists who favor warmth. 

 Europa too is cold; it averages −170 ° C (103   K), and although it has a weak 

magnetic fi eld and a trivial O 2  atmosphere, Jupiter’s radiation belts would 

kill you in a day or two unless your ship punched quickly through the ice to 

fi nd shelter. Cold ice is hard ice, and drilling through it requires high torque 

and power. Europa’s crust is fi ve times thicker than South Pole ice, but you 

would need only to excavate one hundred feet or so to escape the radiation. 

Nonetheless, these conditions may hide Europa’s secrets for a very long time. 

 Europa, like a terrestrial planet, is an onion, and its density and topogra-

phy suggest that the ocean sits 15 km (~9.5 miles) below the crust. The crust 

fl oats, and the high pressure causes the water to freeze at a lower temperature. 

The ocean could be stabilized by tidal heating and a high salt content. If 

so, Europa has the mightiest ocean in the Solar System (62 miles or 100 km 

deep). In Antarctica, deep ice covers Lake Vostok and other fresh-water lakes 

that could contain ancient microbial life, but that life could not have evolved 

there. Moreover, the Russians spent more than twenty years drilling through 

a mere 2.3 miles of ice to get a sample of Lake Vostok’s water in 2012. Eu-

ropa’s benthos is similarly frigid, and life could probably evolve only in the 

warm chemistry possible around undersea volcanic cones and vents, if they 

exist. 

 Ganymede is another darling of science fi ction. The largest moon in the 

Solar System, Ganymede is bigger than Mercury (5,262 km or 3,270 miles 

in diameter), but it has a gravity comparable to our more compact moon. 

Ganymede orbits Jupiter weekly at about 1,070,000 km (~665,000 miles), 

where it is safer, and radiation could be avoided in underground habitats on 

the side facing away from the planet. This would kill the view, but at least you 

would not die a victim of Jupiter’s dynamo. 

 Ganymede’s density, gravity, and tectonic features suggest three layers: a 

hard core, a slush rind, and a frozen skin. Ganymede has a weak magnetic 

fi eld entwined with that of Jupiter’s, probably generated by a metal core, as 

well as a trace O 2  atmosphere produced when water in the crust is split by 

cosmic rays. The hydrogen is lost to space, while the oxygen remains. Gany-

mede is cold (109   K), and its ocean, if liquid at all, is farther below the crust 

than even Europa’s. 
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 Callisto is NASA’s choice for human exploration because it is just out-

side the Jovian radiation belts, and it has ample water (Troutman 2003). A 

shielded astronaut could walk on the surface. Callisto is a shade smaller than 

Mercury (4,820 km) and orbits Jupiter every sixteen days at roughly 1.88 

million km (1.17 million miles). It is darker and absorbs more sunlight than 

Ganymede, making it slightly warmer. It has a thin CO 2  atmosphere, perhaps 

indicating dry ice on the surface. The crust may be 150 km (93 miles) thick 

but may still harbor a salty ocean. 

 It is not clear why NASA scientists like Callisto so much, other than as a 

place from which to launch people farther into the outer system. At 13 per-

cent  g , its escape velocity is similar to that of the Moon. Jupiter’s gravity could 

also help hurl a ship home or onward toward Saturn. 

 The orbits of Jupiter and Saturn are 4.3 AU apart, roughly the distance 

from here to Jupiter. Our  Dawn -like xenon ion drive ship would take nine-

teen years to go from Callisto to Saturn’s Titan. From Earth, this is nearly 

eighteen Mars trips. 

 It would also be ill advised to approach Saturn too closely, for it too has a 

large magnetosphere. Saturn’s magnetosphere is one-fi fth the size of Jupiter’s 

and similar in strength to our magnetosphere. It has two belts, the main and 

the so-called new, discovered by  Cassini  in 2004. These belts are interrupted 

by the magnifi cent rings, 170,000 miles across, pieces of ice ranging in size 

from grains to massive boulders. Like Jupiter, Saturn has many moons, but 

mighty Titan comprises 95 percent of the total mass of the moons. 

 Of Saturn’s seven major moons, fi ve are as big or bigger than Ceres, but 

only Iapetus and Titan are a safe distance from the planet and its magneto-

sphere. Titan is the second largest moon in the Solar System—also larger 

than Mercury. It orbits Saturn every sixteen days at 758,000 miles (~1.22 mil-

lion km). Saturn would appear roughly ten times as large as the Sun does 

from here and the Sun roughly ten times as small. 

 Titan has an atmosphere denser than our own, with a surface pressure of 

1.47 bars; it is 98 percent N 2  and smoggy. The smog is from methane and 

other hydrocarbons, and it acts as a radiation shield, but it also has an anti-

greenhouse effect, lowering Titan’s temperature by refl ecting sunlight away 

from the surface. Its temperature, colder than Saturn and confi rmed in 2005 

by  Cassini - Huygens , hovers near 94 K (−179 ° C). 

 The density of Titan’s atmosphere is high in part because of the cold, but 

it is still remarkable, considering that Mars has much stronger gravity. The 

atmosphere also contains argon, and the Ar 40  isotope indicates that Titan’s 
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interior is warm, insulated perhaps by layers of methane and water ice that 

trap heat generated by Saturn’s tidal forces. This could explain the volcanoes 

belching ammonia and methane, an important source of the atmosphere. 

 Titan was once thought to be covered by vast oceans of liquid methane, 

but astronomers now report broad sandy plains rich in organic tars called 

tholins and interspersed with liquid methane lakes. The plains are ridged in 

parallel and probably formed by atmospheric winds generated by Saturn’s 

tidal forces (Lancaster 2006). 

  Huygens  and  Cassini  provided evidence of two big hydrocarbon lakes on 

Titan in the high latitudes near the northern pole (Owen 2005). One mea-

sures some 100,000 square km (39,000 square miles), larger than any of the 

Great Lakes and comparable in size to the Caspian Sea. The other is larger 

than Lake Superior. Their properties suggest liquid “seas,” and given Titan’s 

atmosphere and temperature, they are likely mixtures of methane and ethane. 

 There is water on Titan too, but it is frozen at low temperature, so it is 

methane that cycles through Titan’s atmosphere much like water does on 

Earth. The cycle exists because Titan’s surface temperature of 94 K (−179 ° C) 

is between methane’s melting (90 K; −182.5 ° C) and boiling (112   K; −161 ° C) 

points. This makes possible liquid methane rain. Precipitation has been ob-

served in Titan’s atmosphere by telescopes on Earth (Ádámkovics et al. 2007). 

As Titan rotates, the opacity of the troposphere measurably increases on the  

 morning side of the leading hemisphere, where methane clouds condense to 

produce methane drizzle. 

 The moisture localizes to the equator over Titan’s bright continent,   Xan-

adu, and there, as dawn emerged, depending on the temperature and the 

humidity, you would be shrouded in cold methane rain for up to three Earth 

days. Like Earth, the rain would be infl uenced by topography and winds, akin 

to tropical systems on Earth. However, the clouds are thin, and models sug-

gest misting, droplets of perhaps 0.1 mm, whereas a spring squall in Georgia 

produces raindrops ranging from 0.4 mm to 5 mm in diameter (Uijlenhoet 

et al. 2003). 

 An outpost on Titan would need nonsolar power far beyond twenty-fi rst-

century technology. The sand ridges suggest that wind power on Titan could 

be more effective than on Earth, because Titan’s atmosphere is 50 percent 

denser than ours. However, Titan’s winds measured during the  Huygens  de-

scent were weak, in the range of one meter per second (~2.3 mph) (Bird 

et al. 2005). 
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 Although Titan’s protective atmosphere, ample water ice, natural gas, and 

other resources may seem tempting, Titan is not really a mini proto-Earth; it 

is so primitive that it is of no practical use unless it becomes the last resort of 

refugees from a roasting Sun. 

 MOONS OF THE ICE GIANTS 

 At Uranus and Neptune, things get even more diffi cult. Apart from Jupi-

ter’s dynamo, I disregarded cosmic radiation because at these distances and 

travel times, the ALARA principle breaks down; adequate shielding is the 

only option. Getting to Uranus, nineteen AU away, using our xenon ion drive 

would take another thirty-eight years. To avoid having to commit your great-

grandchildren to space, let’s switch from  Dawn  to a  New Horizons – like ship 

that could reach Jupiter in a year. Saturn would then be two, Uranus four, 

and Neptune six years in deep space. Still, the shielding would have to be 

almost perfect. 

 The radiation is rivaled only by the cold, and as it gets colder, power re-

quirements go up. The enormous electromagnetic dynamos of Jupiter and 

Saturn could hypothetically one day see a technology that could harness 

it, but capturing planetary radiation is only part of the solution; only giant 

robots could put the collectors in place and maintain them. Tapping into 

 Jupiter’s or Saturn’s magnetosphere could be a huge boon on Callisto or Ti-

tan, respectively, but the technologies won’t work at Uranus and Neptune. 

The twins have magnetic fi elds but not the formidable dipoles of Jupiter and 

Saturn (Stanley 2004). 

 Uranus and Neptune are each about four times as large as the Earth; Ura-

nus is a bit larger, but it is less dense than Neptune. They are shrouded by 

hydrogen, helium, and a little methane, but like Jupiter and Saturn, they 

probably lack discrete surfaces. The moons are potentially more interesting, 

but they are colder than Titan, with no smog. Uranus’s twins, Oberon and 

Titania, and Neptune’s Triton are colder than liquid nitrogen. 

 Room temperature is 293 K (20 ° C), but Triton is 35 K. It is informative 

to see how much heat is needed to raise the temperature of ice on Triton by 

one Kelvin (1 ° C). The specifi c heat of ice is approximately 2,100 joules/kg K; 

thus, to bring a kilogram (2.2 lbs.) of ice from 35 K to its melting point, 0 ° C 

(273 K), we must add 500,000 joules of energy. Recall that  New Horizons  left 
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Earth with a radioisotope thermoelectric generator (RTG) that at Neptune 

will put out two hundred watts of power. At 25 percent effi ciency, this would 

melt a kilogram of Triton’s ice in four hours. 

 Some of this H 2 O must be split by electrolysis to make O 2 . Another back-

of-the-envelope calculation shows that at 25 percent effi ciency roughly eighty 

hours of RTG time would split a kilogram of H 2 O. If 0.888 kg O 2  is recovered 

from this, it could support one astronaut for one day. In other words, a day’s 

O 2  for an astronaut from ice on Triton would take more than three days of 

 New Horizon  power. In theory, O 2  could also be split catalytically from the 

ice without putting quite so much heat into it, but the calculation shows how 

hard it is to recover O 2  (and H 2 O) from cryogenic ices. 

 Engineering texts are written about heat management in space, but the 

basics take only some arithmetic and a little familiarity with home insulation. 

The main difference between home and space is that the transfer of heat by 

moving fl uids (air or water), called convection, is essentially absent in space 

(Griffi n and French 2004). Most of the heat transfer in a near vacuum like 

space occurs by radiation and conduction. 

 A warm physical body will transfer heat to its colder surroundings until 

equilibrium is reached. Heat moves to the colder body in accordance with 

the second law of thermodynamics, and because the Sun is hotter than the 

Earth, we receive its heat by radiation. Heating at a distance occurs through 

the emission of electromagnetic waves depending on wavelength. The total 

radiation emitted from an object is found by the Stefan-Boltzmann law, a 

simple, useful relationship that requires us to know an object’s surface area, 

its ability to radiate in the infrared region (called emissivity, ε), the tempera-

ture difference between it and its surroundings, and Stefan’s constant. 

 Because the Sun is hot, objects in our vicinity in its line of sight, such as 

satellites, easily overheat. A satellite passing into Earth’s shadow is warmer 

than its surroundings, and the heat radiates into space. A bit of conduction 

occurs by direct molecular contact, for instance, from the satellite to mol-

ecules in the surrounding medium, but this is slow because the molecules in 

space are far apart. 

 Aerospace engineers measure a satellite’s surface area, analyze the radiant 

and conductive heat paths, and compute the solar load, internal heat genera-

tion, and resistance to heat dissipation. In the end, however, they conduct 

a thermal vacuum test to simulate the hot and cold cycles the satellite will 

actually see in orbit. If the skin or the components overheat, the satellite is 

reconfi gured. Once the prototype passes, it is ready for space. 

C6029.indb   232C6029.indb   232 10/12/12   9:41 AM10/12/12   9:41 AM



B IG PLANETS, DWARF PLANETS, AND SMALL BODIES

233

 The same principles apply on an ice moon. The warmest body, the Sun, 

transfers heat to it by radiation. The radiation raises the temperature by an 

amount that depends on distance from the Sun. The fi nal temperature also 

depends on the object’s surface area and emissivity (ε) compared to a perfect 

radiator, or  blackbody . A true blackbody absorbs all the energy falling on it 

and radiates the maximum amount of energy possible at any temperature 

(ε = 1.0). 

 The equilibrium temperature of a habitat depends on the heat of the moon 

itself, its atmosphere, or both. If the atmosphere is windy, heat from the 

warmer object is carried away by convection. The habitat settles out at a tem-

perature close to its surroundings, in thermal equilibrium with the Sun, the 

moon it sits on, the planet, and all other objects in its line of sight. A perfect 

blackbody on a line of sight with the Sun will not receive enough energy in 

the outer system to make it much warmer than the object it sits on, and heat 

must be added to raise its temperature into the tolerable range. 

 The addition of heat to a habitat to match the heat being lost to the en-

vironment puts it into  heat balance . The heat lost by radiation and conduc-

tion are the most important. The radiation component is hard to compute 

because it is the sum of the heat gain from the Sun and other warmer bodies 

as well as losses to the surroundings. 

 Engineers can create thin, inexpensive, and effi cient barriers to radiant 

heat loss, but the habitat will still slowly lose heat by conduction. Hence, 

other heat transfer characteristics of the habitat must be known, like the sur-

face area and the material’s thermal conductivity (k). Thermal conductivity 

is the rate at which heat is conducted away from a material of known thick-

ness and area at a constant temperature difference over time. It is the power 

lost per unit area per degree, usually expressed in watts per meter per Kelvin 

(or  ° C). 

 We’ll work with 1/k, the resistance (R), because we want to prevent heat 

loss from a habitat, just like insulation reduces your home’s heating bill in 

winter. The habitat’s heat is determined by the area, the material’s R value, 

and the temperature difference (∆T) across the walls. This is just like the 

R value an insulation manufacturer puts on its products, except that interna-

tional (SI) units are being used here, instead of British Thermal Units (BTUs). 

 Using this information, let’s estimate the power needed to heat a habi-

tat on Oberon. The temperature difference between Oberon (60 K) and our 

comfort zone is 233 K. The winter temperature at South Pole Station aver-

ages about 211 K (−62 ° C), about 150 K warmer than Oberon. To keep a 
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 one-inch-thick (2.54 cm) polyurethane-insulated sphere fi fty feet in diameter 

at room temperature (293 K), the difference between the temperature inside 

and outside the sphere will be 233 K. Polyurethane is a great insulator and has 

low thermal conductivity (0.02 or, in our units, an R value of 50). Let us line 

the sphere with it (4πr 2  = 7,854 square feet). Dividing by R, multiplying by 

233, and converting to kW, we need roughly 134 kW—more than the output 

of the eight-panel solar array of the ISS (84 kW). 

 Since the working area of the eight ISS solar panels is about three-quarters 

of an acre, about 1.2 acres would produce 134 kW. At twenty AU, the same 

array would occupy four hundred times the area for the same power. Thus, 

480 acres of ISS solar array would heat a habitat fi fty feet in diameter on 

Oberon. The thickness of the insulation can be increased, but this increases 

the mass and decreases the volume of the sphere. 

 Cryogenic ices or liquids also tend to degrade materials in contact with 

them. The entire fi eld of cryogenic physics is devoted to understanding the 

effects of very low temperatures on matter. Long ago, my bespectacled high 

school chemistry teacher warned me in the usual way not to touch liquid N 2 

 or metals frozen by it by dropping a hot dog dipped in liquid N 2  onto the lab 

bench, where it shattered into pieces. Most plastics and metals also become 

brittle at very low temperatures. Plastics shrink at cryogenic temperatures and 

become more brittle as the temperature is repeatedly cycled, and cryogenic 

seals tend to fail. Structural integrity is affected by repeated cycles of pres-

sure and radiation. This has been recognized for decades, for instance, in the 

degradation of the materials in nuclear reactors and even turned to advan-

tage (in microchip etching), but it remains poorly understood (Wirth 2007). 

Today’s best cold material is Tefl on, which is stiff even at room temperature. 

The quest for fl exible materials that seal and hold pressure at cryogenic tem-

peratures is a highly underrated technological hurdle for both habitats and 

spacesuits. 

 There is a bright side to cryogenics; the possibility of using superconduc-

tivity—the loss of resistance to the fl ow of electricity—in space. The fi rst 

compounds found to superconduct at temperatures above that of liquid ni-

trogen were discovered in 1986 by Bednorz and Muller in the IBM Zurich 

Research Laboratory. They won the 1987 Nobel Prize and caused a buzz be-

cause relatively little cooling was required. Since 1994, the record for super-

conductivity has stood at 138 K (at high pressures, this may reach 164 K). 

This means superconductivity can be put to use in the outer Solar System, 

for instance at Callisto. 
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 “High-temperature” superconductors are ceramic sandwiches of oxides 

of copper arranged with one or more other elements. This complex arrange-

ment makes the physics hard to study, which has delayed the development 

of materials for applications like limiting the power loss on long-distance, 

high-tension electrical lines. Some success has been had using YBCO wire 

 (yttrium, barium, copper, and oxygen) to generate strong magnetic fi elds, 

but these tend to degrade the superconducting properties (Service 2006). 

A practical technology would be invaluable for habitat power, defl ecting 

charged cosmic particles, mining operations, or containing fusion, if we de-

cide to explore beyond the asteroid belt. 
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 1 3 .  N E W  S TA R S ,  N E W  P L A N E T S 

 You may be scratching your head and wondering what’s next. 
I have presented hard science and sprinkled it with bits of speculation, but 

now I must mainly speculate and sprinkle it with bits of science. You might 

want to visit another planetary system, but just in thinking about how to 

explore our own I have had to push our technology well into the future. 

Interstellar travel is notoriously intractable because of the limitations of phys-

ics (the speed of light) and of biology (the metabolic rate). This means no 

wormholes, quantum entanglement, tachyons, multiverses, or other exotic 

physics that does not yet reconcile with life and science. Whenever imagina-

tion bumps up against the limits of known science, brevity is best, unless you 

want to mislead and confuse someone. 

 We have discussed the shortcomings of chemical rockets, but there are also 

formidable problems with futuristic ion drives, nuclear fusion, and antimat-

ter, too. Antimatter annihilates matter perfectly, releasing fantastic amounts 

of energy, and advanced ablative engines are being studied by NASA. An 

ablative engine vaporizes positrons (antielectrons) and electrons to produce 

thrust. The specifi c impulse of such an engine would be a dozen times that 
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of the best chemical rocket, but the cost of producing positrons as a fuel for 

interstellar fl ight is impossibly high. 

 We need a faster ship, so I am simply going to invent one for our enjoy-

ment. My ship, the  Cocoon , goes 1 percent the speed of light (0.01  c ) and 

could carry us to the edge of the Solar System or perhaps to another star. I 

could take you to Eris, twice as far away as Pluto, in a few months. Of course, 

given the distance, the radiation, and the cold, you might wonder why we 

are visiting this frozen hinterland. The only reason I can give you is that we 

would use it as a pit stop before disembarking for another star. This has noth-

ing to do with saving time but with cosmic biogeography, which constrains 

us to hopping from island to island of resources. 

 Our ship must hold, harvest, and recycle O 2 , H 2 O, food, and other re-

sources long enough to reach the next island. The sheer mass of the necessary 

resources is reason enough to depart from somewhere far from the Sun. Yet 

stars are light-years apart, a daunting reality trivialized by imaginary starships 

magically streaming through interstellar space at warp speed. Interstellar dis-

tances are, at the minimum, eight orders of magnitude (10 8 ) greater than the 

greatest voyage ever undertaken, the Earth to the Moon (2.56 light-seconds). 

Mars is under four light-minutes, and the Sun, 8.3 light-minutes. The next 

star, Alpha Centauri, is 4.36 light-years away— 276,000   times more distant 

than the Sun .     A fl eet of space tugs laboriously nudging a Kuiper object, per-

haps a cubewano rich in O 2 , H 2 O, CH 4 , and other icy resources, from its 

orbital resonance with Neptune to harvest it during a millennial journey to 

another star might be a better way to go. 

 But for any multigenerational voyage, it will be a challenge to avoid a   genetic 

bottleneck. When a small group of individuals is isolated reproductively from 

its original population, genetic diversity is reduced because some traits are no 

longer represented. The number of individuals needed to avoid this  founder 

effect  is unknown, but humans have passed through bottlenecks before, and 

our genetic diversity is lower than it is in the other great ape species. Popula-

tion biologists have noticed genetic bottlenecks in many bird species in New 

Zealand. Using hatchability as a measure of fi tness, it turns out that hatching 

failure is excessive among species passing through bottlenecks of fewer than 

150 individuals but alleviated at a population of four times that size (Briskie 

and Mackintosh 2004). Assuming this would be the same for humans, a crew 

of six hundred is rather impressive for any starship. You would want a good 

reason to go and need a massive supply of O 2  and H 2 O in cryogenic storage. 
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 ON LEAVING THE SOLAR SYSTEM 

 I’ve asked my local experts to identify the edge of the Solar System for me, 

and they can’t agree on precisely where it is, but any suitable ice ball at a 

thousand AU will do. A back-of-the-envelope calculation shows that our new 

ship could get there in 1.6 years, but even at 1 percent  c , a brace of nuclear 

spaceships triple the size of Trident submarines traveling to Alpha Centauri 

would have to operate for 436 years on water ice electrolysis, and the reactor 

cores would have to be changed out ten times. Alpha Centauri is on the other 

side of a great interstellar ocean. 

 These distances are demoralizing to the prospective space traveler. Opti-

mistic aerospace engineers don’t foresee relativistic velocities anytime soon, 

even for unmanned spacecraft. However, let’s ignore them and increase our 

velocity to 10 percent  c  (0.1  c , or 67 million mph, or 30,000 km /sec). This 

does not violate any laws of physics, and Alpha Centauri is suddenly only 

forty-four years away. 

 Alpha Centauri is a binary main sequence star (A and B), and a slightly 

closer red dwarf, Proxima or C, probably makes it a triplet. Star A, Rigel Kent, 

would seem familiar; it is a yellow G2 star of 1.1 solar masses. Alpha Cen-

tauri B is a smaller orange star. The system is older than the Sun, and Rigel 

Kent may run out of hydrogen in two hundred million years. But more to the 

point, Alpha Centauri has no planets. 

 The distance between the Sun and Alpha Centauri is typical of nearby 

stars (fi gure 13.1). In other words, the stars in our arm of the Milky Way are 

separated by about fi ve light-years, which in the grand scheme of things is 

probably what made our location habitable. Eight of the twelve closest sys-

tems also contain M stars, or  red dwarfs , of 0.1 to 0.6 solar mass and roughly 

half the Sun’s temperature. They are also called  fl are stars  because they show 

big spikes in intensity. 

 Red stars are far more common than yellow and orange stars, and they 

“live” a long time— one hundred to one thousand billion years, compared 

to the Sun’s ten billion years. They account for three-fourths of the stars in 

the galaxy (brown dwarfs excluded). So M-star planets are worth a look, but 

the stars are faint, and it is hard to detect planets around them (Butler 2004). 

 The heat put out from most red stars would allow liquid water to exist only 

within the orbit of Mercury, and their planets are often tidally locked. The 

temperature of the hemisphere facing the star is far hotter than the one facing 
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away from the star, even if heat is redistributed by an atmosphere or oceans. 

If red starlight is suitable for oxygenic photosynthesis and if the planet has a 

magnetic fi eld, a thick atmosphere of the right gases, and the correct albedo, 

an M-star planet could be habitable. If not, it would be sterilized by solar 

fl ares unless life evolved underwater or underground.    

 Recall the red star Gliese 581 in chapter 2, whose system was anointed as 

the leading one for a future mission. In order to fi nd out more about it, a 

probe   must travel   20.4 ly (6.26 pc). At 0.1  c , it would not arrive for 204 years 

or return data for another 20.4 years. A 224-year return on investment is a 

tougher sell than Project Constellation, and a deep-space probe with a mean 

time-to-failure of more than two hundred years is itself an impressive feat.    

 Among the other nearby stars, only the orange Epsilon Eridani, 10.4 light-

years away (3.2 pc), piques the interest of exobiologists, who envision it as a 

young Sun, the closest of its kind. It is famous, along with Tau Ceti, as being 

the fi rst stars examined for signs of intelligent life by Frank Drake (b. 1930). 

Drake turned the eighty-fi ve-foot radio telescope at Green Bank Observa-

tory on it in 1960 but heard nothing. Decades later, a fl edgling planetary 
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system was discovered around it, and Drake repeated his famous experiment 

in 2010, but with the same negative result. 

 Epsilon Eridani, not yet a billion years old, is roughly 82 percent of the 

Sun’s mass and one-third its luminosity. If an Earthlike planet did exist there, 

liquid water could be maintained within about 0.5 to 0.9 AU, the equivalent 

of Venus in our system. At that distance, a planet would not be tidally locked, 

and it would have a year similar to that of Venus. A “wobble” analysis of 

Epsilon Eridani in the 1990s suggested that it had a large planet (Benedict 

et al. 2006). 

 In 1998, a disk was photographed around Epsilon Eridani. It spread over 

a region thirty-fi ve to seventy-fi ve AU in size, which is similar to the forty to 

120 AU range of our Kuiper belt. A clearing was seen around the star at about 

thirty AU, a distance equivalent to that of Neptune in our system, suggesting 

a planet was sweeping the dust from its orbit (Saumon et al. 1996). 

 The planet was thought to orbit the star at 7.7 AU and to be three times 

as large as Jupiter, but in 2000 astronomers pinned it to roughly 3.4 AU and 

1.5 times the mass of Jupiter. The orbit is also not as wobbly as once thought, 

varying from 0.25 to 0.70 AU over about seven years. This planet one day may 

be seen by the Webb telescope, but because of its mass and eccentric orbit, the 

odds of there also being a small rocky planet inside Epsilon Eridani’s HZ are 

low (Brogi et al. 2009). If the planet comes no closer to the star than 2.7 AU, 

there could be a small planet in the HZ. 

 Since we upgraded the  Cocoon  to fl y at 0.1  c , it could reach Epsilon Eridani 

in 104 years (disregarding acceleration and deceleration). This is theoretically 

possible with modern nuclear technology but would require a series of reac-

tors brought online at thirty- or forty-year intervals. 

 Exoplanets began to show up in 1995, when a Swiss team discovered the 

fi rst one orbiting 51 Pegasus. By 2012, planet hunters had confi rmed over 

seven hundred exoplanets, most by radial velocity or astronomy (Schneider 

et al. 2011). The early methods for detecting exoplanets were crude and 

found mostly Jupiter-sized or bigger giants orbiting their stars too closely for 

Earthlike planets to exist. The fi rst system with an outer gas giant arrange-

ment like ours was found in 2008, but fi ve thousand light-years away (Gaudi 

et al. 2008). 

 In 2005, a so-called hot Jupiter (HD 189733 b) was found transiting a 

small yellow star sixty-fi ve light-years away. It orbits its star every 2.2 days 

and is one of the fi rst two planets to be observed by spectroscopy. It is tid-

ally locked and extremely hot (>900 K) but shows steam in the atmosphere 
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(Tinetti et al. 2007). The star is too far away to reach, and the planet too large 

and hot to inhabit, but the detection of an exoplanet’s atmosphere was a fi rst. 

 The fi rst photograph of an exoplanet was published in 2008: a huge planet 

around young Fomalhaut, twenty-fi ve light-years away (Kalas et al. 2008). 

This planet is roughly three times Jupiter’s mass and twelve times as far from 

Fomalhaut as Saturn is from Sol. Even though Fomalhaut is twice the Sun’s 

mass and has a temperature of 8,400 K, this planet is surely an ice giant. 

 This portrait of gas giants, ice giants, or hot super-Earths in close orbits is 

of importance mainly to astronomers. The exoplanets mentioned so far are 

huge, and their gravitational fi elds are far greater than we can handle. The 

discovery of so many huge exoplanets represented a resolution bias in our 

detection methods against Earth-sized planets. 

 To address this issue, NASA’s  Kepler  spacecraft was placed into an Earth-

trailing orbit in 2009 to look for planets one-half to twice the size of the 

Earth in the habitable zones of their stars. Pointed at a single fi eld in the 

Cygnus-Lyra region for 3.5 years,  Kepler  monitored one hundred thousand 

main-sequence stars for planets, using the transit method. The guess was that 

it would fi nd roughly fi fty Earth-sized planets that transit their stars about 

once a year. 

 Within a year, Kepler detected more than  two thousand  candidates, includ-

ing many multiple-planet systems likely to include small rocky planets. Two 

such planets announced in December 2011 were orbiting Kepler-20, a G-type 

star; one was Earth-sized and the other about 13 percent smaller (Fressin et 

al. 2011). However, the planets are much closer to their star than Mercury is 

to the Sun, and Kepler-20 is 945 light-years away. At the 2012 American As-

tronomical Society meeting, three small exoplanets were announced orbiting 

a small red star, known as KOI-961, one-sixth the size of the Sun. The three 

exoplanets are 0.78, 0.73, and 0.57 times the size of Earth, and the smallest 

one is slightly larger than Mars. But they are 120 light-years away, and they, 

too, orbit their star very closely. 

 It is claimed that on average there is more than one planet per star in the 

Milky Way (Cassan et al. 2012), yet the goal of all this planet hunting is a 

nearby planet like our own, on which life may have evolved. Such a planet 

would not only be within the HZ of its star but also have reasonable gravity 

and an atmosphere containing O 2  and H 2 O and no deadly gases. In the inter-

est of Sagan’s goal, we also would want to know beforehand if it was home 

to an inimical species best left alone. Many scientists have thought seriously 

about this over the years, even before the fi rst spectral measurements were 
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made on our own so-called pale blue dot from millions of miles away by the 

 Galileo  spacecraft (Sagan et al. 1993). 

 The spectrum of a planet or star is obtained by scanning a range of wave-

lengths for differences in the intensity of light emitted, refl ected, or pass-

ing though the object or its atmosphere. The  Galileo  detected H 2 O, O 2 , and 

methane (CH 4 ), but subsequent studies of Earth light refl ected back from the 

Moon during a lunar eclipse have provided a more accurate glimpse of how 

we would appear from deep space during a transit across the Sun—in other 

words, how we would look as an exoplanet. 

 Visible and near-infrared spectra of Earth obtained during one eclipse in 

2008 indicated that light was being absorbed mainly by fi ve molecules (Pallé 

et al. 2009): O 2 , H 2 O, CH 4 , ozone (O 3 ), and CO 2 . Notably, N 2  was absent, 

which has almost no spectrum, although its presence was inferred from its 

interactions with transient O 2 -O 2  dimers. Thus, we know the essential spec-

tral signature of our living planet. In contrast, when Venus transits the Sun, 

its atmospheric spectrum is very different. Venus shows intense absorption 

by CO 2  and a distinct lack of O 2  and H 2 O. This is the signature of a hot, dry 

planet—no water and a runaway greenhouse effect. 

 Such information suggests that the presence of carbon-based life might 

be inferred from the transmission spectra of an exoplanet as it makes its way 

across its star. Specifi c atmospheric signatures could imply the absence of 

life, or the presence of anaerobic or aerobic life— or even technologically 

advanced life. 

 In the fi rst two billion years of life on Earth, we had a reductive atmo-

sphere of N 2 , H 2 O, CO 2 , and CH 4 , but no O 2 . Life was anaerobic, and O 2  

was toxic. Hydrogen (H 2 ) was absent because it escaped into space or was 

consumed by certain microorganisms for energy. Thus, an exoplanet rich 

in atmospheric H 2  may have nothing there consuming it, making for a low 

probability of life as we know it. On Earth, hydrogen is an important energy 

source for invertebrates that live in symbiosis with chemosynthetic bacteria 

near deep-sea hydrothermal vents (Petersen et al. 2011). The energy yield 

from the breakdown of H 2  for chemosynthetic growth is higher than for CH 4 , 

sulfi de (H 2 S), or other simple electron donors. Thus, planets with water but 

no H 2  or O 2  might be the best candidates for anaerobic life. 

 After the Great Oxidation Event, O 2  appeared, and CO 2  levels rose in 

our atmosphere, while water and methane remained stable. Since O 2  oxi-

dizes methane to CO 2 , the presence of methane and O 2  advertises a renew-

able source of the gas—that is,  life —contributing to our planet’s distinctive 
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signature. Of course, there are other atmospheric sources of methane, as on 

Titan, where the gas issues from cold volcanoes. 

 Finally, evidence of a synthetic gas in the atmosphere of an exoplanet, 

an unusual molecule unlikely to have been generated by natural processes, 

could suggest a technological civilization. Such a civilization might use syn-

thetic chemistry to produce goods, releasing a telltale byproduct into the 

atmosphere, for instance chlorofl uorocarbons, the notorious source of the 

expanding ozone hole on our own planet. 

 THE INTERSTELLAR MEDIUM 

 In thinking about traveling so far through interstellar space, perhaps it is 

possible to harvest the necessary resources. It has been said that if enough 

hydrogen (H) can be harvested from the interstellar medium (ISM), a fusion 

reactor could push the ship and generate O 2  and H 2 O. This might provide 

both propulsion and resources for interstellar travel. 

 The ISM contains gas and dust in a ratio of about 99 percent gas and 

1 percent dust (Croswell 1996). The gas is mostly hydrogen (90 percent) and 

helium (9 percent) in ionized and nonionized states, and the temperature 

ranges from very hot to very cold. Cold regions have a higher density; in 

some areas, clouds of hydrogen consisting of up to 10 10  particles per cubic 

centimeter (cm 3 ) are found. Hot regions have densities as low as 10 −4  par-

ticles per cm 3 . On average, the ISM contains roughly one hydrogen atom per 

cm 3 . This is nothing compared with air at sea level, which contains about 10 19  

molecules per cm 3 . 

 The ISM is also lumpy and interspersed with colossal bubbles. We are 

currently passing through the hourglass-shaped Local Bubble, which is three 

hundred light-years across and has a hydrogen density of 0.07 atoms per cm 3 , 

roughly fi fteen times less than the Milky Way on average. Ignoring bubbles, 

a hypothetical fusion starship could use hydrogen fuel and make the other 

elements to support life. Fusion defi nes stars and recapitulates the chemical 

evolution of life. 

 The argument for a self-sustaining interstellar engine, the hydrogen ram-

jet, was laid out by the physicist Robert Bussard, who thought interstellar 

velocities close to the speed of light might be achieved using H from the ISM 

(Bussard 1960). Instead of carrying fuel, interstellar H would be scooped out 

by a ramjet to power the reactor. Bussard fi gured that 1  g  of acceleration in a 
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thousand-ton spacecraft in interstellar space could be achieved with a frontal 

scoop of ten thousand square kilometers (at 1 hydrogen atom /cm 3 ). Even 

using ultrathin materials, the scoop would vastly outweigh the ship. Further-

more, even in gas-rich regions the ship must reach 6 percent of  c  before the 

ramjet would work. 

 The concept was modifi ed to ionize hydrogen and collect ions magneti-

cally, but many physicists have still deemed it impractical because of the high 

power requirements of massive magnetic fi elds. And hydrogen collected as 

simple protons (H + ) requires more heat to fuse than do heavy isotopes like 

deuterium and tritium. Other types of ramjets release more energy than hy-

drogen, but they rely on rare elements. Catalytic engines that mix hydro-

gen and antihydrogen are more effi cient and operate at lower temperatures 

than fusion, but generating and containing antimatter is well beyond today’s 

technology. 

 Other elements in the ISM are even rarer, and this depends on local galac-

tic chemical evolution, or GCE—chemistry on the grandest scale. These eter-

nally slow processes deplete certain elements from the ISM by, for instance, 

depositing them onto dust grains. The next most abundant elements are 

O and C, found at just 180 and 150 atoms per million H. This “scoop factor” 

averages out to about one in six thousand. 

 Stars fuse H into helium (He) and He into other elements, releasing en-

ergy in the process of  nucleosynthesis.  Stellar furnaces also generate the ele-

ments of life, and stars a bit larger than the Sun make carbon from helium 

and beryllium, oxygen from carbon and helium, and the other elements up 

to atomic number 26, iron. Elements with higher atomic numbers are made 

by very slow neutron addition (the  s-process ), and are thus rare. Supernova 

explosions accelerate neutron addition (the  r-process ), producing elements of 

atomic numbers 27 to 92. Since fusion generates elements as heavy as iron, 

it makes most of the other elements of life too: C, N, O, P, S, and Ca. A few 

elements heavier than iron are necessary for life, like cobalt ( 27 Co), copper 

( 29 Cu), zinc ( 30 Zn), selenium ( 34 Se), and iodine ( 53 I). These elements have 

abundances in space of roughly one ten-billionth of hydrogen. 

 Transmutation on a cottage scale is not trivial. Deuterium fusion produces 

helium “ash” that must be removed to avoid fouling the reactor, but hypo-

thetically, this kills two birds with one stone: it powers and heats the ship, 

and the ash can be collected for other purposes, such as replacing O 2  lost 

from the ship. But all gases on a spacecraft trickle into space, including CO 2  

and   trace gases made by the body: carbon monoxide (CO), methane (CH 4 ), 
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and nitric oxide (NO). Waste brine also contains ammonia, in the form of 

urea—(NH 2 ) 2 CO—and materials lost by the oxidation of metals and plastics 

must also be replaced. In other words, everything is on the table. 

 To use fusion to generate O 2 , helium is converted to carbon, which re-

quires a very high temperature. Suppose our reactor can convert every bit of 

the harvested hydrogen to helium by harnessing the proton-proton (“p-p”) 

reaction, just like the Sun. Very hot stars actually “burn” helium ( 4 He) into 

carbon ( 12 C), by the  triple alpha  process. Triple alpha refers to the fusion of 

three alpha particles (helium nuclei): 

  4 He +  4 He →  8 Be &  8 Be +  4 He →  12 C + gamma radiation 

 When the temperature reaches about 2 × 10 8  K, carbon plus helium pro-

duces oxygen: 

  12 C +  4 He →  16 O 

 The conversion rates in massive stars are indeterminate, but C- and O-rich 

stars have different fates, ending as neutron stars or black holes, respectively 

(Gai 2003). If we generate equal amounts of C and O (C /O = 1), recover 

them fully, and harvest all the H and He in one cubic kilometer of average 

ISM on a ship traveling at 0.9 c , enough O 2  could be made to support one 

person for one day, if we are recycling it at 95 percent effi ciency. 

 Stringing processes together also rapidly degrades conversion effi ciency. 

Imagine two three-step processes designed to make glucose from H 2 O and 

CO 2 . If each three-step process has an effi ciency of 95 percent, the overall 

effi ciency for glucose production is 0.95 x 0.95, or about 90 percent. If each 

of the six steps is 95 percent effi cient, the overall effi ciency would be 0.95 3  × 

0.95 3  × 100 = 73.5%. Molecules that do not end up as glucose must be 

recovered, too. Thus ISM harvesting depends on extremely high velocities, 

a scoop the size of the island of Puerto Rico, a perfect fusion reactor, and 

unsustainable recycling effi ciencies. 

 CHANGING OURSELVES 

 Considering how to get around such seemingly insurmountable limits often 

leads science fi ction authors into fantasizing about changing ourselves. But 
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genetic engineering is subject to ethical issues and is still a nascent science, 

so discussing it here would veer too far into pure speculation. Similarly, no 

matter how fascinating a topic it is, let’s also set artifi cial intelligence aside 

for now. 

 What about conserving energy on a long space voyage by sleeping? Let’s 

loosen the defi nition of “sleep” to include hibernation, estivation, hypother-

mia, and suspended animation because normal sleep won’t conserve enough 

energy. The hypothetical limit would be lowering the body’s energy require-

ments to zero by placing it in equilibrium with its environment. The crew 

would effectively be dead until the ship arrives at a new destination, where 

they would be resurrected. This has been proposed, for example, by using an 

atomic clock to time the delivery of a “Lazarus cocktail” when the ship arrives 

at a habitable exoplanet a million years later. By “freezing” biology out, this 

suggests that travel to anywhere in the universe is possible. 

 Close scrutiny, however, quickly uncovers two fatal fl aws in this scheme. 

First, reanimation involves two regulated processes—a clock and a cocktail. 

The clock, the cocktail, and the people are present throughout the voyage and 

subject to random events. Even for a perfect system, a rare catastrophe—a 

comet, a burst of radiation, a neutron star, a supernova, or black hole—

would destroy the clock, the cocktail, and the people. The galaxy is rife with 

cataclysmic events, and the probability of disaster befalling a ship on a pro-

tracted interstellar voyage approaches 1. 

 Suppose ten thousand light-years away, in an adjacent arm of the Milky 

Way, we fi nd a beautiful water planet with an O 2 -rich atmosphere orbiting 

an orange star. The  Cocoon  sets out on a hundred-thousand-year trip to this 

planet. We predict that a million-year event would destroy our clock one time 

out of ten and that the ship should get through nine times out of ten. This 

is far better than the success rate of any Russian Mars mission. The trouble 

is that in a galaxy of two hundred billion stars, galactic cataclysms occur far 

more often than once in a million years. 

 Massive stars, for instance, explode after about a million years. These su-

pernovas can be tracked by the amount of radioactive  26 Al released as they 

die. The galactic  26 Al content has been used to estimate the supernova occur-

rence rate in the Milky Way, and the predicted event rate is roughly 1.9 per 

century (Diehl et al. 2006). In one hundred thousand years, the  Cocoon  

would “see” 1,900 supernova explosions, and chances are that one would be 

close enough to destroy it. 
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 Changing ourselves does not violate the laws of physics. Carbon and O 2  

utilization rates may be reduced, perhaps even by a hundred-fold, but even 

under anesthesia and hypothermic arrest, the metabolic rate does not reach 

zero. Metabolic debt accumulates, and prolonged periods of deep hypother-

mia cause defi cits in brain function (Hogue et al. 2006). Even if metabolic 

suppression worked, suspending animation, as we just saw, lacks tractability. 

 Just to be sure, consider  hibernation  or estivation (another form of tor-

por), where body metabolism falls to conserve energy. Hibernation involves 

profound changes in physiology and behavior associated with sleeping and 

burning fat (Carey et al. 2003). Although some hibernating mammals can 

lower their body temperature to 0 ° C and their metabolic rates to 1 percent of 

normal, this saves less energy than you think. The survival advantage is con-

ferred by the animal not having to forage for food when it is scarce. The hi-

bernator makes hay in the fall, fattening up in order to survive a cold winter.  

 Hibernating mammals also awaken at various intervals, and body tem-

perature rises into the normal range. According to Dr. Brian Barnes, director 

of the Institute of Arctic Biology in Fairbanks, these episodic arousals in large 

hibernators may paradoxically be needed to prevent sleep deprivation. Thus, 

in the black bear, hibernation is not actual sleep, which seems to occur during 

its arousals. Black bears also inexplicably maintain normal muscle and bone 

mass over the winter despite losing up to one-third of their body weight. Un-

derstanding hibernation in the black bear would be of great interest to NASA. 

This situation is not favorable for space travel (Piantadosi 2003). And unlike 

calorie restriction, hibernation does not seem to prolong lifespan (Gredilla 

and Barja 2005, Colman et al. 2009). 

 Could genetic engineers one day modify people for space travel? This 

question mirrors the revolution in genetic medicine touted to enhance ev-

erything from intelligence to longevity. Why not design miniature astronauts 

with low metabolic rates? But this is no match for the limits demonstrated by 

the clock and the cocktail. 

 For nonhibernators, the limit for reducing metabolic rate is a factor of about 

one-half before cardiac and brain cells begin to die. Reducing body tempera-

ture by 10 ° C (to 27 ° C) halves the metabolic rate, but people are then near coma 

and cannot rescue themselves from the cold (Danzl and Pozos 1994). Apart 

from mild hypothermia, which is induced to protect temporarily an ischemic 

brain, body cooling has not proven useful in medicine. At a metabolic rate of 

1 percent of normal, there is insuffi cient energy for physiological homeostasis. 
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 In zebra fi sh and mice, body temperature and metabolic rate can be cut 

using small amounts of hydrogen sulfi de (H 2 S), better known as sewer gas 

(Blackstone et al. 2005). This idea received press for the notion that small 

amounts of H 2 S might induce metabolic torpor without tissue damage. How-

ever, metabolic inhibitors eventually wreck cellular machinery. 

 It has been argued that reducing metabolism and body mass together 

would optimally restrict energy use. A tenfold reduction in an adult’s body 

size, on a growth chart, yields the size of an average two-year old. At this age, 

the body is normal, but the brain and the reproductive system are not fully 

developed. Setting the ethical objections aside, molecular biology may coerce 

those activities to maturity without growth, giving us child-sized astronauts. 

However, there is a problem here, too. 

 The metabolic rate is set by a scale factor involving cell size, cell number, 

the nutrient network (microcirculation), support structures, and function. It 

varies most for tiny animals, like insects, and the intraspecies range is high 

(Chown et al. 2007). The range of metabolic rates is also high. Our metabolic 

rate is near the top, and our body mass scales to the 0.75 power (M 0.75 ). This 

is also refl ected in the enzymes of respiration and the mitochondrial density 

of cells. Tiny mammals such as the bumblebee bat and the Etruscan shrew 

have the highest metabolic rates per gram and more effi cient scale factors 

than we do. They operate near the maximum thermodynamic effi ciency of 

respiration (Dobson and Headrick 1995). In other words, a smaller body re-

quires a higher metabolic effi ciency, and the limits have already been tested 

by nature. 

 SCIENCE FACT, SCIENCE FICTION  

 The science of limits has indicated that the idea of huge multigenerational 

starships dragging cubewanos along with them, although conceivable, pushes 

the envelope for even nearby stars not because of technology but because the 

ratios of distance over velocity and energy over mass are so high. We may get 

a little boost by harvesting energy from the ISM, but   our galaxy is not sim-

ply, as astronomers assert, our own backyard. It is 100,000 light-years across 

with a central bulge 16,000 light-years in diameter. The Milky Way packs in 

perhaps 200 billion stars, and our spot in the Orion Arm is roughly 27,000 

light-years from the center.
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The enormity of the galactic disc always brings out the old science fi ction 

trick of getting extra mileage out of relativity. Relativity sets the speed of light 

as a hard restriction on velocity, a disadvantage. But clocks run slower and 

time “dilates” with velocity, which is an advantage. To see this, let’s accelerate 

to 0.9  c  with a giant ding-a-ling reactor that operates fl awlessly for millennia. 

 The speed limit  c  is offset by time dilation. The easiest way to understand 

time dilation is to realize that time is shortest at “rest.” This rest time is called 

“proper time.” Since the math has been done many times, we know that time 

dilates about 2.3-fold relative to proper time on a ship traveling at 0.9  c . A 

factor of 2.3 means our ship’s resources are consumed at only 44 percent the 

original rate, giving it a greater range. 

 By increasing the velocity of the  Cocoon  to 0.9  c , which had a range of 

ten light-years at 0.1  c , it is nine times faster, and we use roughly 2.3 times 

less resources. This means the resources we originally needed for Alpha 

Centauri (4.4 ly) would now take us to Epsilon Eridani (10.4 ly). Instead of 

104 years, Epsilon would take only 11.7 years. If we ran the ship provisioned 

for 104 years up to 0.9  c , our range would improve to 215 ly, but that still 

keeps us within our arm of the galaxy. 

 At 0.99  c , the time factor increases to seven, but every step proportion-

ally increases the mass of the ship and the energy required to accelerate it. 

In nature, only ultra-high-energy galactic rays are imbued with such high 

velocities, typically  single protons  generated by massive black holes at violent 

galactic centers. These active galactic nuclei (AGN) spew particles across the 

universe (Pierre Auger Collaboration et al. 2007). 

 Tinker with this more on your own, but don’t be surprised, as some of 

my students have been, that near-perfect harvesting and recycling on a ship, 

large or small, traveling at 0.99  c  won’t get tiny astronauts with drastically low 

metabolic rates to Andromeda alive. It illustrates why biologists fi nd inter-

stellar travel fantastic and why physicists concoct suppositious physics. The 

relativity game simply trades mass and energy for time. Even extremely rare 

hypervelocity stars, those capable of escaping the Milky Way, travel at less 

than 0.005  c . 

 Although I set a discussion of cybernetic organisms aside earlier, the prob-

lems we have discussed in this chapter led John Von Neumann and others to 

propose constructing “indestructible” life forms with artifi cial intelligence 

and miniscule energy requirements to act as interstellar probes. These probes 

would actively self-navigate and self-correct, perhaps using cosmic radiation 
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for energy. They could also hibernate when passing through bubbles of nearly 

empty space. Energy would be stored when available and consumed when 

not. Like biological organisms, however, robots must be impervious to radia-

tion, to deep thermal cycles, and to the other hazards of space. 

 There is also no opposition to programming “beings” into trillions of 

“hardened” spores and disseminating them into space to germinate when 

conditions are right. Such directed panspermia violates none of our rules, 

and hypothetically, the right blueprint could allow life to evolve elsewhere 

and equip it with information. If we sent out trillions upon trillions of blue-

prints, one might fi nd a home. It might seem that this might be a good plan 

to implement in and for the far future, but sending spores off to other stars 

and galaxies is strangely quixotic: they vanish, nothing is ever communicated 

to those who originally sent them, and life made by blueprint may never learn 

of— or believe in—its (artifi cial) origin. This is the cosmic teapot in reverse, 

fantasized about by those trying to escape understanding the evolution of life 

on our planet. 

 Assuming that anything imaginable can be done, science fi ction writers 

also envision civilizations that move star systems. Indeed, the Sun moves to-

ward Vega in a giant ellipse around the galactic center (Garlick 2002), making 

a complete circuit—a galactic year— once every 250 million years. This is 

roughly one parsec every 4,500 years, and we have moved about a parsec rela-

tive to the galactic center since the beginning of recorded history. The planet 

was last here during the time of Pangaea and the Permian-Triassic extinction, 

the so-called Great Dying. 

 Alas, Von Neumann was right all along, unless Einstein overlooked some-

thing or the quantum mechanics guild learns to fold space. In the meantime, 

new horizons involving probes and people must be set by practicable and 

cost-effective science. We must be patient as our horizons change because 

time, distance, cost, risk, and the list of choices increase, making decisions 

about what’s next more diffi cult. 

 Perhaps it is not quite fair to have set up thought experiments using space-

craft technology that always lags just behind what is needed to reach the next 

island. This is the paradox: the ratio of suitable to total alternatives shrinks 

as our vision expands. Not long ago, we inhabited one planet of eight. Now 

we’re on one of thousands, and next we’ll be on just one of millions. Most 

are wildly exotic, and so far, none resembles ours. Our own uniqueness and 

space’s insuperability are the best incentives we have to take the best possible 

care of Spaceship Earth. 
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