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Preface

Astronomers have studied the heavens for more than two millennia, but in
the twentieth century, humankind ventured off planet Earth into the dark
vacuum void of space, forever changing our perspective of our home planet
and on our relationship to the universe in which we reside.

Our explorations of space—the final frontier in our niche in this solar
system—first with satellites, then robotic probes, and finally with humans,
have given rise to an extensive space industry that has a major influence on
the economy and on our lives. In 1998, U.S. space exports (launch services,
satellites, space-based communications services, and the like) totaled $64 bil-
lion. As we entered the new millennium, space exports were the second
largest dollar earner after agriculture. The aerospace industry directly em-
ploys some 860,000 Americans, with many more involved in subcontracting
companies and academic research.

Beginnings

The Chinese are credited with developing the rudiments of rocketry—they
launched rockets as missiles against invading Mongols in 1232. In the nine-
teenth century William Congrieve developed a rocket in Britain based on
designs conceived in India in the eighteenth century. Congrieve extended
the range of the Indian rockets, adapting them specifically for use by armies.
Congrieve’s rockets were used in 1806 in the Napoleonic Wars.

The Birth of Modern Space Exploration

The basis of modern spaceflight and exploration came with the writings of
Konstantin Tsiolkovsky (1857-1935), a Russian mathematics teacher. He
described multi-stage rockets, winged craft like the space shuttle developed
in the 1970s, space stations like Mir and the International Space Station,
and interplanetary missions of discovery.

During the same period, space travel captured the imagination of fic-
tion writers. Jules Verne wrote several novels with spaceflight themes. His
book, From the Earth to the Moon (1865), describes manned flight to the
Moon, including a launch site in Florida and a spaceship named Colum-
bia—the name chosen for the Apollo 11 spaceship that made the first lunar
landing in July 1969 and the first space shuttle, which flew in April 1981.
In the twentieth century, Arthur C. Clarke predicted the role of communi-
cations satellites and extended our vision of human space exploration while
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television series such as Star Trek and Dr. Who challenged the imagination
and embedded the idea of space travel in our culture.

The first successful test of the V-2 rocket developed by Wernher von
Braun and his team at Peenemiinde, Germany, in October 1942 has been
described as the “birth of the Space Age.” After World War II some of the
Peenemiinde team under von Braun came to the United States, where they
worked at the White Sands Missile Range in New Mexico, while others
went to Russia. This sowed the seeds of the space race of the 1960s. Each
team worked to develop advanced rockets, with Russia developing the R-7,
while a series of rockets with names like Thor, Redstone, and Titan were
produced in the United States.

When the Russians lofted Sputnik, the first artificial satellite, on Octo-
ber 4, 1957, the race was on. The flights of Yuri Gagarin, Alan Shepard,
and John Glenn followed, culminating in the race for the Moon and the
Apollo Program of the 1960s and early 1970s.

The Emergence of a Space Industry

The enormous national commitment to the Apollo Program marked a new
phase in our space endeavors. The need for innovation and technological
advance stimulated the academic and engineering communities and led to
the growth of a vast network of contract supporters of the aerospace initia-
tive and the birth of a vibrant space industry. At the same time, planetary
science emerged as a new geological specialization.

Following the Apollo Program, the U.S. space agency’s mission re-
mained poorly defined through the end of the twentieth century, grasping
at major programs such as development of the space shuttle and the Inter-
national Space Station, in part, some argue, to provide jobs for the very large
workforce spawned by the Apollo Program. The 1980s saw the beginnings
of what would become a robust commercial space industry, largely inde-
pendent of government programs, providing communications and informa-
tion technology via space-based satellites. During the 1990s many thought
that commercialization was the way of the future for space ventures. Com-
mercially coordinated robotic planetary exploration missions were conceived
with suggestions that NASA purchase the data, and Dennis Tito, the first
paying space tourist in 2001, raised hopes of access to space for all.

The terrorist attacks on the United States on September 11, 2001 and
the U.S. recession led to a re-evaluation of the entrepreneurial optimism of
the 1990s. Many private commercial space ventures were placed on hold or
went out of business. Commentators suggested that the true dawning of the
commercial space age would be delayed by up to a decade. But, at the same
time, the U.S. space agency emerged with a more clearly defined mandate
than it had had since the Apollo Program, with a role of driving techno-
logical innovation—with an early emphasis on reducing the cost of getting
to orbit—and leading world class space-related scientific projects. And mil-
itary orders, to fill the needs of the new world order, compensated to a point
for the downturn in the commercial space communications sector.

It is against this background of an industry in a state of flux, a discipline
on the cusp of a new age of innovation, that this encyclopedia has been pre-
pared.



Organization of the Material

The 341 entries in Space Sciences have been organized in four volumes, fo-
cusing on the business of space exploration, planetary science and astron-
omy, human space exploration, and the outlook for the future exploration
of space. Each entry has been newly commissioned for this work. Our con-
tributors are drawn from academia, industry, government, professional space
institutes and associations, and nonprofit organizations. Many of the con-
tributors are world authorities on their subject, providing up-to-the-minute
information in a straightforward style accessible to high school students and
university undergraduates.

One of the outstanding advantages of books on space is the wonderful
imagery of exploration and achievement. These volumes are richly illus-
trated, and sidebars provide capsules of additional information on topics of
particular interest. Entries are followed by a list of related entries, as well
as a reading list for students seeking more information.
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For Your Reference

The following section provides information that is applicable to a number
of articles in this reference work. Included in the following pages is a chart
providing comparative solar system planet data, as well as measurement, ab-
breviation, and conversion tables.

SOLAR SYSTEM PLANET DATA

Mercury Venus? Earth Mars Jupiter Saturn Uranus Neptune
Mean distance from the Sun (AU): * 0.387 0.723 1 1.524 5.202 9.555 19.218 30.109
Siderial period of orbit (years): 0.24 0.62 1 1.88 11.86 29.46 84.01 164.79
Mean orbital velocity (km/sec): 47.89 35.04 29.79 24.14 13.06 9.64 6.81 5.43
Orbital essentricity: 0.206 0.007 0.017 0.093 0.048 0.056 0.047 0.009
Inclination to ecliptic (degrees): 7.00 3.40 0 1.85 1.30 2.49 0.77 1.77
Equatorial radius (km): 2439 6052 6378 3397 71492 60268 25559 24764
Polar radius (km): same same 6357 3380 66854 54360 24973 24340
Mass of planet (Earth = 1):2 0.06 0.82 1 0.11 317.89 95.18 14.54 17.15
Mean density (gm/cm 3): 5.44 5.25 5.52 3.94 1.33 0.69 1.27 1.64
Body rotation period (hours): 1408 5832.R 23.93 24.62 9.92 10.66 17.24 16.11
Tilt of equator to orbit (degrees): 0 2.12 23.45 23.98 3.08 26.73 97.92 28.8
1AU indicates one astronomical unit, defined as the mean distance between Earth and the Sun (~1.495 x 108 km).
2R indicates planet rotation is retrograde (i.e., opposite to the planet’s orbit).
3Earth’s mass is approximately 5.976 x 1026 grams.
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S| BASE AND SUPPLEMENTARY UNIT NAMES
AND SYMBOLS

Physical Quality Name Symbol

Temperature

Scientists commonly use the Celsius system.
Although not recommended for scientific and technical
use, earth scientists also use the familiar Fahrenheit
temperature scale (°F). 1°F = 1.8°C or K. The triple

Length meter m

Mass kilogram kg point of H20, where gas, liquid, and solid water coexist,
T d is 32°F.
'me secon s e To change from Fahrenheit (F) to Celsius (C):
Electric current ampere A °C = (°F32)/(1.8)
Thermodynamic temperature kelvin © To ct:gnfe(ogo)r(‘nl(.:g)lslussz(C) to Fahrenheit (F):
Amount of substance mole mol e To change from Celsius (C) to Kelvin (K):
- - - K =°C + 273.15

Li t t del d

uminous Intensity cande’a ¢ e To change from Fahrenheit (F) to Kelvin (K):
Plane angle radian rad K = (°F32)/(1.8) + 273.15

Solid angle steradian sr

UNITS DERIVED FROM SI, WITH SPECIAL NAMES AND SYMBOLS

Derived Name of Symbol for Expression in

Quantity Sl Unit Sl Unit Terms of SI Base Units

Frequency hertz Hz s1

Force newton N m kg s-2

Pressure, stress Pascal Pa N m-2 =m-1 kg s-2

Energy, work, heat Joule J N m =m2 kg s-2

Power, radiant flux watt w Js1 =m2 kg s-3

Electric charge coulomb C As

Electric potential, volt \ JC1 =m2Kkgs3Al
electromotive force

Electric resistance ohm _ V A1 =m2 kg s-3 A2

Celsius temperature degree Celsius C K

Luminous flux lumen Im cd sr

Illuminance lux Ix cd sr m-2

UNITS USED WITH SI, WITH NAME, SYMBOL, AND VALUES IN SI UNITS
The following units, not part of the SI, will continue to be used in appropriate contexts (e.g., angtsrom):
Physical Quantity Name of Unit Symbol for Unit Value in Sl Units
Time minute min 60 s
hour h 3,600 s
day d 86,400 s
Plane angle degree (m/180) rad
minute ! (m/10,800) rad
second " (/648,000) rad
Length angstrom A 101 m
Volume liter I, L 1 dm3 = 10°m?
Mass ton t 1 mg = 10%kg
unified atomic mass unit u (=my(*2C)/12) ~1.66054 x 10?7 kg
Pressure bar bar 10°Pa = 105N m?2
Energy electronvolt eV(=eXV) ~1.60218 x 101°)J




For Your Reference

CONVERSIONS FOR STANDARD, DERIVED, AND CUSTOMARY MEASUREMENTS

Length
1 angstrom (A)

1 centimeter (cm)
1 foot (ft)

1 inch (in)

1 kilometer (km)
1 meter (m)

1 mile (mi)
1 astronomical

unit (AU)
1 parsec (pc)

1 lightyear

0.1 nanometer (exactly)
0.000000004 inch

0.3937 inches

0.3048 meter (exactly)
2.54 centimeters (exactly)
0.621 mile

39.37 inches
1.094 yards

5,280 feet (exactly)
1.609 kilometers

1.495979 x 10 cm

206,264.806 AU
3.085678 x 10 cm
3.261633 lightyears

9.460530 x 10" cm

MEASUREMENTS AND ABBREVIATIONS

Volume

1 barrel (bbl)*, liquid

1 cubic centimeter (cm3)
1 cubic foot (ft3)

1 cubic inch (in3)

1 dram, fluid (or liquid)

1 gallon (gal) (U.S.)

1 gallon (gal)
(British Imperial)

1 liter

1 ounce, fluid (or liquid)

1 ounce, fluid (fl oz)
(British)

1 quart (qt), dry (U.S.)

1 quart (qt), liquid (U.S.)

31 to 42 gallons
0.061 cubic inch

7.481 gallons
28.316 cubic decimeters

0.554 fluid ounce

/s fluid ounce (exactly)
0.226 cubic inch
3.697 milliliters

231 cubic inches
(exactly)

3.785 liters

128 U.S. fluid ounces
(exactly)

277.42 cubic inches
1.201 U.S. gallons
4.546 liters

1 cubic decimeter
(exactly)

1.057 liquid quarts
0.908 dry quart
61.025 cubic inches

1.805 cubic inches
29.573 mililiters

0.961 U.S. fluid ounce
1.734 cubic inches
28.412 milliliters

67.201 cubic inches
1.101 liters

57.75 cubic inches
(exactly)
0.946 liter

* There are a variety of "barrels" established by law or usage.
For example, U.S. federal taxes on fermented liquors are based
on a barrel of 31 gallons (141 liters); many state laws fix the
"barrel for liquids" as 31%- gallons (119.2 liters); one state fixes
a 36-gallon (160.5 liters) barrel for cistern measurment; federal
law recognizes a 40-gallon (178 liters) barrel for "proof spirts";
by custom, 42 gallons (159 liters) comprise a barrel of crude oil
or petroleum products for statistical purposes, and this equiva-
lent is recognized "for liquids" by four states.

Area
1 acre

1 hectare

1 square
centimeter (cm?)

1 square foot (ft?)
1 square inch (in?)
1 square
kilometer (km?)

1 square meter (m?)

1 square mile (mi?)

Units of mass
1 carat (ct)

1 grain

1 gram (g)

1 kilogram (kg)

1 microgram (pg)
1 milligram (mg)
1 ounce (0z)

1 pound (Ib)

1 ton, gross or long

1 ton, metric (t)

1 ton, net or short

Pressure

1 kilogram/square
centimeter (kg/cm?)

1 bar

43,560 square feet
(exactly)
0.405 hectare

2.471 acres
0.155 square inch

929.030 square
centimeters

6.4516 square centimeters
(exactly)

247.104 acres
0.386 square mile

1.196 square yards
10.764 square feet

258.999 hectares

200 milligrams (exactly)
3.086 grains

64.79891 milligrams
(exactly)

15.432 grains
0.035 ounce

2.205 pounds
0.000001 gram (exactly)
0.015 grain

437.5 grains (exactly)
28.350 grams

7,000 grains (exactly)
453.59237 grams
(exactly)

2,240 pounds (exactly)
1.12 net tons (exactly)
1.016 metric tons

2,204.623 pounds
0.984 gross ton
1.102 net tons

2,000 pounds (exactly)
0.893 gross ton
0.907 metric ton

0.96784 atmosphere
(atm)

14.2233 pounds/square
inch (Ib/in?)

0.98067 bar

0.98692 atmosphere
(atm)

1.02 kilograms/square
centimeter (kg/cm?)
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1242

1379

1804

1903

1909

1917

1918

1921

1922

1923

1924

1927

1928

1929
1930

Milestones in
Space History

The Chinese invent a form of gunpowder for rocket
propulsion.

Englishman Roger Bacon develops gunpowder.
Rockets are used as weapons in the Siege of Chioggia, Italy.
William Congrieve develops ship-fired rockets.

Konstantin Tsiolkovsky publishes Research into Interplane-
tary Science by Means of Rocket Power, a treatise on space
travel.

Robert H. Goddard develops designs for liquid-fueled
rockets.

Smithsonian Institute issues grant to Goddard for rocket
research.

Goddard publishes the monograph Method of Attaining Ex-
treme Altitudes.

Soviet Union establishes a state laboratory for solid rocket
research.

Hermann Oberth publishes Die Rakete zu den Planeten-
riumen, a work on rocket travel through space.

Tsiolkovsky publishes work postulating multi-staged rock-
ets.

Walter Hohmann publishes work on rocket flight and or-
bital motion.

The German Society for Space Travel holds its first
meeting.

Max Valier proposes rocket-powered aircraft adapted from
Junkers G23.

Oberth designs liquid rocket for the film Woman in the
Moon.

Goddard launches rocket carrying barometer.

Soviet rocket designer Valentin Glusko designs U.S.S.R.
liquid rocket engine.
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1931
1932
1933

1934

1935

1936
1937

1938

1939

1940
1941
1942

1943
1944
1945
1946
1947

1948

1949

1950

1951

1952

1953

1954

1955

Eugene Singer test fires liquid rocket engines in Vienna.
German Rocket Society fires first rocket in test flight.

Goddard receives grant from Guggenheim Foundation for
rocket studies.

Wernher von Braun, member of the German Rocket So-
ciety, test fires water-cooled rocket.

Goddard fires advanced liquid rocket that reaches 700

miles per hour.
Glushko publishes work on liquid rocket engines.

The Rocket Research Project of the California Institute of
Technology begins research program on rocket designs.

von Braun’s rocket researchers open center at Pen-
nemiinde.

Singer and Irene Brendt refine rocket designs and pro-
pose advanced winged suborbital bomber.

Goddard develops centrifugal pumps for rocket engines.
Germans test rocket-powered interceptor aircraft Me 163.

V-2 rocket fired from Pennemiinde enters space during

ballistic flight.

First operational V-2 launch.

V-2 rocket launched to strike London.

Arthur C. Clarke proposes geostationary satellites.
Soviet Union tests version of German V-2 rocket.

United States test fires Corporal missile from White Sands,
New Mexico.

X-1 research rocket aircraft flies past the speed of sound.

United States reveals development plan for Earth satellite
adapted from RAND.

Chinese rocket scientist Hsueh-Sen proposes hypersonic
aircraft.

United States fires Viking 4 rocket to record 106 miles
from USS Norton Sound.

Bell Aircraft Corporation proposes winged suborbital
rocket-plane.

Wernher von Braun proposes wheeled Earth-orbiting
space station.

U.S. Navy D-558II sets world altitude record of 15 miles
above Earth.

Soviet Union begins design of RD-107, RD-108 ballistic
missile engines.

Soviet Union launches dogs aboard research rocket on sub-
orbital flight.
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1956 United States announces plan to launch Earth satellite as
part of Geophysical Year program.
1957 U.S. Army Ballistic Missile Agency is formed.

Soviet Union test fires R-7 ballistic missile.

Soviet Union launches the world’s first Earth satellite,
Sputnik-1, aboard R-7.

United States launches 3-stage Jupiter C on test flight.

United States attempts Vanguard 1 satellite launch; rocket
explodes.

1958 United States orbits Explorer-1 Earth satellite aboard
Jupiter-C rocket.

United States establishes the National Aeronautics and
Space Administration (NASA) as civilian space research
organization.

NASA establishes Project Mercury manned space project.
United States orbits Atlas rocket with Project Score.

1959 Soviet Union sends Luna 1 towards Moon; misses by 3100
miles.

NASA announces the selection of seven astronauts for
Earth space missions.

Soviet Union launches Luna 2, which strikes the Moon.
1960 United States launches Echo satellite balloon.

United States launches Discoverer 14 into orbit, capsule
caught in midair.

Soviet Union launches two dogs into Earth orbit.

Mercury-Redstone rocket test fired in suborbital flight
test.

1961 Soviet Union tests Vostok capsule in Earth orbit with
dummy passenger.

Soviet Union launches Yuri Gagarin aboard Vostok-1; he
becomes the first human in space.

United States launches Alan B. Shepard on suborbital
flight.

United States proposes goal of landing humans on the
Moon before 1970.

Soviet Union launches Gherman Titov into Earth orbital
flight for one day.

United States launches Virgil I. “Gus” Grissom on subor-
bital flight.

United States launches first Saturn 1 rocket in suborbital
test.
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1962

1963

1964

1965

United States launches John H. Glenn into 3-orbit flight.
United States launches Ranger to impact Moon; craft fails.

First United States/United Kingdom international satel-
lite launch; Ariel 1 enters orbit.

X-15 research aircraft sets new altitude record of 246,700
feet.

United States launches Scott Carpenter into 3-orbit flight.
United States orbits Telstar 1 communications satellite.

Soviet Union launches Vostok 3 and 4 into Earth orbital
flight.

United States launches Mariner II toward Venus flyby.
United States launches Walter Schirra into 6-orbit flight.
Soviet Union launches Mars 1 flight; craft fails.

United States launches Gordon Cooper into 22-orbit
flight.

Soviet Union launches Vostok 5 into 119-hour orbital
flight.

United States test fires advanced solid rockets for Titan
3C.

First Apollo Project test in Little Joe II launch.

Soviet Union orbits Vostok 6, which carries Valentina
Tereshkova, the first woman into space.

Soviet Union tests advanced version of R-7 called Soyuz
launcher.

United States conducts first Saturn 1 launch with live sec-
ond stage; enters orbit.

U.S. Ranger 6 mission launched towards Moon; craft fails.
Soviet Union launches Zond 1 to Venus; craft fails.

United States launches Ranger 7 on successful Moon
impact.

United States launches Syncom 3 communications satellite.

Soviet Union launches Voshkod 1 carrying three cosmo-
nauts.

United States launches Mariner 4 on Martian flyby mis-
sion.

Soviet Union launches Voshkod 2; first space walk.

United States launches Gemini 3 on 3-orbit piloted test
flight.

United States launches Early Bird 1 communications
satellite.

United States launches Gemini 4 on 4-day flight; first U.S.
space walk.
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1966

1967

1968

1969

United States launches Gemini 5 on 8-day flight.

United States launches Titan 3C on maiden flight.
Europe launches Asterix 1 satellite into orbit.

United States Gemini 6/7 conduct first space rendezvous.
Soviet Union launches Luna 9, which soft lands on Moon.

United States Gemini 8 conducts first space docking; flight
aborted.

United States launches Surveyor 1 to Moon soft landing.
United States tests Atlas Centaur advanced launch vehicle.
Gemini 9 flight encounters space walk troubles.

Gemini 10 flight conducts double rendezvous.

United States launches Lunar Orbiter 1 to orbit Moon.
Gemini 11 tests advanced space walks.

United States launches Saturn IB on unpiloted test flight.
Soviet Union tests advanced Proton launch vehicle.

United States launches Gemini 12 to conclude two-man
missions.

Apollo 1 astronauts killed in launch pad fire.
Soviet Soyuz 1 flight fails; cosmonaut killed.
Britain launches Ariel 3 communications satellite.

United States conducts test flight of M2F2 lifting body re-
search craft.

United States sends Surveyor 3 to dig lunar soils.
Soviet Union orbits anti-satellite system.

United States conducts first flight of Saturn V rocket
(Apollo 4).

Yuri Gagarin killed in plane crash.

Soviet Union docks Cosmos 212 and 213 automatically in
orbit.

United States conducts Apollo 6 Saturn V test flight; par-
tial success.

Nuclear rocket engine tested in Nevada.

United States launches Apollo 7 in three-person orbital
test flight.

Soviet Union launches Soyuz 3 on three-day piloted flight.

United States sends Apollo 8 into lunar orbit; first human
flight to Moon.

Soviet Union launches Soyuz 4 and 5 into orbit; craft dock.

Largest tactical communications satellite launched.
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1970

1971

1972

United States flies Apollo 9 on test of lunar landing craft
in Earth orbit.

United States flies Apollo 10 to Moon in dress rehearsal
of landing attempt.

United States cancels military space station program.
United States flies Apollo 11 to first landing on the Moon.

United States cancels production of Saturn V in budget
cut.

Soviet lunar rocket N-1 fails in launch explosion.
United States sends Mariner 6 on Mars flyby.

United States flies Apollo 12 on second lunar landing
mission.

Soviet Union flies Soyuz 6 and 7 missions.

United States launches Skynet military satellites for
Britain.

China orbits first satellite.
Japan orbits domestic satellite.

United States Apollo 13 mission suffers explosion; crew
returns safely.

Soviet Union launches Venera 7 for landing on Venus.
United States launches military early warning satellite.
Soviet Union launches Luna 17 to Moon.

United States announces modifications to Apollo space-
craft.

United States flies Apollo 14 to Moon landing.
Soviet Union launches Salyut 1 space station into orbit.
First crew to Salyut station, Soyuz 11, perishes.

Soviet Union launches Mars 3 to make landing on the red
planet.

United States flies Apollo 15 to Moon with roving vehi-
cle aboard.

United States and the Soviet Union sign space coopera-
tion agreement.

United States launches Pioneer 10 to Jupiter flyby.
Soviet Union launches Venera 8 to soft land on Venus.
United States launches Apollo 16 to moon.

India and Soviet Union sign agreement for launch of In-
dian satellite.

United States initiates space shuttle project.

United States flies Apollo 17, last lunar landing mission.
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1973

1974

1975

1976

1977

1978

United States launches Skylab space station.
United States launches first crew to Skylab station.
Soviet Union launches Soyuz 12 mission.

United States launches second crew to Skylab space
station.

United States launches ATS research satellite.

Soviet Union launches Salyut 3 on unpiloted test flight.
Soviet Union launches Soyuz 12, 13, and 14 flights.
Soviet Union launches Salyut 4 space station.

Soviet Union launches Soyuz 17 to dock with Salyut 4
station.

Soviet Union launches Venera 9 to soft land on Venus.

United States and Soviet Union conduct Apollo-Soyuz
Test Project joint flight.

China orbits large military satellite.

United States sends Viking 1 and 2 towards landing on
Martian surface.

Soviet Union launches unpiloted Soyuz 20.
Soviet Union launches Salyut 5 space station.
First space shuttle rolls out; Enterprise prototype.
Soviet Union docks Soyuz 21 to station.

China begins tests of advanced ballistic missile.
Soyuz 24 docks with station.

United States conducts atmospheric test flights of shuttle
Enterprise.

United States launches Voyager 1 and 2 on deep space
missions.

Soviet Union launches Salyut 6 space station.

Soviet Soyuz 25 fails to dock with station.

Soyuz 26 is launched and docks with station.

Soyuz 27 is launched and docks with Salyut 6 station.
Soyuz 28 docks with Soyuz 27/Salyut complex.
United States launches Pioneer/Venus 1 mission.
Soyuz 29 docks with station.

Soviet Union launches Progress unpiloted tankers to
station.

Soyuz 30 docks with station.
United States launches Pioneer/Venus 2.

Soyuz 31 docks with station.
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1979

1980

1981

1982

1983

1984

1985

1986

1987

Soyuz 32 docks with Salyut station.

Voyager 1 flies past Jupiter.

Soyuz 33 fails to dock with station.

Voyager 2 flies past Jupiter.

First Ariane rocket launches from French Guiana; fails.
Soviet Union begins new Soyuz T piloted missions.
STS-1 first shuttle mission moves to launching pad.
Soviet Union orbits advanced Salyut stations.

STS-1 launched on first space shuttle mission.

United States launches STS-2 on second shuttle flight;

mission curtailed.

United States launches STS-5 first operational shuttle
flight.

United States launches Challenger, second orbital shuttle,
on STS-6.

United States launches Sally Ride, the first American
woman in space, on STS-7.

United States launches Guion Bluford, the first African-
American astronaut, on STS-8.

United States launches first Spacelab mission aboard
STS-9.

Soviet Union tests advanced orbital station designs.
Shuttle Discovery makes first flights.

United States proposes permanent space station as goal.
Space shuttle Atlantis enters service.

United States announces policy for commercial rocket
sales.

United States flies U.S. Senator aboard space shuttle Chal-
lenger.

Soviet Union launches and occupies advanced Mir space
station.

Challenger—on its tenth mission, STS-51-L—is destroyed
in a launching accident.

United States restricts payloads on future shuttle missions.
United States orders replacement shuttle for Challenger.
Soviet Union flies advanced Soyuz T-2 designs.

United States’ Delta, Atlas, and Titan rockets grounded in
launch failures.

Soviet Union launches Energyia advanced heavy lift
rocket.
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1988

1989

1990

1992

1993

1994

1995

1996
1997
1998
1999

2000
2001

2002

Soviet Union orbits unpiloted shuttle Buran.

United States launches space shuttle Discovery on STS-
26 flight.

United States launches STS-27 military shuttle flight.
United States launches STS-29 flight.

United States launches Magellan probe from shuttle.
Shuttle fleet grounded for hydrogen leaks.

United States launches Hubble Space Telescope.
Replacement shuttle Endeavour enters service.
United States probe Mars Observer fails.

United States and Russia announce space station
partnership.

United States shuttles begin visits to Russian space station
Mir.

Europe launches first Ariane 5 advanced booster; flight
fails.

United States announces X-33 project to replace shuttles.
Mars Pathfinder lands on Mars.
First elements of International Space Station launched.

First Ocean space launch of Zenit rocket in Sea Launch
program.
Twin United States Mars missions fail.

United States cancels shuttle replacements X-33 and X-34
because of space cutbacks.

United States orbits Mars Odyssey probe around Mars.

First launches of United States advanced Delta IV and At-
las V commercial rockets.

Frank Sietzen, Fr.




Human Achievements

in Space

The road to space has been neither steady nor easy, but the journey has cast bhu-
mans into a new role in history. Here are some of the milestones and achievements.

Oct. 4, 1957

Nov. 3, 1957

Jan. 31, 1958

Apr. 12, 1961

May 5, 1961

May 24, 1961

Feb. 20, 1962

June 16, 1963

Nov. 28, 1964
Mar. 18, 1965

The Soviet Union launches the first artificial satellite, a
184-pound spacecraft named Sputnik.

The Soviets continue pushing the space frontier with the
launch of a dog named Laika into orbit aboard Sputnik 2.
The dog lives for seven days, an indication that perhaps
people may also be able to survive in space.

The United States launches Explorer 1, the first U.S. satel-
lite, and discovers that Earth is surrounded by radiation
belts. James Van Allen, who instrumented the satellite, is
credited with the discovery.

Yuri Gagarin becomes the first person in space. He is
launched by the Soviet Union aboard a Vostok rocket for
a two-hour orbital flight around the planet.

Astronaut Alan Shepard becomes the first American in
space. Shepard demonstrates that individuals can control
a vehicle during weightlessness and high gravitational
forces. During his 15-minute suborbital flight, Shepard
reaches speeds of 5,100 mph.

Stung by the series of Soviet firsts in space, President John

F. Kennedy announces a bold plan to land men on the
Moon and bring them safely back to Earth before the end
of the decade.

John Glenn becomes the first American in orbit. He flies
around the planet for nearly five hours in his Mercury cap-
sule, Friendship 7.

The Soviets launch the first woman, Valentina
Tereshkova, into space. She circles Earth in her Vostok
spacecraft for three days.

NASA launches Mariner 4 spacecraft for a flyby of Mars.

Cosmonaut Alexei Leonov performs the world’s first space
walk outside his Voskhod 2 spacecraft. The outing lasts 10
minutes.
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Mar. 23, 1965

June 3, 1965

Mar. 16, 1966

Jan. 27, 1967

Apr. 24, 1967

Dec. 21, 1968

July 20, 1969

Apr. 13, 1970

June 6, 1971

Jan. 5, 1972

Dec. 7, 1972

May 14, 1973

Astronauts Virgil I. “Gus” Grissom and John Young blast
off on the first Gemini mission and demonstrate for the
first time how to maneuver from one orbit to another.

Astronaut Edward White becomes the first American to
walk in space during a 21-minute outing outside his Gem-
ini spacecraft.

Gemini astronauts Neil Armstrong and David Scott dock
their spacecraft with an unmanned target vehicle to com-
plete the first joining of two spacecraft in orbit. A stuck
thruster forces an early end to the experiment, and the
crew makes America’s first emergency landing from space.

The Apollo 1 crew is killed when a fire breaks out in their
command module during a prelaunch test. The fatalities
devastate the American space community, but a subsequent
spacecraft redesign helps the United States achieve its goal
of sending men to the Moon.

Tragedy also strikes the Soviet space program, with the
death of cosmonaut Vladimir Komarov. His new Soyuz
spacecraft gets tangled with parachute lines during re-
entry and crashes to Earth.

Apollo 8, the first manned mission to the Moon, blasts off
from Cape Canaveral, Florida. Frank Borman, Jim Lovell
and Bill Anders orbit the Moon ten times, coming to
within 70 miles of the lunar surface.

Humans walk on another world for the first time when as-
tronauts Neil Armstrong and Edwin “Buzz” Aldrin climb
out of their spaceship and set foot on the Moon.

The Apollo 13 mission to the Moon is aborted when an
oxygen tank explosion cripples the spacecraft. NASA’s
most serious inflight emergency ends four days later when
the astronauts, ill and freezing, splash down in the Pacific
Ocean.

Cosmonauts blast off for the first mission in the world’s
first space station, the Soviet Union’s Salyut 1. The crew
spends twenty-two days aboard the outpost. During re-
entry, however, a faulty valve leaks air from the Soyuz
capsule, and the crew is killed.

President Nixon announces plans to build “an entirely new
type of space transportation system,” pumping life into

NASA’s dream to build a reusable, multi-purpose space
shuttle.

The seventh and final mission to the Moon is launched,
as public interest and political support for the Apollo pro-
gram dims.

NASA launches the first U.S. space station, Skylab 1, into
orbit. Three crews live on the station between May 1973
and February 1974. NASA hopes to have the shuttle fly-
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July 17, 1975

Apr. 12, 1981

June 18, 1983

Oct. 30, 1983

Nov. 28, 1983

Feb. 7, 1984

Apr. 9-11,
1984

Jan. 28, 1986

Feb. 20. 1986

May 15, 1987

Oct. 1, 1987

ing in time to reboost and resupply Skylab, but the out-
post falls from orbit on July 11, 1979.

In a momentary break from Cold War tensions, the United
States and Soviet Union conduct the first linking of Amer-
ican and Russian spaceships in orbit. The Apollo-Soyuz
mission is a harbinger of the cooperative space programs
that develop between the world’s two space powers twenty
years later.

Space shuttle Columbia blasts off with a two-man crew for
the first test-flight of NASA’s new reusable spaceship. Af-
ter two days in orbit, the shuttle lands at Edwards Air Force
Base in California.

For the first time, a space shuttle crew includes a woman.
Astronaut Sally Ride becomes America’s first woman in
orbit.

NASA’s increasingly diverse astronaut corps includes an
African-American for the first time. Guion Bluford, an
aerospace engineer, is one of the five crewmen assigned to
the STS-8 mission.

NASA flies its first Spacelab mission and its first European
astronaut, Ulf Merbold.

Shuttle astronauts Bruce McCandless and Robert Stewart
take the first untethered space walks, using a jet backpack
to fly up to 320 feet from the orbiter.

First retrieval and repair of an orbital satellite.

Space shuttle Challenger explodes 73 seconds after launch,
killing its seven-member crew. Aboard the shuttle was
Teacher-in-Space finalist Christa McAuliffe, who was to
conduct lessons from orbit. NASA grounds the shuttle fleet
for two and a half years.

The Soviets launch the core module of their new space
station, Mir, into orbit. Mir is the first outpost designed
as a module system to be expanded in orbit. Expected life-
time of the station is five years.

Soviets launch a new heavy-lift booster from the Baikonur
Cosmodrome in Kazakhstan.

Mir cosmonaut Yuri Romanenko breaks the record for the
longest space mission, surpassing the 236-day flight by
Salyut cosmonauts set in 1984.

Sept. 29, 1988 NASA launches the space shuttle Discovery on the first

May 4, 1989

crewed U.S. mission since the 1986 Challenger explosion.
The shuttle carries a replacement communications satel-
lite for the one lost onboard Challenger.

Astronauts dispatch a planetary probe from the shuttle for
the first time. The Magellan radar mapper is bound for
Venus.
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Nov. 15, 1989

Apr. 24, 1990

Dec. 2, 1993

Feb. 3, 1994

Mar. 16, 1995

Mar. 22, 1995

June 29, 1995

Mar. 24, 1996

Feb. 24, 1997

June 27, 1997

Oct. 29, 1998

Nov. 20, 1998

Aug. 27, 1999

The Soviets launch their space shuttle Buran, which means
snowstorm, on its debut flight. There is no crew onboard,
and unlike the U.S. shuttle, no engines to help place it into
orbit. Lofted into orbit by twin Energia heavy-lift boost-
ers, Buran circles Earth twice and lands. Buran never flies
again.

NASA launches the long-awaited Hubble Space Tele-
scope, the cornerstone of the agency’s “Great Observa-
tory” program, aboard space shuttle Discovery. Shortly
after placing the telescope in orbit, astronomers discover
that the telescope’s prime mirror is misshapen.

Space shuttle Endeavour takes off for one of NASA’s most
critical shuttle missions: repairing the Hubble Space Tele-
scope. During an unprecedented five space walks, astro-
nauts install corrective optics. The mission is a complete
success.

A Russian cosmonaut, Sergei Krikalev, flies aboard a U.S.
spaceship for the first time.

NASA astronaut Norman Thagard begins a three and a
half month mission on Mir—the first American to train
and fly on a Russian spaceship. He is the first of seven
Americans to live on Mir.

Cosmonaut Valeri Polyakov sets a new space endurance
record of 437 days, 18 hours.

Space shuttle Atlantis docks for the first time at the Russ-
ian space station Mir.

Shannon Lucid begins her stay aboard space aboard Mir,
which lasts 188 days—a U.S. record for spaceflight en-
durance at that time.

An oxygen canister on Mir bursts into flames, cutting off
the route to the station’s emergency escape vehicles. Six
crewmembers are onboard, including U.S. astronaut Jerry
Linenger.

During a practice of a new docking technique, Mir com-
mander Vasily Tsibliyev loses control of an unpiloted
cargo ship and it plows into the station. The Spektr mod-
ule is punctured, The crew hurriedly seals off the com-
partment to save the ship.

Senator John Glenn, one of the original Mercury astro-
nauts, returns to space aboard the shuttle.

A Russian Proton rocket hurls the first piece of the Inter-
national Space Station into orbit.

Cosmonauts Viktor Afanasyev, Sergei Avdeyev, and Jean-
Pierre Haignere leave Mir. The station is unoccupied for
the first time in almost a decade.
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Oct. 31, 2000

Mar. 23, 2001

Apr. 28, 2001

The first joint American-Russian crew is launched to the
International Space Station. Commander Bill Shepherd re-
quests the radio call sign “Alpha” for the station and the
name sticks.

The Mir space station drops out of orbit and burns up in
Earth’s atmosphere.

Russia launches the world’s first space tourist for a week-
long stay at the International Space Station. NASA objects
to the flight, but is powerless to stop it.

Irene Brown
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Antimatter Propulsion

Imagine an energy source that is more powerful than nuclear fission or even
nuclear fusion. Antimatter-matter reactions could offer an amount of en-
ergy that is not comparable to today’s energy sources. When particles of
matter and particles of antimatter collide, large amounts of energy are pro-
duced as a by-product. Because matter can neither be created nor destroyed,
it is turned into tremendous amounts of energy.

Antimatter is the exact opposite of normal matter. Whereas a proton is a
positively-charged particle, its antimatter counterpart, called an antiproton, is
negatively charged. The antimatter counterpart to the negatively-charged elec-
tron is the positron, which is positively charged. All of the sub-atomic parti-
cles’ charges are reversed, forming antiatoms. These antiatoms were first
theorized in 1928 by Paul A. M. Dirac, a British physicist. In 1932 the first an-
timatter particle was created in a laboratory experiment by Carl Anderson, who
is credited with coining the word “positron.” Speculation continued through-
out the 1950s, but because of the complexity of creating these particles, astro-
physicists were unable to produce antimatter atoms until the late 1990s.

Antimatter particles are difficult to produce because of their very nature.
When a particle or atom of antimatter comes into contact with a particle or
atom of normal matter, both are annihilated and energy is released. The syn-
thesized antiatoms have lasted only 40 billionths of a second before their anni-
hilation. The particles were accelerated at close to the speed of light.
Antihydrogen is the simplest antimatter atom to produce, yet, that feat took
decades of research and billions of dollars. Even the European Organization for
Nuclear Research (CERN), the laboratory in which the experiment was per-
formed, admitted that this method of creating antimatter is far too expensive
and difficult to be subject to mass production. Instead, cheaper and faster meth-
ods must be developed to make antimatter more than a dream of the future.

Developing antimatter is worth the effort because the energy created
by sustainable matter-antimatter reactions would be so powerful that many
people believe that faster-than-light travel, or “warp speed,” could be
achieved. Other possible uses include powering long-term spaceflight for
humans and probes.

The main hope for antimatter is that one day this energy source could
be used as a fuel. Hydrogen would be annihilated with anti-hydrogen, and

fission act of splitting a
heavy atomic nucleus
into two lighter ones,
releasing tremendous
energy

fusion releasing nuclear
energy by combining
lighter elements such
as hydrogen into heavier
elements
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Flights to the Moon could
employ detachable crew
modules atop nuclear
thermal transfer vehicles.

rocket vehicle or device
especially designed to
travel through space,
propelled by one or
more engines

the energy would be funneled into a magnetic nozzle of a rocket. Such en-
ergy would propel the ship or probe at tremendous speeds compared to to-
day’s methods of propulsion. One of the problems with this model is that
much of the energy is given off as neutrally charged particles that cannot
be harnessed. To make use of the majority of the energy produced, these
particles would have to be captured.

The amount of thrust produced by the space shuttle’s boosters is equal
to the energy released from 71 milligrams of antimatter. The benefits of an-
timatter propulsion will be worth the effort when this energy can be used
to explore the universe in a way that has only been dreamed of so far. SEE
ALSO FasTER-THAN-L1GHT TRAVEL (VOLUME 4); INTERSTELLAR TRAVEL (VOL-
UME 4); NUCLEAR PROPULSION (VOLUME 4); ROCKETS (VOLUME 3).

Craig Samuels
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Asteroid Mining

Future large-scale space operations, including space hotels, solar power
satellites, and orbital factories, will require volatiles such as water, methane,
ammonia, and carbon dioxide.*® These materials can be used to produce
propellant, metal for facility construction (such as nickel-iron alloy), semi-
conductors for manufacturing photovoltaic power systems (such as silicon,
arsenic, and germanium), and simple mass for ballast and shielding. The
cost to transport these commodities from Earth today is $10,000 per kilo-
gram. In the future, the extraction of these materials from easy-access as-
teroids will become a competitive option.

All of these resources are present in asteroids. About 10 percent of the
near-Earth asteroids (NEAs) are more accessible than the Moon, requiring
a velocity increase (delta-v) from low Earth orbit of less than 6 kilometers
per second (km/s; 3.75 miles per second) for rendezvous, with a return de-
parture delta-v of 1 km/s or less. A few are extremely accessible, only mar-
ginally more demanding to reach than a launch or a satellite to geostationary
orbit.

The return of asteroidal materials using propellant derived from the tar-
get asteroid will enable potentially unlimited mass availability in low Earth
orbit. That will break the logistical bottleneck and cost constraints of launch-
ing from Earth. Asteroid-sourced raw materials will enable and catalyze the
development of an Earth-Moon space economy and humankind’s expansion
into the solar system.

The growing recognition of the “impact threat” to Earth has prompted
several successful NEA search programs, with approximately 1,800 NEAs
now identified (as of April 2002), up from about 30 NEAs twenty years ago.
Some 400 are classified as potentially hazardous asteroids (PHAs) that come
to within 7.5 million kilometers (4.7 million miles) of Earth orbit on occa-
sion. New potential mining targets are found every month.

Based on meteorite studies, astronomers recognize that NEAs have
diverse compositions, including silicate, carbonaceous and hydrocarbon-
bearing, metallic, and ice-bearing materials. Some may be loose rubble piles

held together only by self-gravity.

Insights from comet modeling, studies of orbital dynamics, and obser-
vation of comet-asteroid transition objects indicate that 30 to 40 percent of
NEAs may be extinct or dormant comets.

There has recently been major work on modeling of the development
on comets of a crust or regolith of dust, fragmented rock, and bitumen
that has been prompted by the Giotto spacecraft’s observations of Halley’s
comet in 1986 and other comets. This insulating “mantle,” if allowed to

*Volatiles easily pass
into the vapor stage
when heated.

photovoltaic pertaining
to the direct generation
of electricity from elec-
tromagnetic radiation
(light)

ballast heavy sub-
stance used to increase
the stability of a vehicle

shielding providing pro-
tection for humans and
electronic equipment
from cosmic rays, ener-
getic particles from the
Sun, and other radioac-
tive materials

low Earth orbit an orbit
between 300 and 800
kilometers above
Earth’s surface

geostationary orbit a
specific altitude of an
equatorial orbit where
the time required to cir-
cle the planet matches
the time it takes the
planet to rotate on its
axis

THE IMPACT OF NICKEL-
IRON PRODUCTION

A by-product of asteroidal
nickel-iron production will be the
increased availability of
platinum group metals for
export to Earth for use as
catalysts in an expanding fuel-
cell energy economy. These
metals include platinum,
palladium, and rhodium.

GO
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In this rendering of a mining operation on an asteroid traveling near Earth, the unit on the asteroid is doing the actual min-
ing, while power and other necessities are supplied by an orbital construction platform in conjunction with the surrounding
solar arrays.

regolith upper few me-
ters of a body’s sur-
face, composed of
inorganic matter, such
as unconsolidated rocks
and fine soil

bitumen a thick, almost
solid form of hydrocar-
bons, often mixed with
other minerals

cometary outgassing
vaporization of the
frozen gases that form
a comet nucleus as the
comet approaches the
Sun and warms

grow to completion, eliminates cometary outgassing, and the object then
takes on the appearance of an inactive asteroid. These cryptocometary bod-
ies, if in near-Earth orbits, will stabilize with a deep-core temperature of
about —50°C. The deep core would probably be depleted of CO and CO,
and highly porous but would retain water ice in crystalline form and in com-
bination with silicates as well as bituminous hydrocarbons. This ice could
be extracted by drilling and circulation of hot fluid or by mining with sub-
sequent heat processing.

Photographs of the asteroids Gaspra, Ida and Dactyl, Mathilde, Braille,
and Eros by various space probes and radar images of Castalia, Toutatis,
1998 KY26, Kleopatra, 1999 JM8, and Geographos reveal a varied, bizarre,
and poorly understood collection of objects. Many images show evidence of
a thick loose regolith or gravel/sand/silt layer that could be collected easily
by scooping or shoveling. Eros shows slump sheets in the sides of craters
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where fresh material has been uncovered, a lack of small craters, an abun-
dance of boulders, and pooled dust deposits in the bases of craters.

Eros and Mathilde have improbably low densities, suggesting that they
have large internal voids or are highly porous; Mathilde has craters so large
that their generating impacts should have split it asunder. Both Toutatis and
Castalia appear to be contact binaries: twin asteroids in contact with each
other. Eros and Geographos are improbably elongated, shaped like sweet
potatoes. Kleopatra is a 140-kilometer-long (87.5 miles) dog-bone shape.
1998 KY26 is tiny and spins so fast that any loose material on its surface
must be flung off into space, implying that it must be a monolithic solid ob-
ject under tension.

Mining Concepts

The choice of mining and processing methods is driven by what and how
much is desired, difficulty of separation, duration of mining season, and
propulsion demands in returning the product to the nominated orbit. Min-
imization of project cost and technical risk, together with maximization of
returns in a short timeframe, will be major factors in project planning.

If the required product is water, which can be used as the propellant for
the return journey, underground rather than surface mining will be required
because of the dryness of the asteroid surface. Some sort of tunnelborer
will be needed, or a large-diameter auger-type drill. If the product is nickel-
iron metal sand, surface regolith collection by scraping or shoveling is in-
dicated. Surface reclaim is threatened by problems of containment and
anchoring. In situ volatilization (melting and vaporizing ice at the bottom
of a drill hole for extraction as steam) has been proposed for mining comet
matrix material but is subject to fluid loss and blowouts.

The processing methods depend on the desired product. If it is water
and other volatiles, a heating and condensation process is essential. If it is
nickel-iron sand, then density, magnetic, or electrostatic separation will be
used to produce a concentrate from the collected regolith. Terrestrial cen-
trifugal grinding mills and density-separation jigs can be adapted for this
work.

Initial asteroid mining operations will probably be carried out by small,
low-cost, robotic, remotely controlled or autonomous integrated miner-
processors designed to return a few hundred to a few thousand tons of prod-
uct per mission, with propulsion systems using asteroid-derived material for
propellant.

Conclusion

The knowledge and technologies required to develop the resources of as-
teroids and enable the industrialization and colonization of the inner solar
system will provide humankind with the ability to protect society and Earth
from threats of asteroid and comet impacts. SEE ALSO ASTEROIDS (VOLUME
2); Crost EncounTERs (VOLUME 2); GETTING TO SPACE CHEAPLY (VOLUME
1); HoTELS (VOLUME 4); IMPACTS (VOLUME 4); SoLAR POWER SysTEMS (VOL-
UME 4); SPACE RESOURCES (VOLUME 4).

Mark F. Sonter

Asteroids contain many of
the major elements that
provide the basis for life
and industry on Earth.

cryptocometary aster-
oids that contain a high
percentage of carbon
compounds mixed with
frozen gases

tunnelborer a mining
machine designed to dig
a tunnel using rotating
cutting disks

in situ in the natural or
original location

comet matrix material
the substances that
form the nucleus of a
comet; dust grains em-
bedded in frozen
methane, ammonia, car-
bon dioxide, and water

WHAT IS THE DELTA-V?

The measure of the energy
needed to transfer from one
orbit to another, or the difficulty
of carrying out a space mission,
is the delta-v: the velocity
change, or boost, needed to
achieve the required new
trajectory. The delta-v necessary
to achieve low Earth orbit is 8
km/s (5 miles/sec); to go from
low Earth orbit to Earth-escape
velocity (achieve an orbit around
the Sun, free of the Earth’s
gravity) requires an extra 3.2
km/s (2 miles/sec). The delta-v
to achieve geostationary orbit
from low Earth orbit is 3.6
km/s (2.25 miles). The most
accessible asteroids have a
delta-v as low as 4 km/s (2.5
miles/sec).

<>
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density-separation jigs

a form of gravity separa-

tion of materials with
different densities that
uses a pulsating fluid

biosphere the interac-
tion of living organisms
on a global scale
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Astrobiology

Astrobiology is a new interdisciplinary science that studies the origin, evo-
lution, distribution, and destiny of life in the cosmos. Other terms that have
been used to describe the search for life beyond Earth include exobiology,
exopaleontology, and bioastronomy. Astrobiology is a broadly based, inter-
disciplinary science that embraces the fields of biology and microbiology,
microbial ecology, molecular biology and biochemistry, geology and pale-
ontology, space and gravitational biology, planetology, and astronomy,
among others.

The development of astrobiology as a discipline began in the early 1990s
with the recognition of a growing synergy between various sciences in seek-
ing answers to the question of extraterrestrial life. The National Aeronau-
tics and Space Administration (NASA) promoted the development of
astrobiology by funding a research institute (the NASA Astrobiology Insti-
tute, or NAI), which consists of interdisciplinary teams of scientists from
fifteen separate institutions in the United States, including both government
laboratories and universities. Important scientific discoveries have changed
the way scientists think about the origin, evolution, and persistence of life
on Earth. These discoveries have helped fuel the growth of astrobiology by
defining the broad conceptual framework and scope of the field and by open-
ing up new possibilities for the existence of extraterrestrial life.

Earth’s Microbial Biosphere

Since the late 1980s, advances in genetics and molecular biology have rad-
ically altered scientists’ view of the biosphere and the contribution of mi-
crobial life to planetary biodiversity. The opportunity to compare gene
sequences from a wide variety of living organisms and environments has
shown that living organisms cluster into one of three biological domains:
the Archaea, Bacteria, or Eukarya. Each of these domains is made up of
dozens of biological kingdoms, the vast majority of which are microbial.
Species inferred to be the most primitive forms so far discovered are all
found at high temperatures (greater than 80°C [176°F]) where they use sim-
ple forms of chemical energy. However, knowledge of Earth’s biodiversity
is still very much a work in progress. While biologists have sampled a wide
range of environments, it is estimated that only a small fraction, perhaps 1
to 2 percent of the total biodiversity present, has so far been captured. Still,
the three-domain structure has remained stable. New organisms are being
discovered each year, adding diversity to each domain, but many discover-
ies still lie ahead.



These advances in biology have led to a growing awareness that Earth
is overwhelmingly dominated by microscopic life and that these simple forms
have dominated nearly the entire history of the biosphere. Indeed, advances
in paleontology have now pushed back the record of microbial life to within
half a billion years of the time scientists believe Earth first became inhabit-
able. This suggests that once the conditions necessary for life’s origin were
in place, it arose very quickly. Exactly how quickly is not yet known, but in
geologic terms, it was a much shorter period than previously thought. This
view significantly improves the possibility that life may have originated on
other planets such as Mars, where liquid water may have been present
at the surface for only a few hundred million years, early in the planet’s
history.

The Evolution of Complex Life

Studies of the fossil record have revealed that complex, multicellular forms
of life (plants and animals) did not appear on Earth until about 600 million
years ago, which is recent in geological history. Animals are multicellular
consumers that require oxygen for their metabolism. Scientists believe that
their late addition to the biosphere was triggered by the buildup of oxygen
in the oceans and atmosphere to a threshold of about 10 percent of the pre-
sent atmospheric level. * It is clear that the high level of oxygen found in
the atmosphere today could have been generated only through photosyn-
thesis, a biological process that captures sunlight and uses the energy to con-
vert carbon dioxide and water to organic matter and oxygen. Clearly,
oxygen-evolving photosynthesis has had a profound effect on the biosphere.
If oxygen was required for the appearance of complex animal life, then a de-
tailed understanding of photosynthetic processes and their evolution is cru-
cial to create a proper context for evaluating the cosmological potential for
life to evolve to the level of sentient beings and advanced technologies else-
where in the cosmos. This research also provides a context for the SETI
program (Search for Extraterrestrial Intelligence), which is currently ex-
ploring the heavens for advanced civilizations elsewhere in the galaxy by
monitoring radio waves.

Basic Requirements for Life

The most basic requirement of living systems is liquid water, the universal
medium that organisms use to carry out the chemical reactions of metabo-
lism. Water is a unique dipolar compound (positively charged on one side
and negatively charged on the other) with special solvent properties that al-
low it to act as a universal medium of transport and exchange in chemical
reactions. In addition, the physical properties of water allow it to remain
liquid over a very broad range of temperatures, thus enhancing its avail-
ability to living systems. In exploring for life elsewhere in the cosmos, the
recognition of the importance of liquid water as a requirement for life is
reflected in NASA’s basic exploration strategy, which seeks to “follow the
water.”

But to exist, living systems also require sources of nutrients and energy.
The common biogenic elements (carbon, hydrogen, nitrogen, oxygen, phos-
phorus, and sulfur), which comprise the basic building blocks of life, appear
to be widely distributed in the universe. These elements are forged in the

NASA’s Controlled Ecol-
ogy Life Support System
studies self-contained
systems for applications
related to future space
colony environments.

These sealed flasks con-

tain shrimp, algae, and

other microorganisms ca-

pable of generating their
own water, oxygen, and
food.

* Oxygen currently
makes up 21 percent of
Earth’s atmosphere.
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Mouse-ear cress plants
were part of the Plant
Growth Investigations in
the Microgravity 1 experi-
ment aboard the space
shuttle Columbia.

nuclear fusion the com-
bining of low-mass
atoms to create heavier
ones; the heavier
atom’s mass is slightly
less than the sum of
the mass of its con-
stituents, with the re-
maining mass converted
to energy

supernova an explosion
ending the life of a
massive star; caused by
core collapse or the
sudden onset of nuclear
fusion

hydrothermal relating
to high temperature wa-
ter

desiccation the
process of drying up

PGC4 BACK

interiors of stars through nuclear fusion reactions, and through normal
processes they produce elements with masses up to that of iron—56. The
heavier metallic elements, some of which living systems also require, are
formed only in very massive stars during supernova explosions. A key ques-
tion of astrobiology concerns the distribution of massive stars in galaxies,
which in turn may control the distribution of heavy elements essential for

life.

By applying new methods of molecular biology and genetics over a broad
range of environmental extremes, scientists’ knowledge of the environmen-
tal limits of life on Earth (and the ways that organisms obtain nutrients and
energy) has expanded dramatically. This area of inquiry comprises a rela-
tively new area of biology known as extremophile (extreme-loving) research.
This research has revealed that microbial species thrive in environments
with broad extremes of temperature, ranging from deep-sea, hydrothermal
vents (about 114°C [237°F]) to Siberian permafrost (—15°C [5°F]). (Above
about 130°C [266°F], complex organic molecules become unstable and be-
gin to break down. This temperature may comprise an absolute upper limit
for life based on the limitations of carbon chemistry.) In addition, mi-
croorganisms occupy nearly the entire pH range from about 1.4 (extremely
acid) to about 13.5 (extremely alkaline). Microbial life also occupies an
equally broad salinity range from freshwater to saturated brines (containing
about 300 percent dissolved solids) where salt (NaCl) precipitates. Finally,
organisms also survive at very low water availability by creating desiccation-
resistant structures that can survive for prolonged inclement periods.

Alternative Energy Sources

Within the basic constraint of liquid water, barriers to life appear to be few.
However, it is important to understand that the level of productivity possi-
ble for living systems is strictly constrained by the quality of the energy
sources they are able to exploit. On Earth, more than 99 percent of the en-
ergy powering the biosphere is derived from photosynthesis. This is not sur-
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prising given that, per unit area of Earth’s surface, energy from the Sun
is several hundred times more abundant than the thermal and chemical
energy sources derived from within Earth. Clearly, there is a great advan-
tage (energetically speaking) in exploiting solar energy. But the potential
importance of chemical sources was also made clear in 1977 when Amer-
ican oceanographers Jack Corliss and Robert Ballard piloted the deep sub-
mersible, Alvin, to hydrothermal springs on the seafloor located more than
2.4 kilometers (1.5 miles) deep. At this depth, no sunlight exists for pho-
tosynthesis, and yet complex ecosystems were found there in which the
organisms (including large, multicelled animals) derived their energy en-
tirely from chemical sources provided by the hot fluids. This discovery
shocked biologists, as they realized that even though photosynthesis pro-
vides much more energy, simple forms of chemical energy are still capa-
ble of supporting complex ecosystems. Since 1977, many other examples
of deep-sea vent ecosystems have been found in virtually every ocean basin
on Earth.

A Deep Subsurface Biosphere

As methods of exploration and observation have improved, life’s environ-
mental limits have continued to expand. In 1993 American biochemist
Thomas Gold suggested that single-celled forms of life survive and grow
in the deep subsurface of Earth, residing within tiny pore spaces and frac-
tures in indurated rocks. In fact, volumetrically, such subsurface life forms
could comprise more than half of Earth’s biomass. Microscopic life is also
thought to exist in a deep subglacial lake called Vostoc, which lies more
than 3 kilometers (1.9 miles) beneath the ice cap of Antarctica. While many
subsurface microbes appear to depend on photosynthetically derived or-
ganic matter that washes down from the surface, some species can make
their own organic molecules from inorganic sources. Called lithoautotrophs
(which literally means “self-feeding on rocks”), these organisms use the by-
products of simple weathering processes in which carbon dioxide dissolved
in groundwater reacts with rocks to yield hydrogen. Hydrogen in turn is
exploited for available energy. These organisms hold special importance
for astrobiology because their existence allows the possibility that subsur-
face life can exist completely independently of surface (photosynthetic) pro-
duction. Such lifestyles hold important implications for Mars and Europa
(one of Jupiter’s largest moons), where deep subsurface habitats are postu-
lated to exist.

Studies of extremophiles have revealed that terrestrial life occupies vir-
tually every imaginable habitat where liquid water, chemical nutrients, and
simple forms of energy coexist. This observation has dramatically expanded
the range of habitats available to life as well as the potential for life else-
where in the solar system or beyond.

Exploring for a Martian Biosphere

Liquid water is unstable in surface environments on Mars today, thus im-
posing a formidable barrier to the development and survival of Martian life.
Nevertheless, models suggest that a global groundwater system could exist
on Mars today at a depth of several kilometers below the surface. Indeed,

Several impact craters on
Mars show evidence of
having held lakes at some
time in the past. This
image of Gusev crater
shows the rim of the
crater cut by a channel
that likely deposited water
in the floor of the crater.

HOW VIABLE ARE
MICROBES UNDER
HARSH CONDITIONS?

In addition to an astounding
range of ecological adaptations,
many microbial species have
been shown to survive in a state
of stasis under inclement
conditions for prolonged periods
of time. In even the driest
deserts on Earth, some species
survive by living inside porous
rocks where they find a safe
haven from ultraviolet radiation,
springing to life only
occasionally, when water needed
for growth becomes available.
An even more interesting
example is bacteria that have
been germinated from spores
preserved in Dominican amber
dated at more than 30 million
years old. Given this propensity
for prolonged survival, the
potential for microorganisms to
survive under extreme
conditions, for example on Mars,
has been greatly enhanced.
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Clouds and sunlight glint
over the Indian Ocean, as
seen from the space
shuttle Discovery. Liquid

water is the basic require-

ment for life, and Earth’s
abundant supply supports
millions of organisms.

indurated rocks rocks
that have been hard-
ened by natural
processes

extremophiles microor-
ganisms surviving in ex-
treme environments
such as high salinity or
near boiling water

biosignatures the
unique traces left in the
geological record by liv-
ing organisms

the Viking orbiters revealed many ancient channel features on Mars that
formed when groundwater escaped and flooded onto the surface. But could
groundwater still exist there today? In 2001 planetary scientists Michael
Malin and Kenneth Edgett, using a high resolution camera onboard the
Mars Global Surveyor mission, detected more than 140 sites on Mars where
water appears to have seeped out of the subsurface, carving small channels
in the surface. Under current conditions, average crustal temperatures on
Mars are well below the freezing point of freshwater almost everywhere on
the surface. Such surface springs of liquid water, however, could be sus-
tained by warm, saline brines (salt lowers the freezing point of water) de-
rived from deep hydrothermal sources. If this hypothesis is proven, the
presence of liquid water—even hot, salty water—will substantially enhance
the biological potential of Mars.

On Earth, scientists have found fossil biosignatures in sedimentary
rocks going as far back as there are sedimentary sequences to sample. By
studying the processes that govern the preservation of fossil biosignatures
in similar environments on Earth, scientists are continuing to refine their
understanding of the factors that govern fossil preservation. This provides
a basis for the strategic selection of sites on Mars to explore with future
landed missions and for sample returns. Due to the lack of plate tectonic
recycling and extensive aqueous weathering on Mars, rocks preserved in the
heavily cratered, ancient highlands appear to extend back to the earliest his-
tory of the planet. The rocks of these old crustal regions could be much
better preserved on Mars than they are on Earth. In fact, a meteorite of
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SEARCHING FOR LIFE ON MARS

Although present surface conditions on Mars appear unfavorable for life,
orbital images of Mars show numerous water-carved channels and
possible paleolake basins where water may have once ponded.
Geological relationships suggest that during the early history of the
planet, liquid water was widespread over the surface. Some scientists
have even suggested that during this time a large ocean existed on the
northern plains of Mars. Indications are that liquid water disappeared
from the surface of Mars about 3 billion years ago, perhaps as a result
of gradual losses of the atmosphere by crustal weathering processes
(which sequester CO, in rocks and soils) and losses to space. If surface
life developed on Mars during an early Earth-like period, it quite likely left
behind a fossil record. As on Earth, this record should be preserved in
ancient, water-formed sedimentary rocks.

Given the complexity and scale of the problem, one cannot expect to
land just anywhere on Mars and find evidence of past or present life. The
astrobiology community has recommended a phased approach in which
global reconnaissance is combined with preliminary surface missions to
target the best sites for detailed surface investigations and sample
return. The basic goal is to locate sites where there is evidence of past
or present water activity and geologic environments that were favorable
for the capture and preservation of fossil biosignatures.

In exploring for extant life-forms, there is an interest in finding habitable
zones of liquid water in the shallow subsurface that can be accessed by
drilling from robotic platforms. This may prove challenging given that
models for a groundwater system on Mars suggest that if present, it
should be located at a depth of several kilometers, requiring deep drilling
technologies that are currently undeveloped. It may actually be simpler to
discover a record of ancient life by targeting water-formed sedimentary
deposits laid down by ancient hydrothermal systems or in paleolake
basins. A key step in implementing this approach is to better understand
the mineralogy of the Martian surface. The Thermal Emission
Spectrometer instrument began mapping from Mars orbit in 1999 and in
2000 discovered coarse-grained (“specular”) hematite deposits at Sinus
Meridiani. Hematite is a form of iron-oxide, which in a coarse-grained
form strongly suggests the past activity of water. This site has been
targeted for possible landed missions in the future.

Martian origin (ALH 84001), which has been dated at about 4.56 billion
years, shows very little evidence of aqueous weathering.

Searching for Life in the Outer Solar System

The discovery that life can survive in deep subsurface environments on
Earth, where no sunlight exists, has dramatically reshaped the ways scien-
tists think about the potential for subsurface life on other planets. In the
outer reaches of the solar system, energy from sunlight is inadequate to
maintain the temperatures required for liquid water at the surface, much
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LIFE IN A MARTIAN
METEORITE?

In 1996 a team of scientists
proposed a very intriguing
hypothesis regarding the
possible biological origin of
about a half-dozen features
observed in a Martian
meteorite, ALH 84001. In part,
the hypothesis involved tiny
grains of the naturally magnetic
mineral magnetite, which is
commonly found in basalt (a
high-temperature volcanic rock
that makes up oceanic crust).
While most magnetite on Earth
is inorganic, some bacteria
have discovered ways to make
minute grains of geochemically
pure, low-temperature
magnetite, which they organize
into chains within their cells to
use as a kind of directional
compass. This enables cells to
better control their movement in
the environment and to track
favorable environmental
conditions. Some of the
magnetites found in the Martian
meteorite bear a strong
resemblance to the magnetites
formed by terrestrial bacteria.
But is the population of
magnetites in the meteorite a
reliable indicator of life?
Scientists are still debating this
question.

fault a fracture in rock
in the upper crust of a
planet along which there
has been movement

infrared portion of the
electromagnetic spec-
trum with waves slightly
longer than visible light

extrasolar planets plan-
ets orbiting stars other
than the Sun

less for photosynthesis. However, where internal heat sources exist, liquid
water could in principle be present in the subsurface.

Three of the larger satellites of Jupiter (Io, Europa, and Ganymede)
appear to possess actively heated interiors that are maintained by gravita-
tional tidal forces. These forces continually distort the shapes of these
moons, creating internal friction that is capable of melting rock. In one of
Jupiter’s satellites, lo, the internal heating is manifested as widespread, ac-
tive volcanic activity at the surface. On Europa, however, interior heating
is manifested in a complexly fractured and largely uncratered (constantly re-
newed) outer shell of water ice. In many places, blocks of crust have drifted
apart and liquid water or warm ice has welled up from below and frozen out
in between, forming long, narrow ridges in the spaces between. Over time,
some ridge segments have shifted laterally, offsetting older ridge segments
along faults. Other more localized areas appear to have melted over broad
regions and blocks of ice have foundered, tilted, and become refrozen. At
an even finer scale, there are smaller, mounded features that are thought to
have formed as ice “volcanoes” erupted water or warm ice erupted water
from the subsurface.

While the concept of a Europan ocean is still controversial, measure-
ments of the magnetic field of the moon obtained during the Galileo mis-
sion have strengthened the case. In order to account for the induced
magnetism measured by Galileo, it is likely that a salty ocean exists beneath
the water ice crust. (Similar arguments have also been made for two other
large satellites of Jupiter, Ganymede and Callisto.) The idea of an ocean of
brine beneath the icy crust is consistent with infrared spectral data from
orbit, which suggest that magnesium and/or sodium sulfate salts are present
in surface ices.

In assessing the potential for life on Europa, the presence of liquid wa-
ter is regarded as crucial, both as a medium for biochemical processes and
as a source for the chemical energy necessary to sustain life. There does not
appear to be enough solar energy at the surface of Europa to support life.
However, in 2001 planetary scientist Chris Chyba proposed a model that
predicts that chemical energy sources for supporting life may exist from
radiation processing of Europa’s surface ice, in combination with the decay
of radioactive potassium. Together, these processes could decompose
water to hydrogen and oxygen (with the hydrogen escaping to space) and
the chemical disequilibrium created potentially exploited for energy by
organisms.

Habitable Environments Beyond the Solar System

The discovery of planets orbiting other Sun-like stars in the galaxy is a key
scientific discovery that has played a central role in the astrobiological rev-
olution. The original discoveries, made in the mid-1990s, have continued.
By the early twenty-first century, extrasolar planets have been found or-
biting almost seventy solar-mass stars in the nearby region of the galaxy. Six
of these discoveries are of planetary systems with two or more planets. Pre-
sent discovery methods are based on the detection of a slight shift or “wob-
ble” in the position of the star that results from the gravitational pull of an
orbiting planet(s). With existing technologies, this method allows for the
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detection of planets that are Jupiter-sized or larger. Some of the extrasolar
planets detected occupy orbits within the habitable zone where liquid wa-
ter could exist. Gas giants (such as Jupiter and Saturn) are planets that lack
a solid surface, but they could contain interior zones of liquid water, or
might have large (undetectable) satellites with solid surfaces and liquid wa-
ter. These discoveries have revealed planets around other stars to be com-
monplace in the Milky Way, thus widening the possibilities for life elsewhere
in the cosmos. SEE ALSO EXTRASOLAR PLANETS (VOLUME 2); JUPITER (VOL-
UME 2); MaRs (VOLUME 2); Mars MissioNs (VOLUME 4); PLANETARY Pro-
TECTION (VOLUME 4); SCIENTIFIC RESEARCH (VOLUME 4); SETT (voLuMmE 2);
"TERRAFORMING (VOLUME 4).

Jack D. Farmer
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Biotechnology

Biotechnology research in space is predicated on understanding and ex-
ploiting the effects of the unique microgravity environment on chemical
and biological systems. The results of these experiments could point the way
not only to commercial enterprises in space but also to new research direc-
tions for laboratories on Earth. Protein crystallization and cell biology are
two areas in which microgravity research is particularly promising.

Protein Crystallization

Researchers are interested in determining the structure of proteins because
the twists and folds of these complex molecules provide clues to their spe-
cific functions and how they have evolved over time. However, for scien-
tists to study their structures, the molecules must be “held in place” through
crystallization. Large, good-quality crystals are valued by structural biolo-
gists, but some organic molecules are easier to crystallize than others are.
In some cases the resolution of important biological questions awaits the
ability to produce adequate crystals for structural analysis.

For more than fifteen years it has been known that with other condi-
tions being equal, protein crystals grown in a microgravity environment are

EXPLORING EUROPA

The next Europa mission,
planned for launch sometime
after 2009, is expected to carry
high-resolution spectrometers to
map the surface and determine
the mineralogical and organic
composition of the surface ice.
In addition, radar sounding will
be used to probe the
subsurface from orbit in search
of zones of liquid water. This will
allow a more thorough test of
the hypothesis of a subsurface
ocean and help identify the best
sites for surface exploration. If a
subsurface ocean is in fact
found, the next step could be to
send robotic landers to search
for biosignatures preserved in
the ice. Eventually we may be
able to deploy small “cryobots”
that would melt their way
through the ice, deploying
minisubmarines to explore for
signs of life or organic
chemistry.

microgravity the condi-
tion experienced in free-
fall as a spacecraft
orbits Earth or another
body; commonly called
weightlessness; only
very small forces are
perceived in freefall, on
the order of one-
millionth the force of
gravity on Earth’s sur-
face
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NASA-sponsored bioreac-
tor research has been
instrumental in helping
scientists better under-
stand normal and cancer-
ous tissue development.

crystallography the
study of the internal
structure of crystals

larger than those grown on Earth. However, the impact of this realization
has been limited because of the irregular, short-term nature of space shut-
tle flights and the lack of a permanent laboratory with adequate vibration
control.

Facilities aboard the International Space Station (ISS) may be able to
address this need. Even if there is only an incremental increase in quality
when crystals are produced in orbiting rather than Earth laboratories, that
increase may make the difference in terms of being able to determine the
structure of some proteins, providing new knowledge of biological mecha-
nisms. An X-ray crystallography facility planned for the ISS would provide
robotic equipment not only for growing the crystals but also for initial test-
ing. Only the most promising specimens would be stored in the station’s
limited freezer space to be brought back to Earth aboard a shuttle.
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Cell Biology

Cell biology is another area in which space-based research may produce
valuable findings. In this case the key attribute of the microgravity envi-
ronment is the ability to grow three-dimensional cell cultures that more
closely mimic the way the cells would behave in the organism.

When cells are grown, or “cultured,” for experiments on Earth, gravity
encourages them to spread out in two-dimensional sheets. For most tissues
this is not a particularly realistic configuration. As a result, the interactions
between the cells and the biological processes within them are different from
what would be seen in nature. At a molecular level this is seen as differences
in gene expression, the degree to which a particular gene is “turned on” to
make a protein that serves a specific function in the organism.

In a microgravity environment it is easier to get the cells to adopt the
same three-dimensional form that they have during normal growth and de-
velopment. This means that the gene expression pattern in the cultured cells
is more like the pattern that occurs in nature. In addition, it suggests the
possibility of culturing not only realistic three-dimensional tissues but en-
tire organs that could have both research and clinical applications.

Because of the potential importance of this work, scientists have at-
tempted to duplicate the microgravity environment on Earth. They have
done this by placing tissue cultures in rotating vessels called bioreactors
where the centrifuge effect cancels out the force of gravity.

Some success has been experienced with small cultures when the rotat-
ing vessel technique has been used. However, as the cultures grow larger,
the vessel must be spun faster and faster to balance out their weight and
keep them in suspension. At that point rotational effects such as shear forces
damage the cells and cause their behavior to diverge from what is seen in
the organism. This is a problem that could be solved if the experiments were
done in space.

Technology and Politics

However, in considering the potential for biotechnology in space, it is im-
portant to understand the technological and political context. Researchers are
making rapid progress in both protein crystallization and three-dimensional
tissue culture in laboratories on Earth, generally at significantly lower cost
than that associated with space programs. Any perception that coveted re-
search funds are being diverted to space-based programs without adequate
justification causes resentment of such programs within the scientific com-
munity.

In addition, the difficulties of funding a large, expensive space station
over the many years of planning and construction have resulted in numer-
ous changes to the ISS’s design, facilities, and staffing. Refrigerator and
freezer space, for example, has been reduced, creating a potential problem
for biology research. Exacerbating the problem is uncertainty in the sched-
ule on which shuttles will be available to transport specimens. Another
change of major concern to scientists contemplating participation in the pro-
gram is a possible reduction in crew size, at least initially, from the planned
complement of ten to a “skeleton crew” of only three.

cell culture a means
of growing mammalian
(including human) cells
in the research labora-
tory under defined ex-
perimental conditions

centrifuge a device
that uses centrifugal
force to separate sub-
stances of different
density
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The reduced crew size drastically limits the ability of astronauts to as-
sist with the research, meaning that the experiments that will be flown must
require little to no local human intervention. However, the overall budget
instability also has affected hardware development funds so that it is more
difficult to provide the advanced automation, monitoring, and ground-based
control capabilities that are needed.

There are promising applications for biotechnology in the micrograv-
ity of space. However, the extent to which these applications will be real-
ized depends on whether they are seen to accelerate the pace of research or
whether the situation is viewed as a “zero-sum game” in which resources
are diverted that might be better used on Earth. Finally, it remains to be
seen whether the political and economic climate will result in an orbiting
platform with the staffing and facilities needed to address real research needs.
SEE ALSO CrysTaAL GROWTH (VOLUME 3); INTERNATIONAL SPACE STATION
(VOLUMES I AND 3); MICROGRAVITY (VOLUME 2); REsource UTILIZATION (VOL-
UME 4); SPACE STATIONS OF THE FUTURE (VOLUME 4).

Sherri Chasin Calvo
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Bonestell, Chesley

American Artist
1888-1986

Astronautics is unique among the sciences in that it owes so much of its exis-
tence to literature and art. On the one hand was the seminal influence of Jules
Verne (1828-1905); on the other, the work of artist Chesley Bonestell, who
inspired an entire generation of astronomers and space scientists and may have
been instrumental in jump-starting the American space program.

Born in San Francisco on New Year’s Day, 1888, Bonestell studied ar-
chitecture at Columbia University in New York before dropping out to work
as a designer and architectural renderer for several New York and Califor-
nia architectural firms. During this period, Bonestell made significant con-
tributions to the design of American icons such as the Chrysler Building
and the Golden Gate Bridge. After a stint as an illustrator in London, Bon-
estell returned to the United States, moving to Hollywood in the late 1930s
as a special effects matte artist and working on films such as Citizen Kane
and The Hunchback of Notre Dame. Combining the photorealistic techniques
he learned from matte painting with his lifelong interest in astronomy,
Bonestell produced a series of paintings of Saturn that were published in
Life magazine in 1944. Nothing like them had ever been seen before, and
Bonestell found himself instantly famous and in demand. More extraordi-
nary magazine appearances eventually led to a book in collaboration with
the space expert Willy Ley: the classic The Congquest of Space (1949). More
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Photographed in his
Carmel, California, studio
in 1978, Chesley Bon-
estell specialized in im-
ages of outer space.

books followed, as well as work on a series of classic space films for the pro-
ducer George Pal, such as Destination Moon (1950).

Bonestell’s greatest influence on public awareness of space travel re-
sulted from his work with Wernher von Braun on a series of articles for Co/-
lier’s magazine (1952-1954). Those articles outlined a coherent, step-by-step
space program from robotic satellites, to a piloted lunar landing, to an ex-
pedition to Mars. For the first time Americans became aware that space-
flight was not a matter of the far future but was literally around the corner,
that it was much less a matter of technology than one of money and will.
This came at the most fortuitous time possible: the very beginning of the
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“space race,” when it was imperative to rally public support for what had
previously been dismissed as “that Buck Rogers stuff.”

Several more books on the future of space exploration followed, ex-
tending Bonestell’s artistry into hundreds of magazines and other publica-
tions. When most people in the 1950s and early 1960s visualized space travel,
it was in terms of Bonestell’s imagery. His paintings influenced many ca-
reers. Carl Sagan once said, “I didn’t know what other worlds looked like
until I saw Bonestell’s paintings of the solar system.” Arthur C. Clarke wrote
that “Chesley Bonestell’s paintings had a colossal impact on my thinking
about space travel.” In addition to the scientists, astronauts, and astronomers
Bonestell inspired, he helped create the genre of illustration called space art.
SEE ALSO ARTWORK (VOLUME 1); RawLiNGs, PAT (VOLUME 4); VERNE, JULES
(VOLUME 1); vOoN BraUN, WERNHER (VOLUME 3).

Ron Miller
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Careers in Space

Humankind is taking its first tentative steps toward a permanent presence
in space after retreating from that goal in the late twentieth century, when
the American lunar program ended. The goal then consisted only of a pi-
loted round trip to the Moon, a mission prompted by rivalry between the
global superpowers of the United States and the Soviet Union. In the fu-
ture the mission will be the inhabitation of space and other worlds, a mis-
sion prompted by a variety of goals.

Since the start of the “space race” in the late 1950s, when the Soviet
Union launched the first satellite, Sputnik, and the United States took up
the challenge to go to the Moon in the 1960s, each generation has found
inspiration that has urged it on towards space and motivated it to join the
effort. At each step, a new generation of thinkers and pioneers has come
forward to meet the challenge.

The initial inspiration was the beeping signal broadcast from Sputnik.
Then came U.S. President John F. Kennedy’s challenge to visit Earth’s near-
est neighbor: “I believe this nation should commit itself to achieving the
goal, before this decade is out, of landing a man on the Moon and return-
ing him safely to Earth.” It was a momentous achievement when, in 1969,
astronaut Neil Armstrong stepped onto the Moon and said: “One small step
for man, one giant leap for mankind.” However, the piloted effort that cul-
minated with the Apollo Moon landings seemed to flounder and retreat into
science fiction, which was where people turned next for inspiration.

That inspiration came from Star Trek (“Space: the final frontier.”) and
Star Wars (“In a galaxy, far, far away. . .”), and soon a space industry sprang
up. This industry is based primarily on missiles and satellites for military
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and communications purposes. But the desire to return people to space lived
on, in part through the development of the shuttle program and through
the former Soviet Union, which operated the space station Mir. Mir was
allowed to fall back to Earth to make way for the International Space Sta-
tion. The international collaboration involved in the space station reflects
the high costs of the effort. This collaboration extends to unpiloted mis-
sions. Recent payloads to Mars on American, Soviet, Japanese, and Euro-
pean missions have also been international.

To secure an off-world presence, skilled individuals from a variety of
professions will be needed to meet the challenges that arise. The next and
future generations will require all of the skills that got humanity into Earth
orbit and onto the Moon. People from many different professions, some
clearly space-related and others less obviously associated, will be needed.
Professions that helped humanity reach the Moon include astronautics, rock-
etry, space medicine, and space science.

Foremost are the dreamers who fire each generation’s imagination, in-
cluding visionary scientists and science fiction writers. They meld what is
and what has been with what could be. Using new scientific knowledge, they
imagine concepts such as human settlements on planets in this solar system
and distant solar systems, propulsion systems capable of near-lightspeed, and
years-long missions with crews that are hibernating or even embryonic, to

Mission specialist Linda
M. Godwin works during a
4-hour, 12-minute ses-
sion of extravehicular
activity.

space station large or-
bital outpost equipped
to support a human
crew and designed to
remain in orbit for an
extended period

payloads any cargo
launched aboard a
rocket that is destined
for space, including
communications satel-
lites or modules, sup-
plies, equipment, and
astronauts; does not in-
clude the vehicle used
to move the cargo or
the propellant that pow-
ers the vehicle
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electromagnetic spec-
trum the entire range
of wavelengths of elec-
tromagnetic radiation

infrared portion of the
electromagnetic spec-
trum with waves slightly
longer than visible light

ultraviolet the portion
of the electromagnetic
spectrum just beyond
(having shorter wave-
lengths than) violet

X rays high-energy radi-
ation just beyond the
ultraviolet portion of
the electromagnetic
spectrum

infrastructure the phys-
ical structures, such as
roads and bridges, nec-
essary to the function-

ing of a complex system

be raised and educated at the destination in order to minimize the con-
sumption of supplies during the long trip.

Scientific research conducted in space will add fuel to these fires of the
imagination, and will provide work for astronomers and planetary scientists.
The work of these scientists could lead to discoveries that provide further
incentive for a human presence in space. Much of this research will use as-
tronomical observations from new generations of telescopes that look not
only at visible light but also at nonvisible portions of the electromagnetic
spectrum such as infrared rays, ultraviolet rays, and X rays. These space-
and Moon-based astronomical observatories will be the successors to the
Hubble Space Telescope, which has been used to discover planets in dis-
tant solar systems. Free of the fog of Earth’s atmosphere, the new observa-
tories will be able to peer farther into deep space and allow chemical analysis
of the atmospheres of planets in distant solar systems, an important step to-
ward finding remote worlds capable of sustaining life.

The prophecies of dreamers make their way into people’s awareness
through the mass media. Journalists, authors, screenwriters, and filmmak-
ers fall into this category, as do those who work in public relations. Although
these are broad fields, they include areas of specialty that are space-related.
In addition to this role as messengers of new space developments, the me-
dia play a vital role in educating the public about ongoing efforts and gath-
ering support for them.

Following close behind the dreamers are the practitioners, the techni-
cal and nontechnical workers who turn the dreams into realities. Oversee-
ing the efforts are program managers. These are practical thinkers who strive
to make sensible and affordable compromises and alterations to the dreams.
Most of these people work in government and defense jobs because the hu-
man presence in space is largely the legacy of competition between the
United States and the Soviet Union, and remains a risky and extremely ex-
pensive enterprise.

Professions Needed for the Future

Because we want to establish a long-term future in space rather than con-
tinue to make short excursions, the projects that will anchor humankind in
space will be more ambitious and costly than any single nation can afford.
They will therefore need to span national boundaries and rely on interna-
tional cooperation and participation by commercial enterprises to provide
the necessary funding and talent. Like the extensive dam systems and in-
terstate highway networks in the United States that have been funded by
the government, these international space efforts will probably be large
infrastructure projects, such as launch centers, space stations, and new gen-
erations of astronomical observatories.

Although early efforts likely will continue to rely on governments and
defense departments, in the long run a significant part of this enterprise will
probably need to be handled by entrepreneurs who can make the space ven-
ture pay its own way and keep it self-sustaining. Such projects will proba-
bly depend heavily on the infrastructure built by the international coalition.
The mass media will also play a significant role by evaluating the public pro-
jects in each country and advertising the products of the private businesses.
The teams that will build these projects and populate these companies
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will include engineers, scientists, medical experts, accountants, lawyers, and
astronauts.

Current suggestions for space-based industries include mining the
Moon, asteroids, and comets for metal ores, water, and isotopes that are rare
on Earth and producing materials at sites where the manufacturing process
can benefit from the low-gravity characteristics of space. Each type of in-
dustry will call for professionals such as geologists (sometimes referred to
as planetary scientists in this setting) and engineers specializing in mining,
drilling, and chemistry.

Other engineers will design safe space and planetary habitats for the as-
tronauts who will blaze the trail for tourists and businesspeople. Rocketry
engineers will design launchers and spacecraft aimed at making space travel
inexpensive and routine. There will be an ongoing need for astronauts to
pilot existing spacecraft and test new vehicles.

Scientists will continue to research space and near-Earth settings and
apply the knowledge gained from those efforts toward making space safer
for habitation. Medical experts will determine how to keep bodies and minds
healthy during long trips and in the gravitational conditions of space and
other worlds. Nutrition scientists will work on making food in space and
planetary habitations to avoid having to transport these resources. This will
be an important step toward making off-world activities self-sustaining.

Exobiologists—experts on life that could exist beyond Earth—will be
needed as people visit planets and moons in the solar system that are capa-
ble of supporting some sort of life. The discovery of life in the solar system
would be one of the most important events in human history, and this
prospect alone is an important incentive to increase the human presence in
space.

Business and accounting professions will play a significant role in this
effort. These professions include marketing and sales, contract administra-
tion, law and licensing, accounting, proposal coordination, and human re-
sources. These professions assure the smooth operation of any endeavor that
relies on money and business transactions and will be no less important in
space-based efforts. As humankind moves farther from Earth, communica-
tions innovators and communications expertise will be at a premium.

There is a lot of work to be done to secure humanity’s place in space
and on other worlds, and it calls for many types of people. Like the efforts
to explore and settle unknown lands, humanity will send out adventurous
pioneers and follow them with more ordinary individuals who want to live
and work there. SEE ALSO CAREER ASTRONAUTS (VOLUME 1); CAREERS IN As-
TRONOMY (VOLUME 2); CAREERS IN BUSINESS AND ProGRAM MANAGEMENT
(voLUME 1); CAREERS IN ROCKETRY (VOLUME 1); CAREERS IN SPACE LAw (VoL-
UME 1); CAREERS IN SPACE MEDICINE (VOLUME 1); CAREERS IN SPACE SCIENCE
(voLUuME 2); CAREErs IN WRITING, PHOTOGRAPHY, AND FILMMAKING (VOL-
UME 1).

Richard G. Adair
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Chang-Diaz, Franklin

American Astronaut
1950-

Born in San José, Costa Rica, on April 5, 1950, Franklin R. Chang-Diaz im-
migrated to the United States at the age of eighteen with the goal of some-
day becoming an astronaut. After learning English as a senior high school
student in Hartford, Connecticut, he earned a bachelor of science degree in
mechanical engineering from the University of Connecticut in 1973, and a
doctoral degree in applied plasma physics from the Massachusetts Institute
of Technology in 1977. Chang-Diaz then became an astronaut for the Na-
tional Aeronautics and Space Administration (NASA) in 1981, and flew on
six space shuttle missions.

Chang-Diaz’s missions have included the launch of the Galileo space-
craft to Jupiter in 1989 and the final shuttle visit to the Russian Mir space
station in 1998. The recipient of numerous medals and awards, Chang-Diaz
directs the NASA Advanced Space Propulsion Laboratory at the Johnson
Space Center in Houston, Texas. His research team (which includes grad-
uate students at several universities) is developing the Variable Specific Im-
pulse Magnetoplasma Rocket (VASIMR). VASIMR is expected to greatly
increase the speed with which humans can travel in space. In addition to his
research, Chang-Diaz is organizing more direct involvement in space ac-
tivities by the countries of Latin America. SEE ALSO ASTRONAUTS, TYPES OF
(voLUME 3); JoN PrOPULSION (VOLUME 4); JUPITER (VOLUME 2).
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Comet Capture

Comets are the most volatile-rich minor bodies in the solar system. It has
been suggested that impacts with comets and asteroids provided Earth with
much of its water. Although most comets are less accessible than near-Earth
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asteroids, their high water content makes them an economically attractive
resource for space mining. The possibility that some near-Earth asteroids
are extinct or dormant cometary nuclei means that this water-rich resource
may be more accessible than was once thought.

Recent spacecraft- and ground-based studies of comets have confirmed
and refined Whipple’s “dirty snowball” model for cometary nuclei.
Cometary material is composed principally of water ice and other ices (in-
cluding CO, CO,, CH,, C,H,, and CH;OH) mixed with cosmic dust grains.
The passages of most Oort cloud comets through the inner solar system are
not predictable. In addition, the highly elongated and inclined trajectories
of these comets make them difficult targets with which to match orbits. In
contrast, Jupiter-family comets tend to have predictable, well-determined
orbits with short periods and low inclinations. Therefore, a future mining
mission would most likely target a Jupiter-family comet.

The capture of an active comet as a source of water and other volatile
elements is a difficult proposition. In the vicinity of Earth the jet-like gas
that flows from a comet’s nucleus would have a stronger influence on its
trajectory than any force humans could apply to the comet. This behavior
would make transporting an active comet into a suitable near-Earth orbit,
and maintaining it there, very unlikely. The Earth-impact hazard posed by
a sizable comet* or comet fragment in an unstable near-EFarth orbit would
be unacceptable. For example, even if the trajectory of a cometary fragment
could be manipulated to produce capture into a high-Earth orbit, bringing
the material down to low-Earth orbit (e.g., to the space station) would be
difficult. The Moon’s gravitational pull would make the trajectory extremely
difficult to predict and control.

Capture into a lunar orbit would also be problematical. Lunar orbits
tend to be unstable because of gravitational influences from Earth and the
Sun. Another difficulty that must be resolved is the current uncertainty about
the consistency of cometary nuclei. Not only is the bulk density of cometary
nuclei unknown (estimates range from 0.3 g/cm’ to greater than 1 g/cm’;

Comets have a high wa-
ter content, which makes
them an economically at-
tractive resource for
space mining.

trajectories paths fol-
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*A “sizable” comet in
this context means
greater than about 100
meters, depending on the
density of the material.

WHERE DO COMETS
COME FROM?

Comets are thought to have
formed in the outer solar
system. Two sources have been
identified for the comets that
are seen today: the Oort cloud
and the Edgeworth-Kuiper belt
(also known simply as the
Kuiper belt). The Oort cloud is a
roughly spherical shell located
about a third of the distance to
the nearest star. The Kuiper
belt is a disk-like distribution of
icy bodies extending beyond
Pluto’s orbit. Most bright new
comets, such as Comet Hale-
Bopp, come from the Oort cloud
and have orbits that are highly
inclined with respect to Earth’s
orbit. Most short-period or
Jupiter-family comets have low
inclination orbits (i.e., their
orbits lie nearly in the same
plane as Earth’s orbit) and are
believed to originate in the
Kuiper belt.
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geosynchronous orbit a
specific altitude of an
equatorial orbit where
the time required to cir-
cle the planet matches
the time it takes the
planet to rotate on its
axis. An object in geo-
stationary orbit will al-
ways remain over the
same geographic loca-
tion on the equator of
the planet it orbits

liquid water has a density of 1 g/cm?), we do not know the cohesiveness of
this material. Such uncertainties make it impossible to predict the mechan-
ical properties of cometary material and the way a comet nucleus would re-
act to a “nudge” to change its trajectory. A comet nucleus may or may not
behave as a rigid object does; it might instead break up into fragments when
a force is applied to change its orbit.

A more attractive approach to harvesting cometary material would be
to send a robotic spacecraft to mine the comet. Returning fine-grained ma-
terial and/or liquid water to Earth orbit would greatly lower the risks. A
cargo spacecraft would be easier to control than a comet fragment, and even
if an uncontrolled atmospheric entry occurred, the water and/or fine-grained
material would vaporize or rain down harmlessly onto Earth’s surface. SEE
ALSO AsTEROID MINING (VOLUME 4); COMETS (VOLUME 2); Kurper BELT (VOL-
UME 2); Living oN OTHER WORLDS (VOLUME 4); OoRT CLOUD (VOLUME 2);
NaturaL REsources (VOLUME 4); Resource UTiLizaTiON (VOLUME 4); TER-
RAFORMING (VOLUME 4).

Humberto Campins
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Space programs, whether unpiloted space probes or human spaceflight mis-
sions, must be able to send large amounts of data to and from space. In the
past, data might consist of navigational and spacecraft control information,
radio conversations, and data collected by onboard experiments. But with
today’s permanent human presence in space, and for most future missions,
the amount of data is much larger. For example, video transmissions are
now common, and many spacecraft that conduct experiments are collecting
richer sets of data over longer periods, owing in part to greater onboard
data storage capacity. Hence, the major challenges in space communications
of the future are handling the larger quantities of transmitted data and ex-
tending the Internet into space.

New Generation Satellites

The need to support more data transmissions has spawned the development
of a new generation of space communications satellites. The mainstay of
space communications since the early 1980s has been the Tracking and Data
Relay Satellite System (TDRSS). TDRSS consists of an array of five oper-
ational satellites parked in geosynchronous orbit over the Earth’s equator.
Rather than direct communications between a spacecraft and the ground,
spacecraft communicate with TDRSS satellites, which in turn communicate
with ground stations. As the name implies, these satellites act as a relay point
for any communication between the ground and a spacecraft.

Besides forming the main communications link between the space shut-
tle and National Aeronautics and Space Administration (NASA) ground sta-
tions, TDRSS is used by many other NASA and government spacecraft.
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These include the Hubble Space Telescope, the Upper Atmosphere Re-
search Satellite, the Earth Resources Budget Satellite, Landsat, the Ocean
Topography Experiment, the Earth Observing System, and the Interna-
tional Space Station.

Recognizing it will need more capacity in the near future, NASA has
recently embarked on a TDRSS modernization program. In June 2000,
NASA launched TDRS-H, the first of its new generation of communica-
tions relay satellites. By the end of 2002 it planned to have two more in
place: the TDRS-I and TDRS-J. The new satellites will offer the same S-
band and Ku-band communications of the original TDRSS satellites. How-
ever, the newer generation satellites will also support higher bandwidth links
that are necessary for transmitting data such as high-quality video and high-
resolution images.

The new generation satellites, like the older satellites, will support S-
band communications, which operate at frequencies of between 2.0 and 2.3
GHz (gigahertz). Within the S-band communications there exists single ac-
cess in which there is one back-and-forth link between the ground and space-
craft via the TDRSS satellite. This S-band single access communication
channel can support data transmission rates of 300 Kbps (kilobits per sec-
ond) in the forward direction (from the ground to the spacecraft via the
TDRSS satellite) and up to 6 Mbps (Megabits per second) in the opposite
direction. Typically, the forward transmission consists of command and con-
trol data being sent to the spacecraft, and the return transmission can in-
clude data and images.

TDRSS also supports another S-band mode of operation called multi-
ple access, in which the TDRSS satellite receives data from more than one
spacecraft source simultaneously and sends these data to an Earth station.
In this multiple access mode of operation, a forward data rate of 10 Kbps
and five return data streams of up to 100 Kbps can be supported.

For higher speed transmissions, TDRSS supports Ku-band communi-
cations, which transmits at frequencies between 13.7 and 15.0 GHz. The
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Space Communication
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The Tracking and Data
Relay satellite system is
a sophisticated network
that has granted NASA in-
creased communication
abilities between Earth
and its low-orbit space-
craft.

Ku-band communications supports forward data rates of 25 Mbps and re-
turn rates of up to 300 Mbps. To put this into perspective, this is about 50
times faster than a 56 Kbps dial-up modem, which is commonly used to
connect to the Internet.

The new satellites will also support even higher transmission rates such
as Ka-band transmissions, which operate at frequencies of between 22.5 and
27.5 GHz. The Ka-band systems will allow forward data transmission rates
of 25 Mbps and return rates of up to 800 Mbps. The three new satellites
will be phased in as replacements for the originals, some of which have been
in space for over ten years.

Extending the Internet

The new generation TDRSS will handle the larger amounts of data being
sent between spacecraft and researchers on Earth. Another effort will try to
extend the Internet into space. The Interplanetary Internet Project IPN),
launched in 1998, began to explore the technical challenges to pushing the
boundaries of the Internet into outer space. At one end of the spectrum
are straightforward matters, such as the top-level domain (TLD) name ex-
tensions to be approved for use in space. On Earth, we use country TLD
designations such as .uk or .ca (for the United Kingdom and Canada, re-
spectively). In space, the naming structure might be similar including TLD
designations for each planet or spacecraft. Other issues that are being in-
vestigated are how to handle the basic transmission of data. Existing Inter-
net technology will not work in space applications, largely because of the
great distances data must travel. Specifically, many of the underlying com-
munication protocols used to carry Internet traffic, to surf the web, and to
access information will not work efficiently over the vast reaches of space.

The downfall of using existing communications technology for an in-
terplanetary Internet is the delay encountered when packets must traverse
interplanetary distances. For that reason, the IPN is looking into new pro-
tocols and technologies to carry Internet traffic in space. For instance, pro-
posed Interplanetary Gateways could serve regions of space. Combined with
perhaps new Internet communications protocols, this potential technology
could avoid the problems created by the long distances and transmission
times in space. For example, if a person on Earth were communicating with
someone on Mars, rather than sending individual communications packets
and acknowledgements back and forth between the two, an Earth-based
gateway would send the acknowledgement and then pass the packet between
Earth and Mars to a similar Martian gateway.

Once such technologies are developed, the next thing needed would be
an interplanetary Internet backbone to carry the traffic. NASA is already
studying an idea for a Mars network of multiple orbiting satellites. These
satellites would be launched over several years, possibly starting in 2005.
This system would create high-speed connections between Mars and Earth
that could be used as the basis of an interplanetary Internet backbone. sEE
ALsO CoMMUNICATIONS FOR HUMAN SPACEFLIGHT (VOLUME 3); (GUIDANCE
AND CoNTROL SYSTEMS (VOLUME 3); INTERPLANETARY INTERNET (VOLUME 4);
SaTeLLITES, FUTURE DESIGNS (VOLUME 4).

Salvatore Salamone



Communities in Space

Bibliography
Elbert, Bruce, Introduction to Satellite Communication. Boston: Artech House, 1999.

Gedney, Richard T., Ronald Schertler, and Frank Gargione. The Advanced Commu-
nications Technology Satellite: An Insider’s Account of the Emergence of Interactive Broad-
band Services in Space. Mendham, NJ: SciTech Publishing, 2000.

Heck, André, ed. Information Handling in Astronomy. Boston: Kluwer Academic Pub-
lishers, 2000.

Kadish, Jules E., and Thomas W. R. East. Satellite Communications Fundamentals.
Boston: Artech House, 2000.

Communities in Space

In 1929 Hermann Noording developed the idea of a large wheel-shaped
satellite reminiscent of the space station in the movie 2001: A Space Odyssey
(1968). In the 1950s Wernher von Braun developed a similar plan for a re-
fueling stop on the way to the Moon. But it was Princeton physicist Ger-
ard K. O’Neill who saw huge orbiting communities as a means of salvation
for Earth. Overcoming initial skepticism, he gained support from the Na-
tional Aeronautics and Space Administration (NASA), organized a series of
breakthrough workshops, and set forth detailed plans in his 1976 book The
High Frontier. Although everyone at that time talked in terms of “space
colonies,” “colonies,” and “colonists,” these words evoke images of harsh
and repressive governments. For this reason, the terms “settlements” and
“settlers” are preferred instead.

Solving Earth’s Problems in Outer Space

Like most proponents of large-scale emigration to space, O’Neill believed
that the world, with its rapidly growing population, was entering an era of
decline. He noted the heavy consumption of fossil fuels and other resources
as well as growing concern about environmental pollution and global warm-
ing. By establishing humans in space it will be possible to reduce popula-
tion pressures on Earth and draw upon the immense natural resources that
are available on the high frontier.

O’Neill did not see the Moon or Mars as good destinations for whole-
sale emigration from Earth. The Moon is small, and it is expensive and time-
consuming to get to Mars. Sunlight, the source of power and life, would not
be readily available during the two-week lunar night and it would be diffi-
cult to collect on Mars. Instead, he recommended human-made communi-
ties conveniently located between Earth and the Moon where people could
build as many huge settlements as was needed, 500 if necessary.

Islands in the Sky

O’Neill set forth detailed, phased plans for developing a series of succes-
sively larger space settlements. The first construction crews would work out
of an orbiting construction shack and at a base on the Moon where they
would strip-mine building materials. A device known as a mass driver, which
uses electromagnetic propulsion, would accelerate lunar material along a
long track. This material, sliced into shapes reminiscent of large, thick plates,
would break free of the Moon’s weak gravity, and fly through space to be

space station large or-
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remain in orbit for an
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caught at the construction site. There the material could be used like bricks
or transformed into other useful materials.

O’Neill envisioned three “islands,” ranging from a sphere about 1.6 kilo-
meters (1 mile) in circumference to a cylinder 6.4 kilometers (4 miles) in di-
ameter and 32 kilometers (20 miles) long. These islands would house
between 10,000 and tens of millions of people. A shield would protect each
community from meteors and space debris. Windows and mirrors would
fill their interiors with sunlight, and a slow spin would produce artificial
gravity. These settlements would be safe from disasters, such as earthquakes
and inclement weather, including storms, monsoons, droughts, heat waves,
and cold snaps. Insects and other vermin would be left behind on Earth.
Clean technologies could prevent pollution and minimize problems associ-
ated with environmental health. Settlers would grow their own food (pri-
marily grains and vegetables) and earn money by collecting solar power that
would be beamed to Earth.

O’Neill’s contribution to the development of space stations involved
more than an exploration of the physics and engineering involved: He moved
space colony design into the realm of the possible. He attracted support
from scientists in many fields and from members of the public who had
never before given space settlement serious thought. This interest was sus-
tained in later NASA Ames projects that led to many different designs, which
included settlements shaped like doughnuts and paddlewheels. O’Neill’s in-
fluence is evident in one of the most detailed, bold, and imaginative plans
for establishing humans as citizens of the universe. This plan is set forth in
Marshall Savage’s 1994 book The Millennial Project: Colonizing the Galaxy in
Eight Easy Steps.

Making Space Settlements User-Friendly

Early settlers will be a hardy lot. Traditionally, military personnel have been
the first to enter new, unusual, and potentially dangerous environments. In
recent times, scientists and entrepreneurs have come next. One might ex-
pect strong, restless, highly motivated people to follow—the kinds of peo-
ple who stowed away on ships from Europe and Asia to build new lives in
America. In the long run, to establish a permanent human presence in space,
settlements will have to be accessible to everyone. Ultimately, they must be
inviting communities, not just rough work camps.

Thus, designers avoid the cold, sterile, mechanical look. Some designs
incorporate varied architecture, distant horizons, and the use of colors and
light to open up areas. They make allowance for ornamental vegetation, in-
cluding trees, shrubs, and hanging plants. To create a friendly look, build-
ings may be set off at angles rather than aligned with military precision.
Clustering buildings, orienting entrances and exits in different ways, and de-
veloping common areas such as neighborhood parks will make it easy for
residents to meet, mingle, and develop a sense of community.

The visionaries who foresee space settlements include not just scientists
and engineers but social architects as well. Their goal is to establish mini-
mal, low-profile governments that intervene as little as possible. Democracy
is the preferred form of government, and “bureaucracy” is considered a bad
word. And, as one might suspect, few space settlement enthusiasts propose
paying taxes to authorities on Earth.



Cycling Spacecraft

A Cloudy Crystal Ball

In their 1986 book Pioneering Space, James and Alcestis Oberg include a NASA
artist’s rendition of a huge American space station along with a photograph
of a real Russian Salyut station. The flowing lines, spaciousness, and aesthetic
appeal of the artist’s rendition stand in stark contract to the functional, clut-
tered look of the real thing. Some day it may be possible to construct large,
attractive settlements in space. However, people are notorious for tamper-
ing with other people’s ideas. Between today’s planning efforts and tomor-
row’s space settlements both technology and people will change. There may
be many slips between today’s visions and tomorrow’s realities. SEE ALSO
EartH—WaY LEAVE? (VOLUME 4); GOVERNANCE (VOLUME 4); HOTELS (VOL-
UME 4); Living oN OTHER WORLDS (VOLUME 4); O’NEILL COLONIES (VOLUME
4); O'NEILL, GERARD P. (VOLUME 4); SETTLEMENTS (VOLUME 4).

Albert A. Harrison
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Cycling Spacecraft

The furthering of humankind’s expansion into space and establishing of firm
footholds on other worlds could depend on a continuously moving, cycling
spaceship network. These rapid-transit cycling spaceships would employ the
principles of gravity assist, which entails taking a slingshot approach to run-
ning people and cargo from one locale to another. The motions of the plan-
ets and gravity would be used as a natural fuel.

It may be possible to establish a “recyclable space program”—a vision that
is a far cry from the early days of space exploration. As an example, the Apollo
Moon landing effort of the 1960s and 1970s involved tossaway technology.
All of the stages of the giant Saturn V booster—except for the return capsule
that brought the astronauts back to Earth—were thrown away. Even today,
the idea of a fully or partially disposable space program is being perpetuated.

Opening up the space frontier, however, requires transcending reusabil-
ity and recycling barriers to shape a space agenda for the twenty-first cen-
tury. Putting into place a fully cycling strategy for travel in the inner solar
system travel is likely to happen in phases. The first human missions to Mars
will install the early segments of the network.

A champion of the cycling spaceship idea is the Apollo 11 astronaut
Buzz Aldrin. Aldrin’s vision is to have large cycling spaceships swinging

gravity assist using the
gravity of a planet dur-
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add energy to the mo-
tion of a spacecraft
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elliptical having an oval
shape

permanently between the orbits of Earth and Mars. A cycling spacecraft in
an elliptical orbit would transit from Earth to Mars and back again, per-
manently cycling between the orbits of the two planets. This approach could
be used to put in place an interplanetary passenger transport system.

In an Earth-Mars scenario, transfer vehicles ferry passengers from
Spaceport Earth to a cycler. At the other end of a Mars cycling trajectory
is Spaceport Mars. Cyclers take advantage of the way the Earth, traveling
faster on an inside orbit around the Sun, catches up to Mars about every
two Earth years. Like a ship using the trade winds, a cycling spacecraft will
not follow a linear route to Mars. When the planets are aligned, it will ac-
celerate away from Earth and loop outward, swinging close to Mars five
months later.

But instead of stopping, the cycler releases smaller ships that ferry peo-
ple and supplies to the surface. The cycler acquires some of the planet’s mo-
mentum using gravity assist and glides on, curving away and eventually back
to Earth. It returns home twenty-one months after departure, but it does
not stop at that point: With another boost from Earth’s gravity it sails on-
ward, and back to Mars. The vehicle becomes a permanent, human-made
companion of Earth and Mars, using the free and inexhaustible fuel supply
of gravity to maintain its orbit.

The cycler system would eliminate the need to accelerate and deceler-
ate and would also discard the necessity of large and costly spacecraft hard-
ware. Like an ocean liner on a regular route, a cycler would zip perpetually
along a predictable orbit. Twin cyclers, one always en route to Mars and
the other always in transit back to Earth, would greatly reduce the cost of
exploring and, eventually settling, the fourth planet from the Sun: Mars.
The pursuit of an economical philosophy may lead to sustainable and recy-
clable space transportation. Doing so would set in motion expressway traf-
fic carrying humanity into the next great age of exploration, expansion,
settlement, and multi-planetary commerce. SEE ALSO ACCESSING SPACE
(voLuME 1); ALDRIN, Buzz (voLuME 1); LAUNcH VEHICLES, EXPENDABLE (VOL-
UME 1); ORBITS (VOLUME 2); VEHICLES (VOLUME 4).
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Domed Cities

In the Arizona desert, there is a complex of interconnected domes and glass
pyramids known as the Biosphere 2 Center. This structure was originally
conceived and built as a sealed environment for the purpose of determin-
ing whether a closed ecological system could be maintained and could sus-
tain human beings for long time periods. Eight people lived in the complex
for two years, from 1991 to 1992. This was followed by a shorter experi-
ment in 1993 and 1994. However, results from these experiments were not
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conclusive, partly due to excessive air transfer between the outside envi-
ronment and the sealed habitat.

The Biosphere * was a practical realization of an idea that has intrigued
writers and scientists for hundreds of years—a domed city that would be
completely self-sustaining. Science fiction writers have found domed cities
to be a fertile ground for imaginative fiction of all types. However, domed
cities or variations of domed cities are also seen by some scientists as suit-
able habitats for humans living on the Moon, on Mars, or in other inhos-
pitable environments.

Science Fiction

Early science fiction stories often emphasized the use of domed cities as
space colonies. Various writers placed domed cities on the Moon, Mars, and
Venus. Other writers used domed or enclosed cities as metaphors exposing
the ills of their own societies. In the short story “The Machine Stops” by
E. M. Forster, humans live in a vast complex of rooms inside an enormous
subterranean machine that provides everything they need, including vicar-
ious experiences. These people never leave their chambers. However, the
machine eventually breaks down, causing the inevitable death of the inhab-
itants. More recent writers began to see domed cities here on Earth as a re-
treat—Arthur C. Clarke’s The City and the Stars (1956) portrayed the domed
city as a modern version of Eden.

Moon and Mars Colonies

The surface of the Moon is uninhabitable. There is no air. However, there
may be water locked in permafrost in some deep polar craters. Moreover,
there are plenty of raw materials contained in the lunar rocks, including alu-
minum for structural materials and silicon dioxide for glass. This fact has
led to proposals for the construction of permanent colonies on the Moon.
Some designs have been suggested for glass-enclosed domed cities although
the majority of proposals for lunar habitats feature extended underground
bunkers to provide necessary shielding from solar radiation.

The Moon’s surface is an ideal location for many different types of hu-
man endeavor. For instance, the Moon’s low gravity might provide a suit-
able environment for hospitals that treat burn patients or patients with
limited or painful mobility in Earth’s gravity. Moreover, the farside of the
Moon is shielded from all artificial radiation originating from Earth, so it
would provide an ideal location for radio and optical astronomy.

There are several groups that argue Mars should be colonized. The at-
mosphere on Mars is so thin that a person walking on the surface of the
Red Planet would need to wear a space suit similar to the ones worn by as-
tronauts on the Moon. However, Mars, like the Moon, has ample resources
to provide the raw materials for construction of artificial domes. SEE ALsO
BrospHERE (VOLUME 3); CLoSED EcosysTems (VOLUME 3); DysoN, FrReemaN
JounN (voLume 4); DysoN SpHERES (VOLUME 4); Living oN OtHER WORLDS
(voLUME 4); LuNar Bases (VOLUME 4); Mars Bases (voLuMmE 4); O’NEILL
Coronies (voLUME 4); O’NEILL, GErarD K. (VOLUME 4).

Elliot Richmond

*An image of this en-
closed system may be
seen in the Volume 3
article “Biosphere.”

shielding providing pro-
tection for humans and
electronic equipment
from cosmic rays, ener-
getic particles from the
Sun, and other radioac-
tive materials

solar radiation total en-
ergy of any wavelength
and all charged parti-
cles emitted by the Sun
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Freeman Dyson has writ-
ten extensively on space,
physics, weapons control,
and philosophy.
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Dyson, Freeman John

British Space Futurist
1923-

Freeman John Dyson is a space futurist who has envisioned the creation of
various human habitats in space. Born December 15, 1923, in Crowthorne,
England, he received his bachelor of arts degree from Cambridge Univer-
sity in 1945. From 1943 to 1945, during World War II, he served in Op-
erations Research with the Royal Air Force Bomber Command.

A fellow at Trinity College at Cambridge University in England and a
commonwealth fellow at Cornell University, Dyson taught at Princeton
University from 1947 to 1949. He was a physics professor at Cornell from
1951 to 1953 and also served as a professor at the Institute for Advanced
Study at Princeton University. Since 1994 he has served as professor emer-
itus at Princeton. Dyson has received many honors and honorary degrees.
He is a fellow of the Royal Society, London, and a member of the U.S. Na-
tional Academy of Sciences and the American Physical Society.

Dyson has written and spoken widely on cosmology, nuclear physics,
technology, weapons control, and philosophy. In 1959 he proposed human
habitats in space that came to be known as Dyson spheres. Such habitats
would surround a star harnessing light and energy to support communities
of billions of people. Dyson later developed an interest in asteroids as hu-
man habitats in space. Dyson wrote a number of widely read and respected
books, including Disturbing the Universe (1979); Weapons and Hope (1984);
Origins of Life (1986); Infinite in All Directions (1988); From Eros to Gaia
(1992); Imagined Worlds (1997); and The Sun, the Genome, and the Internet
(1999). sEE ALso COMMUNITIES IN SPACE (VOLUME 4); DysoN SpHERES (VOL-
UME 4); HABITATS (VOLUME 3); SETTLEMENTS (VOLUME 4).

E. Fulius Dasch
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Dyson Spheres

While the National Aeronautics and Space Administration (NASA) consid-
ers future human trips to Mars and continues to build the International
Space Station, some individuals in the field have pushed for even more. They
believe that the key to human expansion in space does not lie in the build-
ing of colonies on planets or even the building of small space stations. Sci-
entists such as Freeman Dyson and Gerard K. O’Neill proposed building
gigantic structures for humans to live in. What makes their ideas even more
unconventional is the size of their proposed structures. The structures pro-
posed by O’Neill, known as O’Neill colonies, could be a dozen miles long
and a few miles wide. Freeman Dyson’s structures, called Dyson Spheres or
Dyson Shells, would be the size of a planet’s orbit. While it would only be
a few meters thick, the size of the sphere would stretch for millions of miles.

Dyson’s Vision

In 1959 Dyson hatched the idea of building a huge sphere around a star. In
his theory, a shell built at a safe distance away from the star would allow
billions of people to live inside while allowing the civilization to harness a
large amount of energy, in the form of radiation, from the star. While his
vision is fascinating, it poses concerns.

One concern that needs to be addressed involves the materials that could
be used to build such a structure. Not only would the shell need to stay to-
gether, but it would have to absorb impacts without the inertia pushing it
into the star. Creating gravity would be a problem, since spinning the sphere
would add more stress to the structure and force everyone to the equator
of the sphere. Moreover, the amount of raw materials needed to create a
space that would be one billion times bigger than the Earth is enormous.
Future engineers would need to be able to deconstruct and process other
planets and asteroids to create a sphere.

The Search for Dyson Spheres

Searches have been conducted using radio telescopes to see if there may be
Dyson Spheres already in existence, but none have yet been found. Due to
the high level of technical expertise required to build a sphere of this mag-
nitude, some scientists question Dyson’s theories. Dyson responds that ad-
vanced civilizations would have the ability to build such a device, and that
we cannot be biased by our current technological level:

One should expect that, within a few thousand years of its entering the
stage of industrial development, any intelligent species should be found
occupying an artificial biosphere which completely surrounds its par-
ent star.

One type of colony Dyson suggested was the “Island Three.” This de-
sign was an enormous cylinder that was twenty miles long and four miles
across. The cylinder would spin to create artificial gravity, but spun slowly
enough to prevent harmful G forces. The cylinder was designed to contain
spaces for agriculture, industrial facilities, and even a place for ships to dock
as they transported people from Earth. The Island Three was even designed
with huge adjustable mirrors that would move to reflect the light of the Sun
to create a daytime and nighttime for the inhabitants of the colony. This

space stations large or-
bital outposts equipped
to support human crews
and designed to remain
in orbit for an extended
period

G force the force an
astronaut or pilot experi-
ences when undergoing
large accelerations

Dyson Spheres
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vices) especially de-
signed to travel through
space, propelled by one
or more engines

biosphere the interac-
tion of living organisms
on a global scale

rockets vehicles (or de-

design would be capable of holding several million colonists, but not as many
as a Dyson Sphere.

Not all proposed Dyson Spheres would need to be complete enclosures.
It has been proposed that a smaller series of solar energy collectors could
suffice as a first step towards the building of a Dyson Sphere. The collec-
tors would be much larger than standard solar panels, and would therefore
allow for a much greater energy gain. In the future, larger solar panels will
be useful for extraterrestrial colonization. SEE ALsO DysoN, FREEMAN JouN
(voLUME 4); L-5 CoroniEes (VOLUME 4); O’NEILL COLONIES (VOLUME 4).

Craig Samuels
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Earth—Why Leave?

Only humans have the ability to leave their home planet and explore, set-
tle, and even alter other worlds, and many people want to do all of these
things. What is the attraction of these distant worlds that tempts humans
to leave the comforts of Earth for uncertain, and probably hazardous, jour-
neys beyond?

The history of human exploration of Earth provides a basis for under-
standing our motivations for exploring new places. At the same time, hu-
mankind’s brief experiences with human exploration of the Moon, and the
extensive robotic exploration of the solar system, show how space explo-
ration will be different from past voyages of discovery in terms of motiva-
tion and operation.

In current and near-term space missions, the search for scientific knowl-
edge has been more prominent, sometimes exclusively so, than it was in
historical voyages. Furthermore, unlike the European migrations to the
New World, it is unlikely that significant fractions of the population can
be transported from Earth because of the limitations and costs of rockets.
Nonetheless, human and robotic exploration of the other worlds in the so-
lar system might lead to the establishment of permanent human settlements
on the Moon, Mars, and elsewhere and eventually to the reconstruction of
a planetary-scale biosphere on Mars.

History and Biology Lessons

Since our ancestors ventured out of Africa, humans have explored Earth.
Prehistoric peoples successfully filled every ecological niche available to
them on the planet, spreading to every continent except Antarctica. Clearly,
this attests to an effective and possibly biologically based drive for explo-
ration and expansion. However, the structure and motivation of prehistoric
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migrations are lost in the depths of time. They probably did not reflect a
conscious decision to explore and expand any more than such decisions were
part of the spread of the African killer bee through the Americas after its
introduction to Brazil in the 1980s. Furthermore, biology is not destiny:
Even if there is a biologically based drive to explore and expand, it does not
necessarily follow that humans should and will explore and settle other
worlds.

The drive to explore in humans can be demonstrated, by counterexam-
ple, to be nonobligatory. There are well-known examples of civilizations
poised on the edge of great epochs of exploration and expansion that turned
inward and developed cultural blocks to exploration and contact with for-
eigners. In a frequently told tale there is a striking parallel between the ex-
pansion of the Portuguese in the fifteenth century and the abortive voyages
of the Chinese under the Ming emperors just a few decades before that time.
After an impressive series of sea voyages far greater in scope than anything
Europe could achieve, the Chinese withdrew, destroyed their seagoing ves-
sels, and left the age of exploration to the Europeans.

This famous view of Earth
rising, taken during the
Apollo 8 mission, gave
people on the planet a
new perspective of their
place in the universe.
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greenhouse effect
process by which short
wavelength energy (e.g.,
visible light) penetrates
an object’s atmosphere
and is absorbed by the
surface, which reradi-
ates this energy as
longer wavelength in-
frared (thermal) energy;
this energy is blocked
from escaping to space
by molecules (e.g., H,O
and CO,) in the atmos-
phere; and as a result,
the surface warms

extrasolar planets plan-
ets orbiting stars other
than the Sun

There is a clear lesson in this parallel to space exploration, which shows
that initial voyages of discovery do not automatically lead to subsequent ex-
ploration and expansion. If there is a biological drive to explore, it is greatly
influenced, if not dominated, by cultural traditions and myths. In this re-
gard there is general agreement that Western culture has a historical tradi-
tion and a collection of myths that inspire and reward exploration.

To Expand Scientific Knowledge

Many space scientists have argued that the fundamental motivation for a
space program is the scientific understanding that it generates. In this view,
the performance criterion for any mission is the scientific return compared
to the cost. Certainly space missions have contributed to an understanding
of Earth through studies of greenhouse effects on Venus, Mars, and Ti-
tan; the photochemistry of the acid clouds on Venus; the dust storms on
Mars; and impact hazard assessments and prevention. Impact by an aster-
oid is the single most devastating natural hazard known, as testified by the
extinction of the dinosaurs 65 million years ago. Through the exploration
of space for scientific understanding and the development of space tech-
nologies, an asteroid on a collision course with Earth could be detected in
advance and methods could be devised for deflection of the asteroid to pre-
vent impact.

Perhaps the most compelling scientific motivation for space exploration
is the search for a second genesis of life that has independently begun on
another planet. More than being a matter of simple scientific curiosity, the
question “Are we alone?” is asked by every person. The search for life is
best conducted in space, whether this involves missions to search for bio-
logically produced compounds in the subsurface of Mars, Titan’s organic
haze, or Europa’s frozen oceans or telescopes probing the atmospheric com-
position of extrasolar planets. Space exploration, specifically the human
exploration of planets and planetoids that are hospitable to life, is key in the
search for life in the solar system and, by extrapolation, the universe.

But common sense and recent history show that space exploration is not
about science alone. If science was the only important motivation for space
exploration, the world’s space programs would be placed within the basic
science agencies and would compete directly with programs involving dis-
ciplines such as oceanography, particle physics, and geology. Yet clearly this
is not the case. Space programs enjoy a special status, usually within a sep-
arate agency. This reflects a broader motivation base for space than science
alone.

Beyond Science

Clearly there are significant nonscientific issues of a national and interna-
tional nature that drive the current space programs of the world. At the
highest levels these issues deal with national self-image, international polit-
ical competition, economic competition, and national technological devel-
opment. On a more direct level national space programs are perceived as
having tangible benefits in terms of the level of education and the overall
perception of technology as a positive force in society. For all these reasons
there seems to be a consensus that a vigorous space program is in the na-
tional and international best interests.
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Economics has been suggested as a possible motivation for the explo-
ration and utilization of space. Communication satellites, the mining of he-
lium-3 on the lunar surface and metals on asteroids, and oxygen production
on the Moon have received the most attention. Microgravity manufactur-
ing and space tourism also reflect economic incentives for space missions.
From this list the only two that have proven profitable so far have been
telecommunications satellites and space tourism. Space tourism has only
three examples in its support: the flights of a Japanese reporter, a wealthy
American businessman, and a South African Internet tycoon, all on Russian
missions. From this humble beginning could come luxury hotels in orbit
and on the Moon and possibly eco-tourism to Mars.

Reasons for Not Exploring Space

Many past migrations of human populations were driven by acute local prob-
lems such as dire economic conditions, famine, warfare, overpopulation, and
environmental degradation. It is sometimes suggested that other worlds may
provide similar relief when Earth becomes overpopulated or uninhabitable
as a result of human actions. However, the limitation of space transport
makes these motivations for settling other worlds irrelevant in the near-
term. Space exploration and settlement may help solve problems on Earth
by providing useful knowledge but is unlikely to provide an escape valve for
mismanagement of this planet.

From Exploration to Settlement

The exploration of environments, such as the surface of Mars, that are in-
stantly lethal to humans naturally leads to the question: Does exploration
lead to settlement? Historically it has, but the historical record is based upon
the exploration of the surface of Earth and, in particular, of environments
in which premodern peoples with a rudimentary technology base could
thrive. The only example of exploration not based on this model was the
exploration of Antarctica. Although permanent scientific research bases have
been established in Antarctica and some nations have made legalistic ges-
tures toward inhabitation, there is no effective human settlement in Antarc-
tica. Similarly, but less telling in light of the limited time spent on undersea
exploration, there are no human settlements below the water. Human ac-
tivity on the Moon could be expected to follow the Antarctic model, with
the establishment of long-lived research stations and observatories but with-
out a permanent population. Commuting to the Moon from Earth is not
out of the question, but travel to Mars is likely to be a different case for two
reasons. First, the long trip time and the intermittent nature of Earth-Mars
transfer would favor more permanent, self-sufficient settlements than those
on the Moon. Second, Mars may allow for the creation of a habitable envi-
ronment through terraforming efforts.

From Settlement to Terraforming

The presence of humans on another planet will inevitably alter that world’s
environment, but this can also be done in a purposeful fashion, resulting in
a planet that is capable of supporting a rich biosphere—a process called ter-
raforming. The ultimate motivation for terraforming and for space explo-
ration itself is enhancing the abundance and diversity of life in the universe

microgravity the condi-
tion experienced in free-
fall as a spacecraft
orbits Earth or another
body; commonly called
weightlessness; only
very small forces are
perceived in freefall, on
the order of one-millionth
the force of gravity on
Earth’s surface
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and enriching the lives of humans. These are goals worthy of an advanced
civilization. SEE ALsO COMMUNITIES IN SPACE (VOLUME 4); ENVIRONMENTAL
CHANGES (VOLUME 4); Human Missions To Mars (VOLUME 3); ImpacTS (VOL-
UME 4); L1iviNg oN OTHER WORLDS (VOLUME 4); LUNAR BASEs (VOLUME 4);
Lunar OutprosTs (VOLUME 4); Mars Bases (VOLUME 4); Mars MissioNs (voL-
UME 4); SCIENTIFIC RESEARCH (VOLUME 4); SETTLEMENTS (VOLUME 4); SOCIAL
Etnics (VOLUME 4); SPACE INDUSTRIES (VOLUME 4); Spack Tourism, EvoLu-
TION OF (VOLUME 4); TERRAFORMING (VOLUME 4); TOURISM (VOLUME 1).

Christopber P. McKay and Margarita M. Marinova
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Ehricke, Krafft

Aeronautical Engineer, Physicist, and Author
1917-1984

Krafft A. Ehricke was a rocket pioneer and visionary who made significant
contributions to the technology and philosophical basis of space develop-
ment. Ehricke was born in 1917 in Berlin, Germany. At the age of twelve
he founded a rocket society, and he later studied celestial mechanics and nu-
clear physics at Berlin Technical University. During World War II, Ehricke
became a key member of the Peenemuende rocket development team, spe-
cializing in the propulsion system for the V-2 rocket. At Peenemuende, he
also worked on future space projects and developed theories on human space
operations and nuclear propulsion.

After immigrating to the United States in 1947, Ehricke worked for the
U.S. Army Ordnance Department, where he pursued the development of
ballistic missiles and space vehicles. In the 1950s he joined the General Dy-
namics Astronautics Division, where he helped develop the Atlas rocket and
the Centaur upper stage. Many early U.S. planetary probes were launched
using the Centaur, which was the first liquid hydrogen—propelled vehicle.
In the 1970s Ehricke led advanced studies at Rockwell International on the
use of space for the benefit of humankind and refined ideas for interplane-
tary travel, manufacturing facilities in space, and mining on the Moon and
the other planets. He is remembered for saying, “If God meant us to ex-
plore space, he would have given us a moon.”

Ehricke died in 1984. He was survived by his wife and three daughters,
who founded the nonprofit Krafft A. Ehricke Institute for Space Develop-
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ment in 1985. SEE ALSO CAREERS IN ROCKETRY (VOLUME 1); MOON (VOLUME
2); RockeTs (VOLUME 3); VEHICLES (VOLUME 4); VON BrauN, WERNHER (VOL-
UME 3).

Jobn F. Kross
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Environmental Changes

There are many causes of environmental changes on Earth. Natural events
cause changes in climate. For example, large volcanic eruptions release tiny
particles into the atmosphere that block sunlight, resulting in surface cool-
ing that lasts for a few years. Variations in ocean currents such as El Nifio
can also change the distribution of heat and precipitation. Over longer time
spans, tens to hundreds of thousands of years, natural changes in the geo-
graphical distribution of energy from the Sun and in the amounts of green-
house gases and dust in the atmosphere have caused the climate to shift from
ice ages to relatively warmer periods. On a longer timescale the presence of
life on Earth has changed the environment of the planet radically, trans-
forming a predominantly reducing atmosphere made up of methane and am-
monia to today’s oxygen-rich gaseous envelope.

Human activities can also change the environment. Orbiting satellites
have photographed the transformation of deserts into productive agricul-
tural areas. Conversely, satellites have tracked the advance of deserts (de-
sertification) and the loss of forests (deforestation) as a result of human
activity. One root cause of desertification and deforestation is the use of
wood as the basic source of energy, with the consequent loss of trees and
degradation of the soil. The most obvious impact of desertification is the
degradation of rangeland and irrigated cropland and the decline in soil fer-
tility and soil structure. Desertification affects about one-sixth of the world’s
population and affects 70 percent of all dry lands, amounting to 3.6 billion
hectares (8.9 billion acres), or one-quarter of the total land area of the world.

The Greenhouse Phenomenon

In addition to desertification, changes caused by human activities include
recent increases in the atmospheric concentrations of both greenhouse gases
and sulfate particles (“aerosols”). Greenhouse gases such as carbon dioxide
cover the atmosphere’s “infrared window,” and trap heat. Data from satel-
lites can trace changes in the globally averaged surface temperature of Earth
and can be used to predict temperature changes in the future. According to
some models, if current trends continue, the amount of carbon dioxide in
the atmosphere will double during the twenty-first century, and the aver-
age rate of warming of Earth’s surface over the next hundred years will prob-
ably be greater than it was at any time in the last 10,000 years. The current
best estimate of the expected rise of globally averaged surface temperature
relative to 1990 is 1°C to 3.5°C by the year 2100, with continued increases
thereafter.

Turning deserts into farm-
land via irrigation is one
way humans have signifi-
cantly changed Earth’s
environment. This strip
of farmland is in the Ata-
cama Desert in Chile.
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ultraviolet radiation
electromagnetic radia-
tion with a shorter
wavelength and higher
energy than light

stratosphere a middle
portion of Earth’s at-
mosphere above the
tropopause (the highest
place where convection
and “weather” occurs)

Because seawater expands when heated and some glacial ice will mel,
the global sea level is expected to rise a further 15 to 95 centimeters (6 to
37.5 inches) by 2100 as a result of global warming. Since 1978 satellite tech-
nology has been used to monitor the vast Arctic Sea ice cover on a routine
basis. More recently, the Topex/Poseidon satellite has been instrumental in
observing the global climate interaction between the sea and the atmos-
phere. In 2001 a joint U.S.-French oceanography mission, Jason 1, was
scheduled to be launched to monitor world ocean circulation, study inter-
actions between the oceans and the atmosphere, improve climate predic-
tions, and observe events such as El Nifio.

Ozone Depletion

Around 1985 scientists taking ozone (O;) measurements in the Antarctic de-
tected an alarming decrease in stratospheric ozone concentrations over the
South Pole. This decline in atmospheric ozone was verified by instruments
aboard the National Aeronautics and Space Administration’s (NASA)’s
Nimbus-7 satellite. Under usual circumstances ultraviolet radiation helps
create and destroy ozone molecules. It is strong enough to break both ozone
and oxygen molecules into individual oxygen atoms. This destruction of
molecules allows the free oxygen atoms to bond with other oxygen mole-
cules and form more ozone. However, chlorofluorocarbon (CFC) com-
pounds such as the freon used in refrigeration systems upset this balance
and destroy ozone (CFCs also are greenhouse gases). The depletion of ozone
caused by CFCs results in increased ultraviolet radiation at Earth’s surface
that could be highly damaging to sensitive Arctic life forms. Ozone losses
over the Arctic could also reduce ozone levels over the middle latitudes as
a result of the mixing of air masses.

Although some forms of ozone-destroying CFCs have been banned,
Arctic ozone depletion might be increased over the next few decades by fur-
ther accumulations of greenhouse gases in the atmosphere. By trapping more
heat near Earth’s surface, these gases cause the stratosphere to become
cooler and produce more stratospheric clouds, which have been implicated
in rapid ozone loss.

Colonization and Terraforming of Planets

Although human-induced changes to Earth’s environment are increasingly
apparent, humans have also altered the environment of the Moon and the
neighboring planets in very small ways. The footprints left by Apollo as-
tronauts and atmospheric gases released by their landing craft produced in-
finitesimal alterations in the Moon’s environment. Similarly, tire tracks and
shallow trenches left on the surface of Mars by landers, such as Pathfinder
and Viking, have changed the environment of that planet on a minute scale.
However, greater environmental changes are almost inevitable as humans
venture into the solar system.

Colonization of other worlds will affect those environments, but hu-
mans may also undertake the premeditated terraforming of planets to de-
liberately make them more Earth-like. Making Mars habitable will in many
ways restore that planet’s climate of billions of years ago, creating a thick
atmosphere and a warm surface with bodies of liquid water. Ironically,
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greenhouse gases such as carbon dioxide and CFCs, which have undesir-
able effects on Earth, could be instrumental in terraforming Mars. Some
researchers have proposed melting the southern polar ice cap on Mars
to release large quantities of carbon dioxide into the atmosphere to heat up
the planet. Others have suggested the use of super greenhouse gases
for that purpose. Warming the atmosphere by using specially designed
CFCs would be desirable and would not cause adverse affects on ozone
formation.

Over time, Earth’s environment has been changed for the better (e.g.,
transforming deserts to agricultural areas) and the worse (e.g., the ozone
hole, greenhouse warming, desertification, etc.). In the future, the challenge
will be to remain aware of the accompanying changes to the environment
and responsibly guide and monitor those changes on the home planet and
beyond. sEE ALsO AsTEROID MINING (VOLUME 4); L1viNGg oN OTHER WORLDS
(vOoLUME 4); NATURAL RESOURCES (VOLUME 4); PLANETARY PROTECTION (VOL-
UME 4); REsOURCE UTILIZATION (VOLUME 4); SETTLEMENTS (VOLUME 4); TER-
RAFORMING (VOLUME 4).

FJobn F. Kross

Computer-enhanced im-
age of Earth from space
showing global warming
“hot spots,” with gas
plumes at the poles.
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light year the distance
that light in a vacuum
would travel in one year
(about 5.9 trillion miles
[9.5 trillion kilometers])
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Faster-Than-Light Travel

Whether science fiction novels refer to it as warp speed, hyperspeed, or
lightspeed, the prospect of traveling at the speed of light or faster has en-
thralled humanity for decades. The possibility of traveling at speeds mil-
lions of times faster than those at which people travel today has been the
focus of much debate and research. Faster-than-light travel is necessary for
space journeys because of the huge distances between stars and star systems.
The nearest star to Earth, not including the Sun, is 4.3 light-years away.
This means that at the speed of light it would take 4.3 years to get there
and 4.3 years to return. The Milky Way Galaxy is more than 100,000 light-
years across and is only one galaxy in what is believed to be billions. No hu-
man could survive for 100,000 years with current medical techniques, and
so faster-than-light propulsion would be necessary to make such a trip.

The science of faster-than-light travel is based on the equation E = »c’
determined by physicist Albert Einstein. According to this equation, energy
(e) is equal to mass (7z) multiplied by the speed of light (¢) squared, mean-
ing that energy and matter can be converted from one to the other. A ma-
jor tenet of physics is that matter can neither be created nor destroyed.
Nuclear explosions are a prime example of matter being converted into en-
ergy. Amazingly, however, atomic weapons have a very low rate of matter-
to-energy conversion.

Using this equation, one can see the near impossibility of faster-than-
light travel with today’s technology. To travel in a ship at that speed or
faster requires a great deal of energy. But according to Einstein’s special
theory of relativity equation, mass will increase as an object goes faster. As
one approaches the speed of light, one will become so heavy that no fuel
will be able to propel the ship fast enough to keep up. That rapid increase
in mass prevents faster-than-light travel for humans aboard starships today,
yet research is under way to determine ways to get around this limitation.

Small subatomic particles such as photons, particles of light, and hypo-
thetical particles called tachyons—faster-than-light travelers with no mass—
seem to have no problem reaching lightspeed. In fact, tachyons are widely
believed to be a science fiction concept because it would take an infinite
amount of energy to slow down a tachyon to the speed of light. Whether or
not tachyons exist, the ability of particles to travel at higher speeds has not
gone unnoticed by scientists. If a bubble could be created around a space-
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ship, it is hoped that the weight of the object could be lowered while its
speed increased. SEE ALSO ACCESSING SPACE (VOLUME 1); ANTIMATTER
ProruLsioN (VOLUME 4); INTERSTELLAR TRAVEL (VOLUME 4); LAasEr PropuL-
SION (VOLUME 4); POWER, METHODS OF (GENERATING (VOLUME 4); SCIENCE
FicTioN (VOLUME 4); VEHICLES (VOLUME 4).

Craig Samuels
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First Contact

Over a century ago, the astronomer Percival Lowell thought that he had
glimpsed artificial canals on Mars and the radio pioneer Nikola Tesla be-
lieved that he had intercepted a Martian radio broadcast. Later attempts to
signal Mars by means of huge bonfires and powerful radio broadcasts proved
unsuccessful. Today people realize that although remnants of microbial life

Space travel in science
fiction, like in the movie
Star Wars, depends on
the ability to move at
speeds millions of times
faster than possible in
reality.



First Contact

We do not know if and
how we will first discover
extraterrestrial intelli-
gence, but most scien-
tists do not expect it to
happen quite like it does
in the movie, E.T. The
Extra-terrestrial (1982).

may exist within the solar system, the search for extraterrestrial intelligence
(SETT) must extend to distant stars.

Search Strategies

Microwave SETI, which uses radio telescopes, was popularized in Carl
Sagan’s novel Contact (1985) and in the 1997 Jodie Foster movie of the same
name. Dish antennas collect faint microwaves that are fed into receivers that
scan billions of channels simultaneously. Computers flag the signals that
merit a closer look. Some astronomers have employed optical SETT and use
optical telescopes fitted with special devices to hunt for flashes from ex-
traterrestrial lasers pointed toward Earth. There are other search strategies,
but because these two are in widespread use, they have the greatest chance
of success. Most likely, first contact will involve intercepting a faint signal
from a civilization many light-years away.

Initial Reactions

So many people have become used to the idea that “we are not alone” that
intercepting a signal from another solar system is unlikely to cause wide-
spread psychological meltdown or social collapse. Indeed, when a prankster
convinced the media that a microwave search had located ET, the public
was not upset. An authenticated discovery would prove that humans are the
product of processes that are not limited to Earth. Scientists estimate that
the average extraterrestrial civilization could be about a billion years older
than that on Earth. Finding such an old-timer would prove that civilizations
can survive population growth, resource depletion, atomic warfare, and other
threats. This would renew hope for the future of human society.

What We Might Learn

In light of the likely differences between two civilizations that are located
in different parts of the galactic neighborhood, those civilizations may have
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trouble recognizing each other, let alone communicating. Still, an ancient
civilization may have solved the problem of communicating with a civiliza-
tion such as Earth’s, or after years of research, humans may learn to com-
municate with creatures that are not from around here. Our reactions will
be shaped by our impressions of the alien civilization’s capabilities, inten-
tions, and desire to travel to Earth. These reactions will depend on our ex-
pectations, whether the discovery occurs during a time of peace or war, how
the media handle the story, as well as other considerations.

Most discussions of first contact are optimistic and suggest benefits for
humankind. Earth’s new acquaintances might share practical ways to solve
energy needs, cure illnesses, and eliminate crime. Their advanced ideas could
have a deep and lasting impact on our philosophy, science, religion, and the
arts. Learning about their ways could transform the way people think about
themselves and prompt humans to redefine their place in the universe. Of
course, contact may never occur or may proceed in a less pleasant way. If
generations of searches fail, people will come to grips with the reality that
humans are alone. Perhaps in the very distant future, as an advanced space-
faring civilization, humankind will fill the universe with intelligent life. SEE
ALSO Lire iIN THE UNIVERSE, SEARCH FOR (VOLUME 2); SETI (voLuME 2).

Albert A. Harrison
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Food Production

Space explorers and settlers who are far from the farms and fields of Earth
will need a reliable way to produce food. A continuous supply of nutritious,
safe, and appealing food is essential for people who are living and working
under unusual conditions that require peak physical condition. Food also
plays an important role in the psychological welfare of crewmembers by pro-
viding familiarity and variety in the diet. The ability to continually produce
food is an important element of long-term survival in space that cannot be
accomplished by physical or chemical means. Food will have to be grown
as quickly, reliably and efficiently as possible.

Methods of Production

Astronauts on long-duration space missions or settlers on other planets will
have to maintain crops in growth chambers protected from the outside en-
vironment, but they will still need to supply adequate lighting, nutrients,
and a suitable atmosphere. Natural sunlight in transparent greenhouses or
artificial lights could satisfy the lighting requirement, but there are tradeoffs.
On Mars, for example, sunlight is available for only half of each Martian day,
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In space, plant growth
requires a controlled,
closed environment, and
the output emissions of
the light emitting diode
are conducive with high
rates of plant photosyn-
thesis.

hydroponics growing
plants using water and
nutrients in solution in-
stead of soil as the root
medium

porous allowing the
passage of a fluid or
gas through holes or
passages in the sub-
stance

regolith upper few me-
ters of a body’s sur-
face, composed of
inorganic matter, such
as unconsolidated rocks
and fine soil

‘Yecora Rojo’
83 days old

and more light is required for optimal growth of many plant species. In ad-
dition, the Sun can be obscured for months by giant dust storms. Higher
radiation doses and possible damage from meteoroid impacts are other dan-
gers. On the other hand, artificial lighting systems would be costly to trans-
port and may require a great deal of energy.

Nutrients could be provided to crops by a form of hydroponics, with
the roots in contact with a thin film of liquid or a porous material such as
vermiculite. Alternatively, the surface regolith of the Moon or Mars could
be used as soil after any hypersalinity or toxic materials are washed out. Or-
ganic wastes and microbial soil communities could be added to the regolith
to render it closer to the fertile soil found on Earth. On-site resources could
also be processed to provide air and water for growing crops. On Mars, wa-
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ter can be extracted from the regolith and condensed from the atmosphere.
Carbon dioxide could be taken directly from the Martian atmosphere. At-
mospheric nitrogen could also be extracted and reacted with hydrogen to
produce ammonia for fertilizers. Nitrogen-fixing microorganisms could be
added to the soil to chemically alter this gas into a form usable by the plants.

What Kinds of Food Would Be Produced?

Foods produced in space will be carefully balanced for caloric content, nu-
tritional quality, and palatability. Some plants may be genetically modified
to alter or enhance their nutrient composition, and efforts will need to be
made to optimize conditions for plant growth. Processing will also be re-
quired to convert crops into palatable, safe, and satistying foods. In addi-
tion, processing will be needed to preserve food for storage in case of crop
failure. The chosen foodstuffs will have to be versatile and capable of being
converted into different types of foods. For example, soybeans can be pressed
to release oils, and the remaining high-protein soybean meal can be ma-
nipulated to provide different foodstuffs. Soy milk can be used in place of
cow’s milk or can be used to make curd in the form of tofu or tempeh.

Adding different plant food will enhance the palatability of the diet. For
example, various brassicas (similar to wild mustard) produce oils similar in
quality to that of canola, and peanuts have an interesting flavor. Black-eyed
peas are a good low-fat complement to oily legumes such as soybeans and
peanuts. Besides being heat and drought tolerant, cowpeas are a staple crop
eaten in Africa as a dry bean, snap bean, or raw salad green. In addition,
their low oil content allows cowpea meal to be incorporated into formed or
extruded vegetarian food products.

Rice is an excellent cereal crop to complement protein from legumes in
a balanced vegetarian diet. Rice protein is tolerated by virtually all people,
and it is more versatile than most other cereal grains. Wheat in the form of
breads and pastas is a very important and common foodstuff in many cul-
tures. In addition, the plants can be grown in high density, and the grain is
very versatile. Potatoes, whether white or sweet, can make good and hearty
additions to the diet. Much of the potato plant is edible, and the tubers are
versatile and consumed throughout the world. Other crops such as toma-
toes and lettuce may also be grown. Tomatoes can be used in stews, sauces,
and salads, while lettuce makes good salad greens and can be grown effi-
ciently. Spices and herbs will surely be grown to make the diet seem more
varied, and hot peppers could enrich mealtime. Apples, oranges, and other
fruits, however, will probably be rare because many fruits grow on bushes
or trees that use space inefficiently and are comparatively nonproductive rel-
ative to the resources required for cultivation.

Other Uses for Plant Material

Despite efforts to maximize crop yields, about half of the plant material pro-
duced cannot be digested by humans. However, indigestible cellulose can
be converted into sugars for use as food or as nutrients to grow yeasts, fungi,
or plant cell cultures. Cellulose-digesting animals could also be raised on
a small scale. While they would not be raised primarily for food, animals
could on occasion provide high-quality protein and would make creating a
balanced diet easier. At the other end of the spectrum, “microbial crops”

cell culture a means of
growing mammalian (in-
cluding human) cells in
the research laboratory
under defined experi-
mental conditions
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algae simple photosyn-
thetic organisms, often
aquatic

could be good source of single-cell protein. For example, brewer’s yeast and
algae could be used as a dietary supplement, and green algae are a good
source of protein as well as essential fatty acids and vitamins. In addition,
algae can help provide oxygen to the atmosphere. Although not suitable as
the only source of food, algae could be grown very quickly in an emergency
and provide needed sustenance for the crew. sEE ALso BioTecuHNoLoGY
(voLUME 4); Foop (voLuMmE 3); Living oN OTHER WORLDS (VOLUME 4).

Fobn F. Kross
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Glaser, Peter

Mechanical Engineer and Space Technology Pioneer
1923-

Peter E. Glaser conceived the solar power satellite as a means of capturing
solar energy in space for transmission to Earth. In the next few decades this
concept may be implemented as part of the solution to the pressing human
need for more and cleaner energy.

Glaser was born September 5, 1923, in Zatec, Czechoslovakia. He
moved to the United States in 1948 and went on to earn both his master’s
of science and doctoral degrees from Columbia University in New York
City. In addition to his seminal role as inventor of the solar power satellite,
Glaser has made many outstanding contributions to space technology dur-
ing his illustrious career. Until retirement in 1994, Glaser led advanced tech-
nology work at Arthur D. Little, Inc. His wide-ranging interests included
thermal protection systems, lunar surface properties, lunar laser ranging,
and space solar power systems. He directed studies for the National Aero-
nautics and Space Administration (NASA) and the U.S. Department of
Energy, served on several NASA task forces, and testified on numerous oc-
casions before committees of the U.S. Congress.

Glaser has more than 150 publications, books, and patents. He served
as president of the International Solar Energy Society and as editor in chief
of the fournal of Solar Energy. He founded the Sunsat Energy Council in
1978 and was its president until 1994. He is currently the council’s chair-
man emeritus. Glaser has been a prominent member of leading professional
organizations in science, technology, and astronautics and has been the



recipient of numerous awards and honors, including the Space Technology
Hall of Fame in the United States Space Foundation. SEE ALsO Sorar
PowEer SysTEMS (VOLUME 4).
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Governance

The idea of governance within space, on planets, or in space stations has
raised many questions. For example, would the laws of the launching coun-
try apply in settling a legal matter that occurred in outer space, or would
only the laws adopted independently by the space settlement be valid? And,
if more than one country sponsored the expedition, which country’s laws
would be binding and who would enforce these laws? Furthermore, is it re-
alistic to expect space settlers to defer to the authority of a country that it
may take months to reach by space travel? These are only a few of the ques-
tions that the concept of space governance generates.

Political Philosophies and Self-Governance

Because of Earth’s problematic history with colonization it is thought that
some degree of self-governance would likely be suitable for space settle-
ments. The following political philosophies demonstrate the broad spec-
trum of views as related to self-governance.

Libertarian. Libertarians believe in self-governance as related to both per-
sonal and economic issues. According to libertarians, the government’s only
role is to provide protection from coercion and violence. Libertarians value
self-responsibility and tolerance of diversity.

The Libertarian view assumes a high level of individually motivated hon-
est behavior. There is no strong deterrence to criminal activity apart from
contending with one’s own conscience. But the Libertarian approach could
potentially find acceptance in space settlements where populations will ini-
tially be small and the degree of self-responsibility high.

Left-Liberal. The political philosophy of Left-liberals is self-governance in
personal matters accompanied by a mechanism for central government to
make decisions on economic issues. Among Left-liberals, there is a strong
agenda to have government provide for the needs of the disadvantaged. Left-
liberals would likely allow self-governance in space to the extent that gov-
ernment sponsored social programs could still be financed.

Centrist. Centrists support government intervention on some issues but
stress pragmatic solutions to social problems. Centrists would probably see
self-governance as a practical strategy to governing small space settlements
but would defer to more government intervention as the settlements grew
and public problems increased.

Conservative. Right-conservatives have essentially the opposite philosophy
of Left-liberals. Right-conservatives want people to exercise self-governance

Governance
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when it comes to economic issues, but still want the government to protect
society from threats to morality.

The current fiscal situation for many space expeditions and settlements
involves a hefty price tag. It takes large groups, either private or public to
plan and implement projects such as the settlement of Mars. Therefore, the
Right-conservative desire for self-governance in economic matters may not
be compatible with the high expenditures that would accompany space col-
onization. At some point in the future, conservative religious groups may
seek to advance their moral agenda through space settlement, as did reli-
gious groups such as the Puritans and Quakers of colonial America.

Authoritarian. Authoritarians do not see self-governance as a practical al-
ternative, as they would prefer that the government foster advances to hu-
mankind by central planning. Left-authoritarians are also referred to as
socialists, Right-authoritarians as fascists.

An authoritarian approach to space government would involve either
deference to a political government on Earth (i.e., no self-governance) or
the establishment of a central government power in outer space. Resource
concerns would apply to the latter because a dedicated central government
in space would add to the costs of the space settlement.

Free-Governance in Outer Space as Compared to
Governments Used in Colonized Countries

We can look to history to learn how colonization has been handled, at what
point power may have shifted from a distant sovereignty to governance by the
occupants of the territory, and what the implications are for the colonization
of space. At this time we do not have any indigenous, or pre-existing popu-
lations on other planets, so at least for now the topic of governance in space
refers to the legal issues of persons coming from Earth. Maybe at a future
time settlers from Earth will become the indigenous population of a space
settlement in free space or of a planet.

Settlement Colonization. The original European colonies in the Americas
were treated as the property of each respective colonizing European coun-
try (Great Britain, Spain, France). Laws were changed, as they would like-
wise need to be changed in space environments, to take account of special
environmental conditions. Generally, however, colonists maintained what-
ever legal and political rights they had possessed in the colonizing country.
This resulted in the colonial governments and laws differing greatly in the
Americas, as they did between countries in Europe. Space governance may
also differ between space settlements and levels of self-governance are likely
to also vary.

Because Great Britain had a representative parliament and a monarchy
with limited authority, settlement colonies adopted cabinet governments,
and after 1931 became sovereign states, keeping only an allegiance to the
crown. Likewise, in the realm of space governance, allegiance to original
colonizing countries is likely to exist as well as a certain degree of repre-
sentation in a legislative body. Perhaps a representative from a space set-
tlement will hold a seat in a national or international legislative body on
Earth and will participate in hearings remotely.



Natural conditions may modify laws in space. For example, the re-
moteness created by the Atlantic and consequently, the length of time it
took to transmit communications, made control of Great Britain’s colonies
in America impractical. The setting produced a tough individualism with
inhabitants making their own decisions. Government reached the frontier
only gradually, and conditions of anarchy often prevailed. A rugged indi-
vidualism like in the pioneer days of America could also happen in space.
Technology exists to maintain communications, but there may be issues of
enforcement because travel takes months to maybe years to accomplish. SEE
ALSO CoMMUNICATIONS, FUTURE NEEDS IN (VOLUME 4); INTERPLANETARY IN-
TERNET (VOLUME 4); Living oN OTHER WORLDS (VOLUME 4); PoLrTicaL Sys-
TEMS (VOLUME 4); SociaL ETHICS (VOLUME 4).

Nadine M. Facobson
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Hotels

For the general public, the concept of space tourism continues to be an ex-
citing dream. The first stage of space tourism would consist of very simple
low-Earth orbit treks: tourists would orbit Earth several times on a space-
ship and then return to the planet in a one-day tour. Even these short tours
would be sufficiently adventurous to attract many civilian space travelers in
the near future.

The next phase of orbital tourism would consist of “space stays” of one
or two nights. If people could reside in space for two or three days, public
travel above Earth would be much more enjoyable. Space tourists would
then be able to watch Earth, the Moon, and the stars for long periods. It
would be possible to produce many interesting materials in microgravity,

microgravity the condi-
tion experienced in free-
fall as a spacecraft
orbits Earth or another
body; commonly called
weightlessness; only
very small forces are
perceived in freefall, on
the order of one-millionth
the force of gravity on
Earth’s surface

The interior design of a
proposed guest room of a
space hotel.

Hotels
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An artist’s depiction of a
space hotel in low Earth
orbit.

some of which would be very valuable souvenirs from space. Also, it would
be possible for tourists to have many kinds of interesting physical experi-
ences in microgravity.

For people to stay in space for two or three days, “space cottages” would
be essential. Those cottages would be small but would have to have mini-
mum habitation systems for hygiene, dining, and sleeping, among other
functions. One interesting proposal is the use of the habitation module of
the International Space Station to provide room for space tourists after the
station’s formal planned mission has ended.

Eventually larger space hotels that would have many more functions for
enjoying hotel life like those found in terrestrial resorts would be con-
structed. The accompanying picture shows an example of a space hotel of
the future designed by Shimizu Corporation more than ten years ago.

The space hotel shown above has sixty-four guest rooms and a micro-
gravity hall. All of the guest rooms are located on a circle with a radius of
70 meters (230 feet) that rotates three times a minute to produce 0.7 G ar-
tificial gravity. Therefore, in a guest room a hotel guest could stand, walk,
and sleep normally. The figure on page 51 shows the interior design of a
guest room. In the microgravity hall a guest could enjoy an environment in



which it is possible to eat, drink, and play. In the future, space resorts will
inspire the creation of many appealing microgravity games. SEE ALsO Hasi-
TATS (VOLUME 3); LiviNG 1N SpacE (VOLUME 3); Space TourisMm, EvoLuTioNn
oF (VOLUME 4); TourisM (VOLUME 1).

Shinji Matsumoto
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Impacts

Earth’s surface undergoes many kinds of environmental changes that affect
human life and the evolution of all living things. Some are caused by hu-
man beings, and others result from natural processes; some evolve slowly,
whereas others are sudden: “accidents” (if caused by humans) and “natural
disasters.” Since life can adapt to slow changes, the most disruptive changes
are sudden calamities. The worst calamity occurs when a large, errant as-
teroid or comet collides with Earth.

Sizes of Near-Earth Objects

Fragments of asteroids and comets pervade interplanetary space. Modest cos-
mic impacts occur all the time. On a dark, clear night one can see a flash of
light (a meteor or “shooting star”) every few minutes as an interplanetary grain
of dust or sand strikes Earth’s upper atmosphere. More rarely, larger space
rocks cause brilliant “fireballs” when they crash to Earth, perhaps leaving me-
teorites in the ground. Every few years, Earth-orbiting surveillance satellites
record multi-kiloton upper atmospheric explosions when a house-size cosmic
object impacts. This happened over the Yukon Territory in January 2000,
lighting up the night sky ten times more brilliantly than full daylight.

Objects 50 meters (164 feet) across strike Earth every few centuries,
causing airbursts that rival the effects of large thermonuclear bombs. The
last one exploded over the Tunguska region of Siberia in 1908, toppling
trees over a region the size of Washington, D.C. A similar-sized object com-
posed of solid metal rather than rock struck northern Arizona about 50,000
years ago, forming Meteor Crater.*

Far larger asteroids and comets can strike Earth. About 1,000 asteroids
larger than 1 kilometer (0.62 mile) in diameter approach within 45 million
kilometers (28 million miles) of Earth; any one of these near-Earth aster-
oids (NEAs) could impact Earth in the next few million years. Most will
crash into the Sun, strike another planet, or be flung by Jupiter’s gravity
into interstellar space. But every 100,000 years or so a kilometer-sized NEA
does crash into Earth, exploding with a force approaching 100,000 mega-
tons—more powerful than all the world’s nuclear bombs together.

A few NEAs are much larger than 1 kilometer (0.62 mile). Eros, which
was visited by the NEAR Shoemaker spacecraft in the year 2000, is 34 kilo-
meters (21 miles) long. Studies of its orbital path show that Eros cannot hit
Earth in the near future, but millions of years from now there is a 5 percent
chance that Eros will crash into Earth; the devastation would greatly ex-
ceed the impact 65 million years ago of a 10- to-15 kilometer (6 to 9 miles)

meteorite any part of a
meteoroid that survives
passage through Earth’s
atmosphere

*An image of Meteor
Crater can be found in
the volume 2 article
“Meteorites.”
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A small asteroid hitting
an ocean on Earth would
cause little damage, but
one measuring 200 me-
ters across could cause
cataclysmic floods.

planetesimals objects
in the early solar sys-
tem that were the size
of large asteroids or
small moons, large
enough to begin to
gravitationally influence
each other

diameter asteroid or comet that caused 70 percent of all species of plants and
animals recognized in Cretaceous fossil beds to suddenly go extinct, includ-
ing dinosaurs.

Even larger calamities happened early in the planet’s history as life tried
to gain a foothold on Earth. The circular dark patches on the full Moon are
great circular impact basins formed when 100-kilometer-size (60 miles)
planetesimals struck the Moon 3.9 to 4.2 billion years ago. Earth is a larger
target than the Moon; it was surely bombarded by such projectiles during
that epoch. It is unlikely but possible that Earth will be struck by such a
large object again. If this were to occur, it could sterilize the world of all
life. In 1997 Comet Hale-Bopp came inside Earth’s orbit; its diameter was
25 to 70 kilometers (15 to 45 miles).

Risks and Consequences

Impacts do not happen regularly. Earth is in an essentially random, cosmic
shooting gallery. Kilometer-size asteroids impact every 100,000 years “on
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average.” However, that means there is a 1 in 100,000 chance that one will
hit “next year,” or a 0.1 percent chance during the twenty-first century. A
much larger, mass extinction impact is a thousand times less likely than a
1-kilometer (0.62-mile) NEA impact, but even that is not inconceivable in
the very near future.

The consequences of impacts vary enormously, depending on the size
and velocity of the impacting bodies. A Tunguska-like event, which hap-
pens somewhere on Earth every few centuries, could happen in the next fifty
years. If it exploded unexpectedly over a major city, it would be a catastro-
phe in which hundreds of thousands might die. However, only a tiny frac-
tion of Earth’s surface has urban population densities. A sparsely populated
area is a more likely target, such as Tunguska, where only one or two peo-
ple may have been killed. Even more likely, the explosion would happen
harmlessly over an ocean.

A larger body, perhaps 200 meters (124 miles) in diameter, would be
catastrophic no matter where it struck. It would certainly penetrate the at-
mosphere and strike land or water. Indeed, impact into the ocean would be
devastating, generating a tsunami (tidal wave) larger than any ever recorded.
Such an event might account for some flood myths from ancient times. As-
tronomers have discovered and tracked only a small fraction of these com-
paratively small asteroids, and so an impact like this (abouta 1 percent chance
of happening in this century) probably would occur without warning.
Tsunami-warning systems most likely would be ineffective in alerting peo-
ple to evacuate to high ground. Massive destruction of property along the
shores of the impacted ocean would be certain, with an enormous death toll.
A similar impact on land would form a crater far larger than Meteor Crater,
but the death and destruction would be restricted to within a couple hun-
dred kilometers of ground zero.

Nearly five decades after
a meteorite struck Siberia
near Tunguska, Russia, in
1908, the destruction
was still evident.

velocity speed and di-
rection of a moving ob-
ject; a vector quantity
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stratosphere a middle
portion of Earth’s at-
mosphere above the
tropopause (the highest
place where convection
and “weather” occurs)

vices) especially de-
signed to travel through
space, propelled by one
or more engines

rockets vehicles (or de-

As frightening as impacts by bodies tens to hundreds of meters in size
are to contemplate, more usual natural catastrophes capable of killing just
as many people happen 100 times as often. During the twentieth century a
dozen natural catastrophes (floods, earthquakes, and the like) each killed be-
tween 100,000 and 2 million people. Thus, these “smaller” impacts repre-
sent only about 1 percent of the danger.

Impacts by comets and asteroids over 2 kilometers (1.24 miles) in di-
ameter have consequences that exceed those of a nuclear war. There are up-
per limits to the effects of earthquakes, storms, floods, and exploding
volcanoes, which are restricted to localities or regions of the planet. A 2-
kilometer (1.24-mile) asteroid, however, would throw enormous quantities
of dust and aerosols high in the stratosphere, darkening the Sun, leading
to the failure of global agriculture for a year or more, and resulting in mass
starvation. A billion people might die, and civilization would be threatened.
Such impacts are rare, having 1 chance in 10,000 of happening in this cen-
tury. However, the consequences would be enormous, including possible
permanent loss of the accomplishments of modern civilization, and the quan-
titative risk to human life ranks with other hazards (such as airline safety)
that society takes seriously.

Mitigation

The impact hazard has a hopeful feature: Human beings (unlike dinosaurs)
could avert such a catastrophe if it were about to happen. Less than half of
the 1- to 2-kilometer (0.62 to 1.24 miles) NEAs have been discovered, and
so one could strike without warning. However, an international astronom-
ical program (so far based mostly in the United States) called the Space-
guard Survey employs modest-size wide-field telescopes equipped with
charge-coupled devices to search the skies for NEAs larger than about 1
kilometer (0.62 mile). Within less than a decade the paths of about 90 per-
cent of these NEAs will have been charted and it will be known whether
one is headed toward Earth in the next decades. A few NEAs will remain
undiscovered, and comets from beyond Neptune’s orbit will continue to ar-
rive in the inner solar system with only months of advance warning. Thus,
there will always be a small chance that humankind will be caught unpre-
pared.

However, current space technology could in principle save the world
from an impact catastrophe. Depending on the warning time and the size
of the threatening body, several low-thrust propulsion technologies could
be used to nudge the object away from its Earth-targeted trajectory. These
schemes include solar sails, ion drives, mass drivers, and chemical rockets.
If the warning time were too short or the object too large, nuclear bombs
might be required. Specific engineering designs for these technologies (for
example, how to couple the devices to the surface of the NEA) have not
been worked out. However, there probably would be enough time to study
the body and work out the engineering. Care would have to be taken to de-
flect the body intact rather than break it into pieces because a swarm of frag-
ments might be more destructive than a single object.

National and international agencies and governments are starting to lis-
ten to astronomers, who have been trying to raise the awareness of politi-
cians and emergency management agencies to the impact hazard. However,
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apart from the modest ground-based Spaceguard Survey, little official ac-
tion or coordination has been undertaken. Comets and small asteroids are
being missed in the Spaceguard census, and the major space and military
agencies have paid little attention to the impact hazard. Also, there has been
no contingency planning by emergency managers to store food supplies or
evacuate people from ground zero in the event of a threatening body. This
lack of action represents an implicit political decision to largely ignore the
unlikely threats from space in favor of dealing with more near-term issues.
SEE ALSO ASTEROIDS (VOLUME 2); CLOSE ENCOUNTERS (VOLUME 2); COMETS
(voLuME 2); ENVIRONMENTAL CHANGES (VOLUME 4); METEORITES (VOLUME
2); MoVIEs (VOLUME 4).
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Interplanetary Internet

Imagine a future in which human intelligence is scattered all over the solar
system. That intelligence may take the form of incredibly capable robots
that allow us to be “telepresent” in remote parts of the solar system with-
out ever leaving Earth, or perhaps remote space outposts on the Moon or
Mars where human beings are learning to live on other worlds. In some of
these places there may be thousands or millions of intelligent systems that
need to exchange information not only with other intelligence on Earth but
also among themselves. How would such communication occur, and how
would it differ from the information transfer across the terrestrial Internet
that we know so well?

We are all familiar with the explosive growth of the Internet, and the
way in which it has entered our daily lives. We log on and expect to in-
stantly access information from all over the world. This is enabled by a vast
global network of computers that exchanges information over high-speed
communications links. They do this by formatting messages to each other
according to highly structured rules or protocols, much the same way that
humans talk to each other using highly structured language. Supporting
every web page download, every electronic-mail (e-mail) message, and every
piece of streaming audio are dozens of computers that are chatting back and
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forth with each other in the background in order to transfer messages from
the source to the destination. They accomplish this by breaking the mes-
sages themselves up into little “packets” of data that are routed over the In-
ternet. This “chatty” computer dialog is very similar to a telephone call,
where two people are simultaneously online and conducting a conversation.

But what happens when we try to extend the scope of the Internet into
space? On Earth, electronic signals zip around the Internet at the speed of
light with negligible delay and almost no errors because the distances are
short and it is easy to provide strong signals. But as one ventures farther
into space the distances become large and delays and errors are introduced.
It would be very difficult to conduct a phone call between Earth and the
Moon, where it may take five seconds for a signal to make the round-trip.
At Mars, where the delay may easily be half an hour, it would be impossi-
ble. Furthermore, a continuous connection between Earth and a remote
space location is very hard to provide—