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INTRODUCTION

The Encyclopedia of Space and Astronomy introduces the exciting relationship
between modern astronomy and space technology. The book also examines the
technical, social, and philosophical influences this important combination of sci-
ence and technology exerts on our global civilization. With the start of the space
age in 1957, scientists gained the ability to place sophisticated observatories in
outer space. Since such orbiting astronomical facilities operate above the masking
limitations imposed by our planet’s atmosphere, they can collect scientific data in
regions of the electromagnetic spectrum previously unavailable to astronomers
who could only look at the heavens from the surface of Earth.

Data from orbiting astronomical observatories, as well as from an armada of
planetary exploration spacecraft, have completely transformed observational
astronomy, astrophysics, and cosmology. Space technology has expanded our
view of the universe. Scientists now enjoy meeting the universe face-to-face and
harvesting enormous quantities of interesting new scientific data from all the
information-rich portions of the electromagnetic spectrum. Some spacecraft are
designed to investigate mysterious cosmic rays—those very tiny, but extremely
energetic, pieces of galactic and extragalactic material that provide tantalizing
clues about extremely violent cosmic processes, such as exploding stars and col-
liding galaxies. Other spacecraft have explored the solar system.

Through developments in space technology, planetary bodies within the
solar system are no longer the unreachable points of wandering light that
intrigued ancient stargazers. Today, as a result of flybys, orbital reconnaissance
missions, and even landings by a variety of interesting robot spacecraft, these
mysterious celestial objects have become familiar worlds. The marvel of space
technology has also allowed 12 human beings to walk on the surface of another
world (the Moon) and to return safely to Earth with hand-selected collections of
rock and soil samples for detailed investigation by fellow scientists.

The major entries and special essays within this book highlight the synthesis
of modern astronomy and space technology. This fortuitous union of science and
technology has created an explosion in knowledge amounting to the start of a
second scientific revolution—similar, but even more consequential, than the first.
The first scientific revolution began in the 16th century, when a few bold
astronomers used their pioneering observations and mathematics to challenge the
long-cherished philosophical position that Earth was the stationary center of the
universe.

This book serves as a guide and introduction to the fundamental concepts,
basic principles, famous and less-known people, major events, and impact of
astronomy and space technology. The collection of biographical entries, some
brief and others a bit more extensive, allows the reader to discover firsthand the
genius, sacrifice, visionary brilliance, and hard work of the men and women who
established modern astronomy and/or brought about the age of space. Special
essays address a variety of interesting, intellectually stimulating topics and should
help high school and college students better understand, appreciate, and even
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Introduction

participate in the great space age revolution that embraces our global civilization.
The general reader will find major entries, such as rocket, telescope, and space-
craft, very useful as introductory treatments of complicated subjects. Major
entries are prepared in a simple, easy to read style and are generously comple-
mented by illustrations, photographs, and visionary artist renderings. The numer-
ous supporting entries throughout the book serve as concise capsules of basic
information. An extensive network of cross-references assists the reader in fur-
ther pursuing a particular scientific topic or technical theme. Entries that describe
the significance of past, current, and future space activities generally include a
balanced combination of visual (graphic) and written material. Images from con-
temporary space missions take the reader beyond Earth and provide a firsthand
view of some of the most interesting celestial objects in our solar system.

Many major entries provide compact technical discussions concerning basic
concepts considered fundamental in understanding modern astronomy and space
technology. While mathematics is certainly important in astronomy and space
technology, the book avoids an oppressive use of formulas and equations. Such
detailed mathematical treatments are considered more appropriate for specialized
textbooks and are beyond the scope of this introductory work. Other entries
summarize contemporary astronomical knowledge or discuss the results of
important space exploration missions. Because of the rapidly changing nature of
contemporary space missions, the reader is encouraged to pursue updates
through many of the excellent Internet sites suggested in Appendix II. Still other
entries, such as horizon mission methodology and starship, are designed to stim-
ulate intellectual curiosity by challenging the reader to think “outside the box,”
or, more appropriately, “beyond this planet.” These entries pose intriguing ques-
tions, introduce scientifically based speculations, and suggest some of the antici-
pated consequences of future space missions. The search for extraterrestrial life is
another important example. Right now the subject of extraterrestrial life resides
in the nebulous buffer zone between science fiction and highly speculative sci-
ence, but, through advanced space exploration projects, these discussions could
easily become the factual centerpiece of contemporary scientific investigation.

The confirmed discovery of extraterrestrial life, extinct or existent—no mat-
ter how humble in form—on Mars or perhaps on one of the intriguing Galilean
moons of Jupiter could force a major revision in the chauvinistic planetary view-
point human beings have tacitly embraced for centuries. This deeply embedded
terrestrial chauvinism suggests that planet Earth and, by extrapolation, the uni-
verse were created primarily for human benefit. Perhaps this is so, but the discov-
ery of life elsewhere could shatter such a myopic viewpoint and encourage a
wholesale reevaluation of long-standing philosophical questions such as “Who
are we as a species?” and “What is our role in the cosmic scheme of things?”

The somewhat speculative approach taken by certain entries is necessary if
the book is to properly project the potential impact of space exploration. What
has occurred in the four or so decades of space exploration is just the tip of the
intellectual iceberg. Space missions planned for the next few decades promise to
accelerate the pace and excitement of the contemporary scientific revolution trig-
gered by the union of space technology and astronomy.

Special effort has been made to provide not only easily understood technical
entries, but also entries that are set in an appropriate scientific, social, and/or
philosophical context. This approach extends the information content of the
book to a wider audience—an audience that includes those who want to become
scientists and engineers as well as those who plan to pursue other careers but
desire to understand how astronomy and space technology affect their lives.

Most early civilizations paid close attention to the sky. Naked eye astrono-
my, the most ancient and widely practiced of the physical sciences, provided
social and political cohesion to early societies and often became an integral part
of religious customs. To many ancient peoples the easily observed and recorded
cyclic movement of the Sun, Moon, planets (only five are visible without the
astronomical telescope), and stars provided a certain degree of order and stability
in their lives. After all, these ancient peoples did not possess the highly accurate



personal timepieces that tend to control our modern lives. In fact, people living in
today’s schedule-dominated, fast-paced societies often become totally detached
from the natural diurnal cycle that closely regulated the lifestyles and activities of
ancient peoples. As citizens of a 24/7-wired world that is always “open for busi-
ness,” it is sometimes difficult for us to appreciate how the heavens and nature
touched every aspect of a person’s life in ancient societies. For these early peoples
stargazing, myth, religion, and astrology often combined to form what scientists
now refer to as “ancient astronomy.” So it should not come as too great a sur-
prise to us that these peoples often deified the Sun, the Moon, and other impor-
tant celestial objects. Their lives were interwoven with and became dependent on
the reasonably predictable motions of such commonly observed but apparently
unreachable celestial objects.

Looking back in history from the vantage point of 21st-century science,
some of us might be tempted to ridicule such ancient activities. How could the
early Egyptians or the Aztecs deify the Sun? But are we that much different with
respect to how celestial objects control our lives? As a result of space technology
our global civilization has become highly interwoven with and dependent on
human-made celestial objects. In addition to the revolution in modern astrono-
my, spacecraft now support global communications, are an essential component
of national defense, monitor weather conditions, provide valuable scientific data
about the Earth as a complex, highly interactive system, and help travelers find
their way on land, on sea, and in the air. A number of special entries and com-
panion essays provide introductory discussions on just how much space technol-
ogy affects many aspects of modern life.

The scientific method—that is, the practice of science as a form of natural
philosophy or an organized way of looking at and explaining the world and how
things work—emerged in the 16th and 17th centuries in western Europe.
Telescope-assisted ~astronomical observations encouraged Galileo Galilei,
Johannes Kepler, Sir Isaac Newton, and other pioneering thinkers to overthrow
two millennia of geocentric (Earth-centered) cosmology and replace it with a
more scientifically sound, heliocentric view of the solar system. Observational
astronomy gave rise to the first scientific revolution and led to the practice of
organized science (the scientific method)—one of the greatest contributions of
Western civilization to the human race.

Today the combination of astronomy and space technology is encouraging
scientists to revisit some of humankind’s most important and long-pondered
philosophical questions: Who are we? Where did we come from? Where are we
going? Are we alone in this vast universe? Future space missions will define the
cosmic philosophy of an emerging solar system civilization. As the detailed
exploration of distant worlds leads to presently unimaginable discoveries, space
technology and modern astronomy will enable us to learn more about our role
and place as an intelligent species in a vast and beautiful universe.

This book is not just a carefully prepared collection of technical facts. It also
serves as a special guide for those readers who want to discover how astronomy
and space technology are making the universe both a destination and a destiny
for the human race. For example, the entry on nucleosynthesis and the essay “We
Are Made of Stardust” will help readers discover that the biogenic elements in
their bodies, such as carbon, nitrogen, oxygen, and phosphorous, came from
ancient stars that exploded and hurled their core materials into the interstellar
void long before the solar system formed. Throughout most of human history,
people considered the universe a place apart from life on Earth. Through modern
astronomy and space technology we can now proclaim that “We have met the
universe and it is US.” So come share the excitement, the vision, and the intellec-
tual accomplishments of the astronomers and space technologists who helped
humankind reach for the stars.

—Joseph A. Angelo, Jr.
Cape Canaveral, 2005
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A Symbol for RELATIVE MASS NUMBER.

Abell, George O. (1927-1983) American Astronomer
George O. Abell is best known for his investigation and clas-
sification of galactic clusters. Using photographic plates from
the Palomar Observatory Sky Survey (POSS) made with the
1.2-m (48-inch) Schmidt Telescope at the Palomar Observa-
tory in California, he characterized more than 2,700 Abell
clusters of galaxies. In 1958 he summarized this work in a
book now known as the Abell Catalogue.

See also ABELL CLUSTER; GALACTIC CLUSTER; PALOMAR
OBSERVATORY; PALOMAR OBSERVATORY SKY SURVEY (POSS).

Abell cluster A rich (high-concentration density) cluster
of galaxies as characterized by the American astronomer
GEORGE O. ABELL (1927-83). In 1958 Abell produced a
catalog describing over 2,700 of such high-density galactic
clusters using photographic data from the Palomar Obser-
vatory. Abell required that each cluster of galaxies satisfy
certain criteria before he included them in this catalog. His
selection criteria included population (each Abell cluster
had to contain 50 or more galaxies) and high-concentration
density (richness). Abell also characterized such rich galactic
clusters by their appearance—listing them as either regular
or irregular.
See also PALOMAR OBSERVATORY.

aberration 1. In optics, a specific deviation from a perfect
image, such as spherical aberration, astigmatism, coma, cur-
vature of field, and distortion. For example, spherical aberra-
tion results in a point of light (that is, a point image)
appearing as a circular disk at the focal point of a spherical
LENS or curved MIRROR. This occurs because the focal points
of light rays far from the optical axis are different from the
focal points of light rays passing through or near the center
of the lens or mirror. Light rays passing near the center of a
spherical lens or curved mirror have longer focal lengths than

This Chandra X-Ray Observatory image acquired on May 25, 2000, of the
galactic cluster Abell 2104 revealed six bright X-ray sources that are
associated with supermassive black holes in red galaxies in the cluster.
Since red galaxies are thought to be composed primarily of older stars and
to contain little gas, the observation came as a surprise to astronomers.
Abell 2104 is about 2 billion light-years away. (Courtesy of NASA/CXC/P.
Martini, et al.)

do those passing near the edges of the optical system. 2. In
astronomy, the apparent angular displacement of the position
of a celestial body in the direction of motion of the observer.
This effect is caused by the combination of the velocity of the
observer and the velocity of light (c).

See also ABERRATION OF STARLIGHT.
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2 aberration of starlight

aberration of starlight The apparent angular displace-
ment of the position of a celestial body in the direction of
motion of the observer. This effect is caused by the combina-
tion of the velocity of the observer and the velocity of light
(c). An observer on Earth would have Earth’s orbital velocity
around the sun (Vig,.), which is approximately 30 km/s. As
a result of this effect in the course of a year, the light from a
fixed star appears to move in a small ellipse around its mean
position on the celestial sphere. The British astronomer
JAMES BRADLEY (1693-1762) discovered this phenomenon in
1728.

abiotic Not involving living things; not produced by living
organisms.
See also LIFE IN THE UNIVERSE.

ablation A form of mass transfer cooling that involves the
removal of a special surface material (called an ablative mate-
rial) from a body, such as a reentry vehicle, a planetary
probe, or a reusable aerospace vehicle, by melting, vaporiza-
tion, sublimation, chipping, or other erosive process, due to
the aerodynamic heating effects of moving through a plane-
tary atmosphere at very high speed. The rate at which abla-
tion occurs is a function of the reentering body’s passage
through the aerothermal environment, a high-temperature
environment caused by atmospheric friction. Ablation is also
a function of other factors including (1) the amount of ther-
mal energy (i.e., heat) needed to raise the temperature of the
ablative material to the ablative temperature (including phase
change), (2) the head-blocking action created by boundary
layer thickening due to the injection of mass, and (3) the ther-
mal energy dissipated into the interior of the body by con-
DUCTION at the ablative temperature. To promote maximum
thermal protection, the ablative material should not easily
conduct heat into the reentry body. To minimize mass loss
during the ablative cooling process, the ablative material also
should have a high value for its effective heat of ablation—a
thermophysical property that describes the efficiency with
which thermal energy (in joules [J]) is removed per unit mass
lost or “ablated” (in kilograms [kg]). Contemporary fiber-
glass resin ablative materials can achieve more than 107 J/kg
thermal energy removal efficiencies through sublimation pro-
cesses during reentry. Ablative cooling generally is considered
to be the least mass-intensive approach to reentry vehicle
thermal protection. However, these mass savings are achieved
at the expense of heat shield (and possibly reentry vehicle)
reusability.

ablative material A special material designed to provide
thermal protection to a reentry body traveling at hypersonic
speed in a planetary atmosphere. Ablative materials are
used on the surfaces of reentry vehicles and planetary
probes to absorb thermal energy (i.e., heat) by removing
mass. This mass loss process prevents heat transfer to the
rest of the vehicle and maintains the temperatures of the
vehicle’s structure and interior (including crew compartment
for missions involving humans or other living creatures)
within acceptable levels. Ablative materials absorb thermal
energy by increasing in temperature and then by undergoing

changes in their physical state through melting, vaporiza-
tion, or sublimation. This absorbed thermal energy is then
dissipated from the vehicle’s surface by a loss of mass (gen-
erally in either the liquid or vapor phase) during high-speed
flow interactions with the atmosphere. The departing abla-
tive material also can block part of the aerodynamic heat
transfer to the remaining surface material in a manner simi-
lar to transpiration cooling. Modern fiberglass resin com-
pound ablative materials can achieve more than 10 million
joules (J) of effective thermal energy transfer per kilogram
(kg) of mass removed.

abort 1. To cancel, cut short, or break off an action, opera-
tion, or procedure with an aircraft, space vehicle, or the like,
especially because of equipment failure. For example, the
lunar landing mission was aborted during the Apollo 13
flight. 2. In defense, failure to accomplish a military mission
for any reason other than enemy action. The abort may occur
at any point from the initiation of an operation to arrival at
the target or destination. 3. An aircraft, space vehicle, or plan-
etary probe that aborts. 4. An act or instance of aborting. 5.
To cancel or cut short a flight after it has been launched.

A malfunction in the first stage of the Vanguard launch vehicle caused
the vehicle to lose thrust after just two seconds, aborting the mission on
December 6, 1957. The catastrophic destruction of this rocket vehicle and
its small scientific satellite temporarily shattered American hopes of
effectively responding to the successful launches of two different
Sputnik satellites by the Soviet Union at the start of the space age in late
1957. (Courtesy of U.S. Navy)
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main engine cutoff

solid rocket booster separation
launch

external tank separation

TAL trajectory

landing

Transatlantic landing abort mode for the space shuttle

abort modes (Space Transportation System) Selection
of an ascent abort mode may become necessary if there is a
failure that affects space shuttle vehicle performance, such as
the failure of a main engine or the orbital maneuvering sys-
tem (OMS). Other failures requiring early termination of a
space shuttle flight, such as a cabin leak, could require the
crew to select an abort mode.

There are two basic types of ascent abort modes for
space shuttle missions: intact aborts and contingency aborts.
Intact aborts are designed to provide a safe return of the
Orbiter vehicle and its crew to a planned landing site. Con-
tingency aborts are designed to permit flight crew survival
following more severe failures when an intact abort is not
possible. A contingency abort would generally result in a
ditch operation.

There are four types of intact aborts: Abort-to-Orbit
(ATO), Abort-Once-Around (AOA), Transatlantic-Landing
(TAL), and Return-to-Launch-Site (RTLS).

The Abort-To-Orbit (ATO) mode is designed to allow the
Orbiter vehicle to achieve a temporary orbit that is lower than
the nominal mission orbit. This abort mode requires less per-
formance and provides time to evaluate problems and then
choose either an early deorbit maneuver or an OMS thrusting
maneuver to raise the orbit and continue the mission.

The Abort-Once-Around (AOA) mode is designed to
allow the Orbiter vehicle to fly once around Earth and make
a normal entry and landing. This abort mode generally
involves two OMS thrusting sequences, with the second
sequence being a deorbit maneuver. The atmospheric entry
sequence would be similar to a normal mission entry.

The Transatlantic-Landing (TAL) mode is designed to
permit an intact landing on the other side of the Atlantic
Ocean at emergency landing sites in either Morocco, the
Gambia, or Spain. This abort mode results in a ballistic tra-
jectory that does not require an OMS burn.

Finally, the Return-to-Launch-Site (RTLS) mode involves
flying downrange to dissipate propellant and then turning
around under power to return the Orbiter vehicle, its crew,
and its payload directly to a landing at or near the KENNEDY
SPACE CENTER (KSC).

The type of failure (e.g., loss of one main engine) and the
time of the failure determine which type of abort mode
would be selected. For example, if the problem is a space
shuttle main engine (SSME) failure, the flight crew and mis-
sion control center (MCC) (at the NASA JOHNSON SPACE
CENTER in Houston, Texas) would select the best option
available at the time when the main engine fails.

See also SPACE TRANSPORTATION SYSTEM.

absentee ratio With respect to a hypothetical constella-
tion of orbiting space weapon platforms, the ratio of the
number of platforms not in position to participate in a battle
to the number that are. In contemporary space defense stud-
ies typical absentee ratios for postulated kinetic energy
weapon systems were approximately 10 to 30, depending on
the orbits of the space platforms and the hypothesized space
battle scenarios.
See also BALLISTIC MISSILE DEFENSE (BMD).

absolute magnitude (symbol: M) The measure of the
brightness (or apparent magnitude) that a star would have if
it were hypothetically located at a reference distance of 10
parsecs (10 pc), about 32.6 light-years, from the Sun.

See also APPARENT MAGNITUDE; STAR.

absolute temperature Temperature value relative to abso-
lute zero, which corresponds to 0 K, or =273.15°C (after the
Swedish astronomer ANDERS CELSIUS.) In international system
(SI) units, the absolute temperature values are expressed in
kelvins (K), a unit named in honor of the Scottish physicist



4 absolute zero

BARON WiLLIAM THOMSON KELVIN. In the traditional engi-
neering unit system, absolute temperature values are expressed
in degrees Rankine (R), named after the Scottish engineer
William Rankine (1820-72).

In SI units the absolute temperature scale is the Kelvin
scale. By international agreement a reference value of 273.16 K
has been assigned to the triple point of water. The Celsius
(formerly centigrade) temperature scale (symbol °C) is a rela-
tive temperature scale that is related to the absolute Kelvin
scale by the formula

TC = TK - 273.16

The Celsius scale was originally developed such that 1°C = 1
K, but using the ice point of water (273.15 K) to establish
0°C. However, from decisions made at the International Prac-
tical Temperature Scale Agreements of 1968, the triple point
of water was established as 273.16 K, or 0.01°C, consequent-
ly shifting the zero point of the Celsius scale slightly so that
now 0 K actually corresponds to -273.15°C.

A second absolute temperature scale that sometimes
appears in American aerospace engineering activities is the
Rankine scale. In this case the triple point for water is fixed
by international agreement at 491.69°R. The Fahrenheit scale
(°F) is a relative temperature scale related to the absolute
Rankine scale by the formula

Ty = Ty - 459.67

Similarly, the Fahrenheit relative temperature scale was
developed such that 1°F = 1°R, but because by international
agreement the triple point of water (491.69°R) represents
32.02°F on the Fahrenheit relative temperature scale, 0°F
now corresponds to 459.67°R.

Note that the international scientific community uses SI
units exclusively and that the proper symbol for kelvins is
simply K (without the symbol °).

absolute zero The temperature at which molecular motion
vanishes and an object has no thermal energy (or heat). From
thermodynamics, absolute zero is the lowest possible temper-
ature, namely zero kelvin (0 K).

See also ABSOLUTE TEMPERATURE.

absorbed dose (symbol: D) When ionizing radiation pass-
es through matter some of its energy is imparted to the matter.
The amount of energy absorbed per unit mass of irradiated
material is called the absorbed dose. The traditional unit of
absorbed dose is the rad (an acronym for radiation absorbed
dose), while the SI unit for absorbed dose is called the gray
(Gy). One gray is defined as one joule (]J) of energy deposited
per kilogram (kg) of irradiated matter, while one rad is
defined as 100 ergs of energy deposited per gram of irradiated
matter.

The traditional and SI units of absorbed dose are related
as follows:

100 rad = 1 Gy

The absorbed dose is often loosely referred to in radiation
protection activities as “dose” (although this use is neither

precise nor correct) and is also frequently confused with the
term DOSE EQUIVALENT (H).
See also IONIZING RADIATION; RADIATION SICKNESS.

absorptance (absorptivity) In heat transfer by thermal radi-
ation the absorptance (commonly used symbol: a) of a body is
defined as the ratio of the incident radiant energy absorbed by
the body to the total radiant energy falling upon the body. For
the special case of an ideal blackbody, all radiant energy inci-
dent upon this blackbody is absorbed, regardless of the wave-
length or direction. Therefore, the absorptance for a blackbody
has a value of unity, that is, 0 pjckbody = 1. All other real-world
solid objects have an absorptance of less than 1. Compare with
REFLECTANCE and TRANSMITTANCE.

absorption line A gap, dip, or dark line occurring in a spec-

trum caused by the absorption of electromagnetic radiation

(radiant energy) at a specific wavelength by an absorbing sub-

stance, such as a planetary atmosphere or a monatomic gas.
See also ABSORPTION SPECTRUM.

absorption spectrum The array of absorption lines and
bands that results from the passage of electromagnetic radia-
tion (i.e., radiant energy) from a continuously emitting high-
temperature source through a selectively absorbing medium
that is cooler than the source. The absorption spectrum is
characteristic of the absorbing medium, just as an emission
spectrum is characteristic of the radiating source.

An absorption spectrum formed by a monatomic gas
(e.g., helium) exhibits discrete dark lines, while one formed
by a polyatomic gas (e.g., carbon dioxide, CO,) exhibits
ordered arrays (bands) of dark lines that appear regularly
spaced and very close together. This type of absorption is
often referred to as line absorption. Line spectra occur
because the atoms of the absorbing gas are making transi-
tions between specific energy levels. In contrast, the absorp-
tion spectrum formed by a selectively absorbing liquid or
solid is generally continuous in nature, that is, there is a
continuous wavelength region over which radiation is
absorbed.

See also ELECTROMAGNETIC SPECTRUM.

Abuw’l Wafa (940-998) Arab Mathematician, Astronomer
This early Arab astronomer developed spherical trigonometry
and worked in the Baghdad Observatory, constructed by
Muslim prince Sharaf al-Dawla. Specifically, he introduced
the use of tangent and cotangent functions in his astronomi-
cal activities, which included careful observations of solstices
and equinoxes.

abundance of elements (in the universe) Stellar spectra
provide an estimate of the cosmic abundance of elements as a
percentage of the total mass of the universe. The 10 most
common elements are hydrogen (H) at 73.5 percent of the
total mass, helium (He) at 24.9 percent, oxygen (O) at 0.7
percent, carbon (C) at 0.3 percent, iron at 0.15 percent, neon
(Ne) at 0.12 percent, nitrogen (N) at 0.10 percent, silicon (Si)
at 0.07 percent, magnesium (Mg) at 0.05 percent, and sulfur
(S) at 0.04 percent.



We Are Made of Stardust

Throughout most of human history people considered themselves
and the planet they lived on as being apart from the rest of the uni-
verse. After all, the heavens were clearly unreachable and there-
fore had to remain the abode of the deities found in the numerous
mythologies that enriched ancient civilizations. It is only with the
rise of modern astronomy and space technology that scientists
have been able to properly investigate the chemical evolution of
the universe. And the results are nothing short of amazing.

While songwriters and poets often suggest that a loved one
is made of stardust, modern scientists have shown us that this is
not just a fanciful artistic expression. It is quite literally true. All of
us are made of stardust! Thanks to a variety of astrophysical phe-
nomena, including ancient stellar explosions that took place long
before the solar system formed, the chemical elements enriching
our world and supporting life came from the stars. This essay pro-
vides a brief introduction to the cosmic connection of the chemical
elements.

The chemical elements, such as carbon (C), oxygen (0), and
calcium (Ca), are all around us and are part of us. Furthermore, the
composition of planet Earth and the chemical processes that gov-
ern life within our planet's biosphere are rooted in these chemical
elements. To acknowledge the relationship between the chemical
elements and life, scientists have given a special name to the group
of chemical elements they consider essential for all living sys-
tems—whether here on Earth, possibly elsewhere in the solar sys-
tem, or perhaps on habitable planets around other stars. Scientists
refer to this special group of life-sustaining chemical elements as
the biogenic elements.

Biologists focus their studies on life as it occurs on Earth in its
many varied and interesting forms. Exobiologists extend basic con-
cepts about terrestrial carbon-based life in order to create their spec-
ulations about the possible characteristics of life beyond Earth's
biosphere. When considering the biogenic elements, scientists usual-
ly place primary emphasis on the elements hydrogen (H), carbon,
nitrogen (N), oxygen, sulfur (S), and phosphorous (P). The chemical
compounds of major interest are those normally associated with
water (H,0) and with other organic chemicals, in which carbon bonds
with itself or with other biogenic elements. There are also several
“life-essential” inorganic chemical elements, including iron (Fe), mag-
nesium (Mg), calcium, sodium (Na), potassium (K), and chlorine (Cl).

All the natural chemical elements found here on Earth and
elsewhere in the universe have their ultimate origins in cosmic
events. Since different elements come from different events, the
elements that make up life itself reflect a variety of astrophysical
phenomena that have taken place in the universe. For example, the
hydrogen found in water and hydrocarbon molecules formed just a
few moments after the big bang event that started the universe.
Carbon, the element considered the basis for all terrestrial life,
formed in small stars. Elements such as calcium and iron formed in
the interiors of large stars. Heavier elements with atomic numbers
beyond iron, such as silver (Ag) and gold (Au), formed in the
tremendous explosive releases of supernovae. Certain light ele-
ments, such as lithium (Li), beryllium (Be), and boron (B), resulted
from energetic cosmic ray interactions with other atoms, including
the hydrogen and helium nuclei found in interstellar space.

abundance of elements (in the universe)

Following the big bang explosion the early universe contained
the primordial mixture of energy and matter that evolved into all the
forms of energy and matter we observe in the universe today. For
example, about 100 seconds after the big bang the temperature of
this expanding mixture of matter and energy fell to approximately
one billion degrees kelvin (K}—"cool” enough that neutrons and
protons began to stick to each other during certain collisions and
form light nuclei, such as deuterium and lithium. When the universe
was about three minutes old 95 percent of the atoms were hydro-
gen, 5 percent were helium, and there were only trace amounts of
lithium. At the time, these three elements were the only ones that
existed.

As the universe continued to expand and cool, the early
atoms (mostly hydrogen and a small amount of helium) began to
gather through gravitational attraction into very large clouds of gas.
For millions of years these giant gas clouds were the only matter in
the universe, because neither stars nor planets had yet formed.
Then, about 200 million years after the big bang, the first stars
began to shine, and the creation of important new chemical ele-
ments started in their thermonuclear furnaces.

Stars form when giant clouds of mostly hydrogen gas, per-
haps light-years across, begin to contract under their own gravity.
Over millions of years various clumps of hydrogen gas would even-
tually collect into a giant ball of gas that was hundreds of thou-
sands of times more massive than Earth. As the giant gas ball
continued to contract under its own gravitational influence, an
enormous pressure arose in its interior. Consistant with the laws of
physics, the increase in pressure at the center of this “protostar”
was accompanied by an increase in temperature. Then, when the
center reached a minimum temperature of about 15 million degrees
kelvin, the hydrogen nuclei in the center of the contracting gas ball
moved fast enough that when they collided these light (low mass)
atomic nuclei would undergo fusion. This is the very moment when
a new star is born.

The process of nuclear fusion releases a great amount of
energy at the center of the star. Once thermonuclear burning
begins in a star’s core, the internal energy release counteracts the
continued contraction of stellar mass by gravity. The ball of gas
becomes stable—as the inward pull of gravity exactly balances the
outward radiant pressure from thermonuclear fusion reactions in
the core. Ultimately, the energy released in fusion flows upward to
the star's outer surface, and the new star “shines.”

Stars come in a variety of sizes, ranging from about a 10th to
60 (or more) times the mass of our own star, the Sun. It was not
until the mid-1930s that astrophysicists began to recognize how the
process of nuclear fusion takes place in the interiors of all normal
stars and fuels their enormous radiant energy outputs. Scientists
use the term nucleosynthesis to describe the complex process of
how different size stars create different elements through nuclear
fusion reactions.

Astrophysicists and astronomers consider stars less than
about five times the mass of the Sun medium and small sized stars.
The production of elements in stars within this mass range is similar.
Small and medium sized stars also share a similar fate at the end of
life. At birth small stars begin their stellar life by fusing hydrogen into
helium in their cores. This process generally continues for billions of

(continues)
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We Are Made of Stardust (continued)

years, until there is no longer enough hydrogen in a particular stellar
core to fuse into helium. Once hydrogen burning stops so does the
release of the thermonuclear energy that produced the radiant pres-
sure, which counteracted the relentless inward attraction of gravity.
At this point in its life a small star begins to collapse inward. Gravita-
tional contraction causes an increase in temperature and pressure.
As a consequence, any hydrogen remaining in the star's middle lay-
ers soon becomes hot enough to undergo thermonuclear fusion into
helium in a “shell” around the dying star’s core. The release of fusion
energy in this shell enlarges the star's outer layers, causing the star
to expand far beyond its previous dimensions. This expansion pro-
cess cools the outer layers of the star, transforming them from bril-
liant white hot or bright yellow in color to a shade of dull glowing red.
Quite understandably, astronomers call a star at this point in its life
cycle a red giant.

Gravitational attraction continues to make the small star col-
lapse until the pressure in its core reaches a temperature of about
100 million degrees kelvin (K). This very high temperature is suffi-
cient to allow the thermonuclear fusion of helium into carbon. The
fusion of helium into carbon now releases enough energy to pre-
vent further gravitational collapse—at least until the helium runs
out. This stepwise process continues until oxygen is fused. When
there is no more material to fuse at the progressively increasing
high-temperature conditions within the collapsing core, gravity
again exerts its relentless attractive influence on matter. This time,
however, the heat released during gravitational collapse causes
the outer layers of the small star to blow off, creating an expanding
symmetrical cloud of material that astronomers call a planetary
nebula. This expanding cloud may contain up to ten percent of the
small or medium size star’s mass. The explosive blow-off process is
very important because it disperses into space the elements creat-
ed in the small star’s core by nucleosynthesis.

The final collapse that causes the small star to eject a plane-
tary nebula also liberates thermal energy, but this time the energy
release is not enough to fuse other elements. So the remaining
core material continues to collapse until all the atoms are crushed
together and only the repulsive force between the electrons coun-
teracts gravity's relentless pull. Astronomers refer to this type of
condensed matter as a degenerate star and give the final compact
object a special name—the white dwarf star. The white dwarf star
represents the final phase in the evolution of most low-mass stars,
including our Sun.

If the white dwarf star is a member of a binary star system, its
intense gravity might pull some gas away from the outer regions of
the companion (normal) star. When this happens the intense gravity
of the white dwarf causes the inflowing new gas to rapidly reach
very high temperatures, and a sudden explosion occurs.
Astronomers call this event a nova. The nova explosion can make a
white dwarf appear up to 10,000 times brighter for a short period of
time. Thermonuclear fusion reactions that take place during the nova
explosion also create new elements, such as carbon, oxygen, nitro-
gen, and neon. These elements are then dispersed into space.

In some very rare cases a white dwarf might undergo a gigan-
tic explosion that astrophysicists call a Type 1a supernova. This
happens when a white dwarf is part of a binary star system and

pulls too much matter from its stellar companion. Suddenly, the
compact star can no longer support the additional mass, and even
the repulsive pressure of electrons in crushed atoms can no longer
prevent further gravitational collapse. This new wave of gravitation-
al collapse heats the helium and carbon nuclei in a white dwarf and
causes them to fuse into nickel, cobalt, and iron. However, the ther-
monuclear burning now occurs so fast that the white dwarf com-
pletely explodes, During this rare occurrence, nothing is left behind.
All the elements created by nucleosynthesis during the lifetime of
the small star now scatter into space as a result of this spectacular
supernova detonation.

Large stars have more than five times the mass of our Sun.
These stars begin their lives in pretty much the same way as small
stars—hy fusing hydrogen into helium. However, because of their
size, large stars burn faster and hotter, generally fusing all the
hydrogen in their cores into helium in less than 1 hillion years. Once
the hydrogen in the large star's core is fused into helium, it
becomes a red supergiant—a stellar object similar to the red giant
star previously mentioned, only larger. However, unlike a red giant,
the much larger red supergiant star has enough mass to produce
much higher core temperatures as a result of gravitational contrac-
tion. A red supergiant fuses helium into carbon, carbon and helium
into oxygen, and even two carbon nuclei into magnesium. Thus,
through a combination of intricate nucleosynthesis reactions the
supergiant star forms progressively heavier elements up to and
including the element iron. Astrophysicists suggest that the red
supergiant has an onionlike structure, with different elements being
fused at different temperatures in layers around the core. The pro-
cess of convection brings these elements from the star’s interior to
near its surface, where strong stellar winds then disperse them into
space.

Thermonuclear fusion continues in a red supergiant star until
the element iron is formed. Iron is the most stable of all the ele-
ments. So elements lighter than (below) iron on the periodic table
generally emit energy when joined or fused in thermonuclear reac-
tions, while elements heavier than (above) iron on the periodic
table emit energy only when their nuclei split or fission. So where
did the elements more massive than iron come from? Astrophysi-
cists tell us that neutron capture is one way the more massive ele-
ments form. Neutron capture occurs when a free neutron (one
outside an atomic nucleus) collides with an atomic nucleus and
“sticks.” This capture process changes the nature of the com-
pound nucleus, which is often radioactive and undergoes decay,
thereby creating a different element with a new atomic number.

While neutron capture can take place in the interior of a star,
it is during a supernova explosion that many of the heavier ele-
ments, such as iodine, xenon, gold, and the majority of the naturally
occurring radioactive elements, are formed by rapid neutron cap-
ture reactions.

Let us briefly examine what happens when a large star goes
supernova. The red supergiant eventually produces the element
iron in its intensely hot core. However, because of nuclear stability
phenomena, iron is the last chemical element formed in nucleosyn-
thesis. When fusion begins to fill the core of a red supergiant star
with iron, thermonuclear energy release in the large star’s interior
decreases. Because of this decline, the star no longer has the
internal radiant pressure to resist the attractive force of gravity,



and so the red supergiant begins to collapse. Suddenly, this gravi-
tational collapse causes the core temperature to rise to more than
100 billion degrees kelvin, smashing the electrons and protons in
each iron atom together to form neutrons. The force of gravity now
draws this massive collection of neutrons incredibly close togeth-
er. For about a second the neutrons fall very fast toward the cen-
ter of the star. Then they smash into each other and suddenly stop.
This sudden stop causes the neutrons to recoil violently, and an
explosive shockwave travels outward from the highly compressed
core. As this shockwave travels from the core, it heats and accel-
erates the outer layers of material of the red supergiant star. The
traveling shockwave causes the majority of the large star's mass
to be blown off into space. Astrophysicists call this enormous
explosion a Type Il supernova.

accelerated life test(s) The series of test procedures for a
spacecraft or aerospace system that approximate in a relative-
ly short period of time the deteriorating effects and possible
failures that might be encountered under normal, long-term
space mission conditions. Accelerated life tests help aerospace
engineers detect critical design flaws and material incompati-
bilities (for example, excessive wear or friction) that eventually
might affect the performance of a spacecraft component or
subsystem over its anticipated operational lifetime.
See also LIFE CYCLE.

acceleration (usual symbol: a) The rate at which the
velocity of an object changes with time. Acceleration is a vec-
tor quantity and has the physical dimensions of length per
unit time to the second power (for example, meters per sec-
ond per second, or m/s2).

See also NEWTON’S LAWS OF MOTION.

acceleration of gravity The local acceleration due to grav-
ity on or near the surface of a planet. On Earth, the accelera-
tion due to gravity (g) of a free-falling object has the standard
value of 9.80665 m/s? by international agreement. According
to legend, the famous Italian scientist GALILEO GALILEI simul-
taneously dropped a large and small cannonball from the top
of the Tower of Pisa to investigate the acceleration of gravity.
As he anticipated, each object fell to the ground in exactly the
same amount of time (neglecting air resistance)—despite the
difference in their masses. During the Apollo Project astro-
nauts repeated a similar experiment on the surface of the
Moon, dramatically demonstrating the universality of physi-
cal laws and honoring Galileo’s scientific genius. It was
Galileo’s pioneering investigation of the physics of free fall
that helped SIR IsAAc NEWTON unlock the secrets of motion
of the mechanical universe.

accelerator A device used in nuclear physics for increasing
the velocity and energy of charged elementary particles, such
as electrons and protons, through the application of electro-
magnetic forces.

See also ELEMENTARY PARTICLE(S).

accretion 7

A supernova will often release (for a brief moment) enough
energy to outshine an entire galaxy. Since supernovae explosions
scatter elements made within red supergiant stars far out into
space, they are one of the most important ways the chemical ele-
ments disperse in the universe. Just before the outer material is
driven off into space, the tremendous force of the supernova
explosion provides nuclear conditions that support rapid capture
of neutrons. Rapid neutron capture reactions transform elements
in the outer layers of the red supergiant star into radioactive iso-
topes that decay into elements heavier than iron.

This essay could only provide a very brief glimpse of our cos-
mic connection to the chemical elements. But the next time you look
up at the stars on a clear night, just remember that you, all other
persons, and everything in our beautiful world is made of stardust.

accelerometer An instrument that measures acceleration
or gravitational forces capable of imparting acceleration. Fre-
quently used on space vehicles to assist in guidance and navi-
gation and on planetary probes to support scientific data
collection.

acceptance test(s) In the aerospace industry, the required
formal tests conducted to demonstrate the acceptability of a
unit, component, or system for delivery. These tests demon-
strate performance to purchase specification requirements
and serve as quality-control screens to detect deficiencies of
workmanship and materials.

accretion The gradual accumulation of small particles, gas,
and dust into larger material bodies. Accretion takes place
when small particles collide and stick together, forming bigger
clumps of matter. Once these larger masses reach sufficient
size, gravitational attraction helps accelerate the accretion
process. Here on Earth relatively tiny snowflakes start their
journey to the ground from the belly of some cold, gray win-
ter cloud. As they float down, they often collide with other
snowflakes, sticking together and growing into large clusters
of flakes. By the time the original snowflakes reach the
ground, they have often accreted into beautiful, giant flakes—
much to the delight of people who can watch the falling snow
from the comfort of a warm, cozy mountain lodge. Astro-
physicists generally associate the process of accretion in outer
space with a swirling disk of small particles, dust, and gas.
There are many types of accreting celestial objects, including
protostars, protoplanets, X-ray binary star systems, and black
holes. For example, in the early stages of stellar formation
matter begins to collect into a nebula, a giant interstellar
cloud of gas and dust. Eventually protostars form under the
influence of accretion and gravitational contraction in regions
of the nebula that contain enough mass. When a new star
forms, small quantities of residual matter in the outer regions
of the swirling disk of protostar material may begin to collect
by accretion and then through gravitational contraction and
condensation grow into one or more planets.

See also ACCRETION DISK; BLACK HOLE; PROTOPLANET;
PROTOSTAR; X-RAY BINARY STAR SYSTEM.
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(normal)

material inflow

et

accrefion disk

et

neutron star

or black hole

The inflow of material from a companion star creating an accretion disk
around a neutron star or black hole

accretion disk The whirling disk of inflowing (or infalling)
material from a normal stellar companion that develops
around a massive compact body, such as a neutron star or a
black hole. The conservation of angular momentum shapes
this disk, which is often accompanied by a pair of very high-
speed material jets departing in opposite directions perpen-
dicular to the plane of the disk.
See also ACCRETION.

Achilles The first asteroid of the Trojan group discovered.
The German astronomer MAXIMILLIAN (MaAX) WOLF found
the 115-kilometer-diameter minor planet in 1906. This aster-
oid is located at the L, Lagrangian point 60° ahead of Jupiter
and characterized by the following orbital parameters: a peri-
od of 11.77 years, an inclination of 10.3 degrees, an aphelion
of 5.95 A.U., and a perihelion of 4.40 A.U. Also referred to
as Asteroid-588 or Achilles-588.

See also ASTEROID; LAGRANGIAN LIBRATION POINTS;
TROJAN GROUP.

achondrite A class of stony meteorite that generally does
not contain chondrules—silicate spheres embedded in a
smooth matrix.

See also MARTIAN METEORITES; METEORITE.

achromatic lens A compound lens, generally containing
two or more optical components, designed to correct for
chromatic aberration. Chromatic aberration is an undesirable
condition (a blurring color fringe around the image) that aris-
es when a simple converging lens focuses different colors of
incident visible light (say blue and red) at different points
along its principal axis. This happens because the index of
refraction of the material from which the lens is constructed
often varies with the wavelength of the incident light. For
example, while passing through a converging lens, a ray of

violet light (shortest wavelength visible light) will refract
(bend) more than a ray of red light (longest wavelength visi-
ble light). So the ray of violet light will cross the principal
axis closer to the lens than will the ray of red light. In other
words, the focal length for violet light is shorter than that for
red light. Physicists call the phenomenon when beams of light
of different colors refract by different amounts dispersion.
Lens makers have attempted to overcome this physical prob-
lem by using the compound lens—that is, a converging lens
and diverging lens in tandem. This arrangement often brings
different colors more nearly to the same focal point. The
word achromatic comes from the Greek achromotos, which
means “without color.” High-quality optical systems, such as
expensive cameras, use achromatic lenses.
See also LENS.

Acidalia Planitia A distinctive surface feature on Mars.
More than 2,600 kilometers in diameter, the Acidalia Planitia
is the most prominent dark marking in the northern hemi-
sphere of the Red Planet.

See also LATIN SPACE DESIGNATIONS; MARS.

acoustic absorber An array of acoustic resonators dis-
tributed along the wall of a combustion chamber, designed to
prevent oscillatory combustion by increasing damping in the
rocket engine system.

See also ROCKET.

acquisition 1. The process of locating the orbit of a satel-
lite or the trajectory of a space probe so that mission control
personnel can track the object and collect its telemetry data.
2. The process of pointing an antenna or telescope so that it
is properly oriented to gather tracking or telemetry data from
a satellite or space probe. 3. The process of searching for and
detecting a potentially threatening object in space. An acqui-
sition sensor is designed to search a large area of space and to
distinguish potential targets from other objects against the
background of space.

acronym A word formed from the first letters of a name,
such as HST—which means the Hubble Space Telescope. It is
also a word formed by combining the initial parts of a series
of words, such as lidar—which means light detection and
ranging. Acronyms are frequently used in the aerospace
industry, space technology, and astronomy.

activation analysis A method for identifying and measur-
ing chemical elements in a sample of material. The sample is
first made radioactive by bombarding (i.e., by irradiating) it
with neutrons, protons, or other nuclear particles. The newly
formed radioactive atoms in the sample then experience
radioactive decay, giving off characteristic nuclear radiations,
such as gamma rays of specific energy levels, that reveal what
kinds of atoms are present and possibly how many.

active control The automatic activation of various control
functions and equipment onboard an aerospace vehicle or
satellite. For example, to achieve active attitude control of a
satellite, the satellite’s current attitude is measured automati-



cally and compared with a reference or desired value. Any
significant difference between the satellite’s current attitude
and the reference or desired attitude produces an error signal,
which is then used to initiate appropriate corrective maneu-
vers by onboard actuators. Since both the measurements and
the automatically imposed corrective maneuvers will not be
perfect, the active control cycle usually continues through a
number of iterations until the difference between the satel-
lite’s actual and desired attitude is within preselected, tolera-
ble limits.

active discrimination In ballistic missile defense (BMD),
the illumination of a potential target with electromagnetic
radiation in order to determine from the characteristics of the
reflected radiation whether this object is a genuine threat
object (e.g., an enemy reentry vehicle or postboost vehicle) or
just a decoy. Radar and laser radar systems are examples of
active discrimination devices.
See also BALLISTIC MISSILE DEFENSE (BMD).

active galactic nucleus (AGN) The central region of a
distant active galaxy that appears to be a point-like source of
intense X-ray or gamma ray emissions. Astrophysicists specu-
late that the AGN is caused by the presence of a centrally
located, supermassive black hole accreting nearby matter.

See also ACTIVE GALAXIES.

active galaxies (AGs) A galaxy is a system of stars, gas,
and dust bound together by their mutual gravity. A typical
galaxy has billions of stars, and some galaxies even have tril-
lions of stars.

Although galaxies come in many different shapes, the
basic structure is the same: a dense core of stars called the
galactic nucleus surrounded by other stars and gas. Normally,
the core of an elliptical or disk galaxy is small, relatively
faint, and composed of older, redder stars. However, in some
galaxies the core is intensely bright—shining with a power
level equivalent to trillions of sunlike stars and easily outshin-
ing the combined light from all of the rest of the stars in that
galaxy. Astronomers call a galaxy that emits such tremendous
amounts of energy an active galaxy (AG), and they call the
center of an active galaxy the active galactic nucleus (AGN).
Despite the fact that active galaxies are actually quite rare,
because they are so bright they can be observed at great dis-
tances—even across the entire visible universe.

Scientists currently believe that at the center of these
bright galaxies lies a supermassive black hole, an incredibly
massive object that contains the masses of millions or per-
haps billions of stars the size of our Sun. As matter falls
toward a supermassive black hole, the material forms an
accretion disk, a flattened disk of gravitationally trapped
material swirling around the black hole. Friction and magnet-
ic forces inside the accretion disk heat the material to millions
of kelvins, and it glows brightly nearly all the way across the
electromagnetic spectrum, from radio waves to X-rays.
Although our home galaxy, the Milky Way, has a central
supermassive black hole, it is not an active galaxy. For rea-
sons that astrophysicists cannot currently explain, the black
hole at the center of our galaxy is inactive, or quiescent, as
are most present-day galaxies.

active galaxies 9

An artist's rendering of an active galaxy with jets (Courtesy of NASA)

Although the physics underlying the phenomenon is not
well understood, scientists know that in some cases the accre-
tion disk of an active galaxy focuses long jets of matter that
streak away from the AGN at speeds near the speed of light.
The jets are highly collimated (meaning they retain their nar-
row focus over vast distances) and are emitted in a direction
perpendicular to the accretion disk. Eventually these jets slow
to a stop due to friction with gas well outside the galaxy,
forming giant clouds of matter that radiate strongly at radio
wavelength. In addition, surrounding the accretion disk is a
large torus (donut-shaped cloud) of molecular material.
When viewed from certain angles, this torus can obscure
observations of the accretion disk surrounding the supermas-
sive black hole.

There are many types of active galaxies. Initially, when
astronomers were first studying active galaxies, they thought
that the different types of AGs were fundamentally different
celestial objects. Now many (but not all) astronomers and
astrophysicists generally accept the wunified model of AGs.
This means that most or all AGs are actually just different
versions of the same object. Many of the apparent differences
between types of AGs are due to viewing them at different
orientations with respect to the accretion disk or due to
observing them in different wavelength regions of the electro-
magnetic (EM) spectrum (such as the radio frequency, visible,
and X-ray portions of the EM spectrum).

Basically, the unified model of AGs suggests that the type
of AG astronomers see depends on the way they see it. If they
saw the accretion disk and gas torus edge on, they called the
AG a radio galaxy. The torus of cool gas and dust blocks
most of the visible, ultraviolet, and X-ray radiation from the
intensely hot inflowing material as it approaches the event
horizon of the supermassive black hole or as it swirls nearby
in the accretion disk. As a consequence, the most obvious
observable features are the radio-wave-emitting jets and giant
lobes well outside the AG.
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If the disk is tipped slightly to our line of sight, we can
see higher-energy (shorter-wavelength) electromagnetic radia-
tion from the accretion disk inside the gas torus in addition
to the lower-energy (longer-wavelength). Astronomers call
this type of active galaxy a Seyfert galaxy, named after the
American astronomer CARL SEYFERT, who first cataloged
these galaxies in 1943. A Seyfert galaxy looks very much like
a normal galaxy but with a very bright core (AG nucleus) and
may be giving off high-energy photons such as X-rays.

If the active galaxy is very far away from Earth,
astronomers may observe the core (AGN) as a starlike object
even if the fainter surrounding galaxy is undetected. In this
case they call the AG a quasar, which is scientific shorthand
for quasi-stellar radio source—so named because the first
such objects detected appeared to be starlike through a tele-
scope but, unlike regular stars, emitted copious quantities of
radio waves. The Dutch-American astronomer MAARTEN
ScHMIDT discovered the first quasar (called 3C 273) in 1963.
This quasar is an AG a very great distance away and receding
from us at more than 90 percent of the speed of light.
Quasars are among the most distant, and therefore youngest,
extragalactic objects astronomers can observe.

If the AG is tipped 90 degrees with respect to observers on
Earth, astronomers would be looking straight down ajet from
the AG. They call this type of object a blazar. The first blazar
detected was a BL LAC OBJECT. But in the late 1920s they mis-
takenly classified this type of extragalactic object as a variable
star because of its change in visual brightness. It was not until
the 1970s that astronomers recognized the extragalactic nature
of this interesting class of objects. More recently, using
advanced space-based observatories, such as the Compton
Gamma Ray Observatory (CGRO), astronomers have detect-
ed very energetic gamma ray emissions from blazars.

In summary, the basic components of an AG are a super-
massive black hole core, an accretion disk surrounding this
core, and a torus of gas and dust. In some but not all cases,
there are also a pair of highly focused jets of energy and mat-
ter. The type of AG astronomers see depends on the viewing
angle at which they observe a particular AG. The generally
accepted unified model of AGs includes blazars, quasars,
radio galaxies, and Seyfert galaxies.

See also ACTIVE GALACTIC NUCLEUS; BLAZAR; GALAXY;
QUASARS, RADIO GALAXY; SEYFERT GALAXY.

active homing guidance A system of homing guidance
wherein the missile carries within itself both the source for
illuminating the target and the receiver for detecting the sig-
nal reflected by the target. Active homing guidance systems
also can be used to assist space systems in rendezvous and
docking operations.

active microwave instrument A microwave instrument,
such as a radar altimeter, that provides its own source of illu-
mination. For example, by measuring the radar returns from
the ocean or sea, a radar altimeter on a spacecraft can be
used to deduce wave height, which is an indirect measure of
surface wind speed.

See also REMOTE SENSING.

active remote sensing A remote sensing technique in
which the sensor supplies its own source of electromagnetic
radiation to illuminate a target. A synthetic aperture radar
(SAR) system is an example.

See also REMOTE SENSING; SYNTHETIC APERTURE RADAR.

active satellite A satellite that transmits a signal, in con-
trast to a passive (dormant) satellite.

active sensor A sensor that illuminates a target, producing
return secondary radiation that is then detected in order to
track and possibly identify the target. A lidar is an example
of an active sensor.

See also LIDAR; RADAR IMAGING; REMOTE SENSING.

active Sun The name scientists have given to the collection
of dynamic solar phenomena, including sunspots, solar flares,
and prominences, associated with intense variations in the
Sun’s magnetic activity. Compare with QUIET SUN.

active tracking system A system that requires the addition
of a transponder or transmitter on board a space vehicle or
missile to repeat, transmit, or retransmit information to the
tracking equipment.

actuator A servomechanism that supplies and transmits
energy for the operation of other mechanisms, systems, or
process control equipment.

See also ROBOTICS IN SPACE.

acute radiation syndrome (ARS) The acute organic dis-
order that follows exposure to relatively severe doses of ion-
izing radiation. A person will initially experience nausea,
diarrhea, or blood cell changes. In the later stages loss of hair,
hemorrhaging, and possibly death can take place. Radiation
dose equivalent values of about 4.5 to 5 sievert (450 to 500
rem) will prove fatal to 50 percent of the exposed individuals
in a large general population. Also called radiation sickness.

Adams, John Couch (1819-1892) British Astronomer
John Couch Adams is cocredited with the mathematical dis-
covery of Neptune. From 1843 to 18435 he investigated irreg-
ularities in the orbit of Uranus and predicted the existence of
a planet beyond. However, his work was essentially ignored
until the French astronomer URBAIN JEAN JOSEPH LEVERRIER
made similar calculations that enabled the German astronomer
JOHANN GOTTFRIED GALLE to discover Neptune on Septem-
ber 23, 1846. Couch was a professor of astronomy and also
the director of the Cambridge Observatory.
See also NEPTUNE.

Adams, Walter Sydney (1876-1956) American Astronomer
Walter Sydney Adams specialized in stellar spectroscopic stud-
ies and codeveloped the important technique called spectro-
scopic parallax for determining stellar distances. In 1915 his
spectral studies of Sirius B led to the discovery of the first white
dwarf star. From 1923 to 1946 he served as the director of the
Mount Wilson Observatory in California.



Adams was born on December 20, 1876, in the village of
Kessab near Antioch in northern Syria. His parents were Amer-
ican missionaries to the part of Syria then under Turkish rule as
part of the former Ottoman Empire. By 1885 his parents com-
pleted their missionary work, and the family returned to New
Hampshire. In Dartmouth College he earned a reputation as a
brilliant undergraduate student. As a result of his courses with
Professor Edwin B. Frost (1866-1935), Adams selected a career
in astronomy. In 1898 he graduated from Dartmouth College
and then followed his mentor, Professor Frost, to the Yerkes
Observatory, operated by the University of Chicago. While
learning spectroscopic methods at the observatory, Adams also
continued his formal studies in astronomy at the University of
Chicago, where he obtained a graduate degree in 1900.

The American astronomer GEORGE ELLERY HALE found-
ed Yerkes Observatory in 1897, and its 1-meter (40-inch)
refractor telescope was the world’s largest. As a young gradu-
ate, Adams had the unique opportunity to work with Hale as
that famous scientist established a new department devoted
to stellar spectroscopy. This experience cultivated Adams’s
lifelong interest in stellar spectroscopy.

From 1900 to 1901 he studied in Munich, Germany,
under several eminent German astronomers, including KARL
SCHWARZSCHILD. Upon his return to the United States, Adams
worked at the Yerkes Observatory on a program that measured
the radial velocities of early-type stars. In 1904 he accompanied
Hale to the newly established Mount Wilson Observatory on
Mount Wilson in the San Gabriel Mountains about 30 kilome-
ters northwest of Los Angeles, California. Adams became assis-
tant director of this observatory in 1913 and served in that
capacity until 1923, when he succeeded Hale as director.

Adams married his first wife, Lillian Wickham, in 1910.
After her death 10 years later he married Adeline L. Miller in
1922, and the couple had two sons, Edmund M. and John E
From 1923 until his retirement in 1946 Walter Adams served
as the director of the Mount Wilson Observatory. Following
his retirement on January 1, 1946, he continued his astro-
nomical activities at the Hale Solar Laboratory in Pasadena,
California.

At Mount Wilson Adams was closely involved in the
design, construction, and operation of the observatory’s ini-
tial 1.5-meter (60-inch) reflecting telescope and then the
newer 2.5-meter (100-inch) reflector that came on line in
1917. Starting in 1914 he collaborated with the German
astronomer Arnold Kohlschiitter (1883-1969) in developing
a method of establishing the surface temperature, luminosity,
and distance of stars from their spectral data. In particular,
Adams showed how it was possible for astronomers to distin-
guish between a dwarf star and a giant star simply from their
spectral data. As defined by astronomers, a dwarf star is any
main sequence star, while a giant star is a highly luminous
one that has departed the main sequence toward the end of
its life and swollen significantly in size. Giant stars typically
have diameters from 5 to 25 times the diameter of the Sun
and luminosities that range from tens to hundreds of times
the luminosity of the Sun. Adams showed that it was possible
to determine the luminosity of a star from its spectrum. This
allowed him to introduce the important method of spectro-
scopic parallax, whereby the luminosity deduced from a star’s
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spectrum is then used to estimate its distance. Astronomers
have estimated the distance of many thousands with this
important method.

Adams is perhaps best known for his work involving his
work with Sirius B, the massive but small companion to Sir-
ius, the Dog Star—brightest star in the sky after the Sun. In
1844 the German mathematician and astronomer FRIEDRICH
BESSEL first showed that Sirius must have a companion, and
he even estimated that its mass must be about the same as
that of the Sun. Then, in 1862 the American optician ALVAN
CLARK made the first telescopic observation of Sirius B,
sometimes a called “the Pup.” Their preliminary work set the
stage for Adams to make his great discovery.

Adams obtained the spectrum of Sirius B in 1915. This
was a very difficult task because of the brightness of its stellar
companion, Sirius. The spectral data indicated that the small
star was considerably hotter than the Sun. A skilled
astronomer, Adams immediately realized that such a hot
celestial object, just eight light-years distant, could remain
invisible to the naked eye only if it were very much smaller
than the Sun. Sirius B is actually slightly less than the size of
Earth. Assuming all his observations and reasoning were true,
Adams reached the following important conclusion: Sirius B
must have an extremely high density, possibly approaching 1
million times the density of water.

Thus, Adams made astronomical history by identifying
the first white dwarf, a small, dense object that represents the
end product of stellar evolution for all but the most massive
stars. A golf-ball-sized chunk taken from the central region of
a white dwarf star would have a mass of about 35,000 kilo-
grams—that is, 35 metric tons, or some 15 fully equipped
sport utility vehicles (SUVs) neatly squeezed into the palm of
your hand.

Almost a decade later Adams parlayed his identification
of this very dense white dwarf star. He assumed a compact
object like Sirius B should possess a very strong gravitational
field. He further reasoned that according to ALBERT EINSTEIN’s
general relativity theory, Sirius B’s strong gravitational field
should redshift any light it emitted. Between 1924 and 1925 he
successfully performed difficult spectroscopic measurements
that detected the anticipated slight redshift of the star’s light.
This work provided other scientists independent observational
evidence that Einstein’s general relativity theory was valid.

In 1932 Adams conducted spectroscopic investigations
of the Venusian atmosphere, showing that it was rich in car-
bon dioxide (CO,). He retired as director of the Mount Wil-
son Observatory in 1946 but continued his research at the
Hale Laboratory. He died in Pasadena, California, on May
11, 1956.

adapter skirt A flange or extension on a launch vehicle
stage or spacecraft section that provides a means of fitting on
another stage or section.

adaptive optics Optical systems that can be modified (such
as by adjusting the shape of a mirror) to compensate for dis-
tortions. An example is the use of information from a beam of
light passing through the atmosphere to compensate for the
distortion experienced by another beam of light on its passage
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through the atmosphere. Adaptive optics systems are used in
observational astronomy to eliminate the “twinkling” of stars
and in ballistic missile defense to reduce the dispersive effect of
the atmosphere on laser beam weapons. At visible and near-
infrared wavelengths, the angular resolution of Earth-based
telescopes with apertures greater than 10 to 20 centimeters is
limited by turbulence in Earth’s atmosphere rather than by the
inherent, diffraction-limited image size of the system. Large
telescopes are often equipped with adaptive optics systems to
compensate for atmospheric turbulence effects, enabling these
systems to achieve imaging on scales that approach the diffrac-
tion limit. Adaptive optics systems continuously measure the
wave front errors resulting from atmospheric turbulence.
Then, using a pointlike reference source situated above the dis-
torting layers of Earth’s atmosphere, compensation is achieved
by rapidly adjusting a deformable optical element located in or
near a pupil plane of the optical system.

For example, in the adaptive optics system built for the
2.54-meter (100 inch) telescope at the Mount Wilson Obser-
vatory, the incoming light reflected from the telescope mirror
is divided into several hundred smaller beams or regions.
Looking at the beam of light from a star, the system sees hun-
dreds of separate beams that are going in different directions
because of the effects of Earth’s atmosphere. The electron cir-
cuits in the system compute the bent shape of a deformable
mirror surface that would straighten out the separate beams
so that they are all going in the same direction. Then a signal
is sent to the deformable mirror to change its shape in accor-
dance with these electronic signals. Simply stated, in an adap-
tive optics system a crooked beam of light hits a crooked
mirror and a straight beam of light is reflected.

See also KECK OBSERVATORY; MIRROR; MOUNT WILSON
OBSERVATORY; TELESCOPE.

adiabatic process A change of state (condition) of a ther-
modynamic system in which there is no heat transfer across
the boundaries of the system. For example, an adiabatic com-
pression process results in “warming” (i.e., raising the inter-
nal energy level of) a working fluid, while an adiabatic
expansion process results in “cooling” (i.e., decreasing the
internal energy level of) a working fluid.

Adonis The approximately one-kilometer-diameter Apollo
group asteroid discovered in 1936 by the Belgian astronomer
Eugene Joseph Delporte, when the minor planet passed with-
in 2.2 million kilometers (0.015 astronomical unit [AU]) of
Earth. A period of 2.57 years, an inclination of two degrees,
an aphelion of 3.3 AU, and a perihelion of 0.5 AU character-
ize the asteroid’s orbit around the Sun. Following its discov-
ery in 1936, Adonis was not observed again until 1977. Some
astronomers speculate that this celestial object might actually
be an inactive comet nucleus that is associated with the minor
meteor showers called the Capricornids and the Sagittariids.
Also called Asteroid 2101.
See also APOLLO GROUP; ASTEROID; METEOR SHOWER.

Adrastea A small (about 20 kilometers in diameter) moon
of Jupiter that orbits the giant planet at a distance of 129,000
kilometers. It was discovered in 1979 as a result of the Voy-

ager 2 spacecraft flyby. The orbit of this tiny, irregularly
shaped (26-km X 20-km X 16-km) satellite has a period of
approximately 0.30 day and an inclination of zero degrees.
Adrastea is one of four minor Jovian moons whose orbits lie
inside the orbit of Io, the innermost of the Galilean moons.
The other small Jovian moons are Amalthea, Metis, and
Thebe. Like Metis, Adrastea has an orbit that lies inside the
synchronous orbit radius of Jupiter. This means that the
moon rotates around the giant planet faster than the planet
rotates on its axis. As a physical consequence, both of the
two tiny moons will eventually experience orbital decay and
fall into the giant planet. Adrastea and Metis also orbit inside
Jupiter’s main ring, causing astronomers to suspect that these
tiny moons are the source of the material in the ring.
See also AMALTHEA; JUPITER; METIS; THEBE.

Advanced Composition Explorer (ACE) The primary
purpose of NASA’s Advanced Composition Explorer (ACE) sci-
entific spacecraft is to determine and compare the isotopic and
elemental composition of several distinct samples of matter,
including the solar corona, the interplanetary medium, the local
interstellar medium, and galactic matter. Earth is constantly
bombarded with a stream of accelerated nuclear particles that
arrive not only from the Sun but also from interstellar and
galactic sources. The ACE spacecraft carries six high-resolution
spectrometers that measure the elemental, isotopic, and ionic
charge state composition of nuclei with atomic numbers rang-
ing from hydrogen (H) (Z = 1) to nickel (Ni) (Z = 28) and with
energies ranging from solar wind energies (about 1 keV/nucle-
on) to galactic cosmic energies (about 500 MeV/nucleon). The
ACE spacecraft also carries three monitoring instruments that
sample low-energy particles of solar origin.

The ACE spacecraft is 1.6 meters across and 1 meter
high, not including the four solar arrays and magnetometer
booms attached to two of the solar panels. At launch the
spacecraft had a mass of 785 kilograms, including 189 kilo-
grams of hydrazine fuel for orbit insertion and orbit mainte-
nance. The solar arrays generate about 500 watts of electric
power. The spacecraft spins at a rate of five revolutions per
minute (5 rpm), with the spin axis generally pointed along
the Earth-Sun line. Most of the spacecraft’s scientific instru-
ments are on the top (sunward) deck.

On August 25, 1997, a Delta II rocket successfully
launched the ACE spacecraft from Cape Canaveral Air Force
Station in Florida. In order to get away from the effects of
Earth’s magnetic field, the ACE spacecraft then used its on-
board propulsion system to travel almost 1.5 million kilome-
ters away from Earth and reached its operational orbit at the
Earth-Sun libration point (L,). By operating at the L; libra-
tion point, the ACE spacecraft stays in a relatively constant
position with respect to Earth as Earth revolves around the
Sun. From a vantage point that is approximately 1/100th of
the distance from Earth to the Sun, the ACE spacecraft per-
forms measurements over a wide range of energy and nuclear
mass—under all solar wind flow conditions and during both
large and small particle events, including solar flares. In addi-
tion to scientific observations, the ACE mission also provides
real-time solar wind measurements to the National Oceanic
and Atmospheric Administration (NOAA) for use in forecast-



ing space weather. When reporting space weather ACE can
provide an advance warning (about one hour) of geomagnetic
storms that could overload power grids, disrupt communica-
tions on Earth, and represent a hazard to astronauts.

As previously mentioned, the ACE spacecraft operates at
the L, libration point, which is a point of Earth-Sun gravita-
tional equilibrium about 1.5 million kilometers from Earth
and 148.5 million kilometers from the Sun. This operational
location provides the ACE spacecraft a prime view of the Sun
and the galactic regions beyond. The spacecraft has enough
hydrazine propellant on board to maintain its orbit at the L,
libration point until about the year 2019.

See also EXPLORER SPACECRAFT; LAGRANGIAN LIBRATION
POINTS; SPACE WEATHER.

Advanced Earth Observation Satellite (ADEOS) The
ADEOS-I spacecraft (called Midori-I in Japan) was the first
international space platform dedicated to Earth environmen-
tal research and is managed by the Japanese Aerospace
Exploration Agency (JAXA), formerly called the National
Space Development Agency of Japan (NASDA). The environ-
mental satellite was launched on August 17, 1996, into an
830-km Sun-synchronous orbit around Earth by an H-II
expendable rocket from the Tanegashima Space Center in
Japan. ADEOS-T operated until June 1997, when it experi-
enced an operational malfunction in orbit.

In December 2002 Japan launched the Advanced Earth
Observing Satellite-II  (ADEOS-II) as the successor of
ADEOS-I. The ADEOS-II (called Midori-II in Japan) was car-
ried into an approximate 810-km altitude polar orbit by an
H-II expendable launch vehicle. This spacecraft is equipped
with two principal sensors: the advanced microwave scanning
radiometer (AMSR), which, day and night, observes geo-
graphical parameters related to water, and the global imager
(GLI), which extensively and accurately observes oceans,
land, and clouds. On October 25, 2003, a major anomaly
was detected on the satellite while aerospace personnel were
sending commands to analyze its status. As a result of the
subsequent investigation by Japanese aerospace personnel
and based on the fact that they have not reestablished any
further communications with the satellite, JAXA officials
have concluded that there is only an extremely small proba-
bility of restoring the ADEOS-II to operational status. How-
ever, JAXA officials will continue to send commands to the
disabled satellite and to investigate its deteriorating condition
in order to better clarify the cause of the operational anomaly
and to prevent its recurrence in future satellite programs.

The primary application of the ADEOS (Midori) space-
craft is to monitor global environmental changes, such as
maritime meteorological conditions, atmospheric ozone, and
gases that promote global warming.

See also EARTH SYSTEM SCIENCE; GLOBAL CHANGE;
JAPANESE AEROSPACE EXPLORATION AGENCY.

Advanced Satellite for Cosmology and Astrophysics
(ASCA) ASCA was Japan’s fourth cosmic X-ray astronomy
mission and the second for which the United States provided
part of the scientific payload. The satellite was successfully
launched on February 20, 1993, and then operated success-
fully until July 15, 2000, when mission managers placed the
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spacecraft into a safe-hold mode. After seven and a half years
of scientific observations, the satellite reentered on March 2,
2001. The spacecraft carried four large-area X-ray telescopes
and was the first X-ray astronomy mission to combine imag-
ing capability with a broad pass filter, good spectral resolu-
tion, and a large effective detection area. ASCA was also the
first scientific satellite to use charge-coupled device (CCD)
detectors for X-ray astronomy. Data from this spacecraft pro-
vided spectroscopy from interacting binary star systems and
examined the abundance of heavy elements in clusters of
galaxies, consistent with Type II supernova origin.
See also X-RAY ASTRONOMY.

Advanced X-Ray Astrophysics Facility (AXAF) See
CHANDRA X-RAy OBSERVATORY (CXO).

Aegis A surface ship-launched missile used by the U.S. Navy
as part of a totally integrated shipboard weapon system that
combines computers, radars, and missiles to provide a defense
umbrella for surface shipping. The system is capable of auto-
matically detecting, tracking, and destroying a hostile air-
launched, sea-launched, or land-launched weapon. In the late
1960s the U.S. Navy developed the Advanced Surface Missile
System (ASMS) and then renamed this system Aegis after the
shield of the god Zeus in Greek mythology. The Aegis system
provides effective defense against antiship cruise missiles and
human-crewed enemy aircraft in all environmental conditions.

aeolian Pertaining to, carried by, or caused by the wind;
for example, aeolian sand dunes on the surface of Mars. Also
spelled eolian.

aero- A prefix that means of or pertaining to the air, the
atmosphere, aircraft, or flight through the atmosphere of a
planet.

aeroassist The use of the thin upper regions of a planet’s
atmosphere to provide the lift or drag needed to maneuver a

Artist's rendering of an Aeroassist Orbital Transfer Vehicle (AOTV)
(Courtesy of NASA)
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spacecraft. Near a planet with a sensible atmosphere, aeroassist
allows a spacecraft to change direction or to slow down with-
out expending propellant from the control rocket system.

See also AEROBRAKING.

aerobraking The use of a specially designed spacecraft
structure to deflect rarefied (very low-density) airflow around
a spacecraft, thereby supporting aeroassist maneuvers in the
vicinity of a planet. Such maneuvers reduce the spacecraft’s
need to perform large propulsive burns when making orbital
changes near a planet. In 1993 NASA’s Magellan Mission
became the first planetary exploration spacecraft to use aero-
braking as a means of changing its orbit around the target
planet (Venus).
See also AEROASSIST; MAGELLAN MISSION.

aerocapture The use of a planet’s atmosphere to slow
down a spacecraft. Like aerobraking, aerocapture is part of
a special family of aeroassist technologies that support more
robust science missions to the most distant planets of the
solar system. An aerocapture vehicle approaching a planet
on a hyperbolic trajectory is captured into orbit as it passes
through the atmosphere, without the use of rocket propel-
lant by an on-board propulsion system. Aerospace engineers
suggest that this “fuel-free” capture method will reduce the
typical mass of an interplanetary robotic spacecraft by half
or greater, allowing them to design a smaller, less expensive
space vehicle, yet one better equipped to perform extensive
long-term science at its destination. To experience aerocap-
ture, a spacecraft needs adequate drag to slow its speed and
some protection from aerodynamic heating. Aerospace engi-
neers fulfill these two functions in a variety of ways. One
technique involves a traditional blunt, rigid aeroshell, as
was successfully used on the Mars Pathfinder spacecraft’s

entry and descent in 1997. Engineers are also considering
the use of a lighter, inflatable aeroshell, as well as the
employment of a large, trailing ballute—a combination
parachute and balloon that is made of durable thin material
and is stowed behind the space vehicle for deployment. In
addition to the exploration of Mars with more sophisticated
aerocapture technology spacecraft, engineers are consider-
ing the use of this technology for a potential science orbiter
mission to Neptune and an advanced explorer mission to
Saturn’s moon Titan.

See also AEROASSIST; AEROBRAKING; MARS PATHFINDER;
NEPTUNE; TITAN.

aerodynamic force The lift (L) and/or drag (D) forces
exerted by a moving gas upon a body completely immersed
in it. Lift acts in a direction normal to the flight path, while
drag acts in a direction parallel and opposite to the flight
path. (See figure.) The aerodynamic forces acting upon a
body flying through the atmosphere of a planet are depen-
dent on the velocity of the object, its geometric characteris-
tics (i.e., size and shape), and the thermophysical properties
of the atmosphere (e.g., temperature and density) at flight
altitude. For low flight speeds, lift and drag are determined
primarily by the angle of attack (o). At high (i.e., superson-
ic) speeds, these forces become a function of both the angle
of attack and the Mach number (M). For a typical ballistic
missile, the angle of attack is usually very low (i.e., o0 < 1°).
See also AIRFOIL; REENTRY VEHICLE.

aerodynamic heating Frictional surface heating experi-
enced by an aerospace vehicle, space system, or reentry vehi-
cle as it enters the upper regions of a planetary atmosphere at
very high velocities. Peak aerodynamic heating generally
occurs in stagnation point regions on the object, such as on

lift

angle of attack

wind direction

Aerodynamic forces (lift and drag) acting on aircraft flying at a certain angle of attack



the leading edge of a wing or on the blunt surfaces of a nose
cone. Special thermal protection is needed to prevent struc-
tural damage or destruction. NASA’s space shuttle Orbiter
vehicle, for example, uses thermal protection tiles to survive
the intense aerodynamic heating environment that occurs
during reentry and landing.

See also ABLATION.

aerodynamic missile A missile that uses aerodynamic
forces to maintain its flight path, generally employing propul-
sion guidance.

See also BALLISTIC MISSILE; CRUISE MISSILE; GUIDED MISSILE.

aerodynamic skip An atmospheric entry abort caused by
entering a planet’s atmosphere at too shallow an angle. Much
like a stone skipping across the surface of a pond, this condi-
tion results in a trajectory back out into space rather than
downward toward the planet’s surface.

aerodynamic throat area The effective flow area of a
nozzle’s throat; generally, the effective flow area is less than
the geometric flow area because the flow is not uniform.

See also NOZZLE.

aerodynamic vehicle A craft that has lifting and control
surfaces to provide stability, control, and maneuverability
while flying through a planet’s atmosphere. For aerodynamic
missiles, the flight profile both during and after thrust depends
primarily upon aerodynamic forces. A glider or an airplane is
capable of flight only within a sensible atmosphere, and such
vehicles rely on aerodynamic forces to keep them aloft.

aerogel A silicon-based solid with a porous, spongelike
structure in which 99.8 percent of the volume is empty space.
By comparison, aerogel is 1,000 times less dense than glass,
another silicon-based solid. Discovered in the 1930s by a
researcher at Stanford University in California, material scien-
tists at NASA’s Jet Propulsion Laboratory (JPL) altered the
original recipe to develop an important new aerogel for space
exploration. The JPL-made aerogel approaches the density of
air, but is a durable solid that easily survives launch and space
environments. The space age aerogel is a smoky blue-colored
substance that has many unusual physical properties and can
withstand extreme temperatures. One important feature is the
fact that the JPL-made aerogel can provide 39 times more ther-
mal insulation than the best fiberglass insulation. JPL engineers
used the aerogel to insulate the electronics box on the Mars
Pathfinder rover, which explored the Red Planet in 1997. They
also used the material to thermally insulate the batteries on the
2003 Mars Exploration Rovers, Spirit and Opportunity.

Perhaps the most innovative space technology applica-
tion of aerogel to date involved the Stardust spacecraft and
its mission to bring back samples of primordial extraterrestri-
al materials. Specifically, aerospace engineers fitted the aero-
gel aboard the Stardust spacecraft into a tennis racket—shaped
collector grid. One side of the collector (called the A side)
faced the tiny high-speed particles from Comet Wild, while
the reverse (or B side) encountered streams of interstellar dust
at various points in the spacecraft’s trajectory.
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As a tiny piece of comet dust (typically much smaller
than a grain of sand) hits the aerogel, it buries itself in the
special material and creates a carrot-shaped track up to 200
times its own length. The aerogel gradually slows each high-
speed particle down and brings it to a stop without damaging
the sample or altering its shape and chemical composition.
The JPL-made aerogel on the Stardust spacecraft is less dense
at the impact face where the particle first encounters the
material. Then, it presents a gradually increasing density. So,
as a high-speed dust particle burrows deeper into the materi-
al, it slows down gently and eventually comes to rest. The
gradually increasing density concept is similar to the progres-
sive lens concept used in some eyeglasses.

See also MARS EXPLORATION ROVER MISSION; MARS
PATHFINDER; STARDUST MISSION.

aeronautics The science of flight within the atmosphere of
a planet; the engineering principles associated with the design
and construction of craft for flight within the atmosphere; the
theory and practice of operating craft within the atmosphere.
Compare with ASTRONAUTICS.

aerosol A very small dust particle or droplet of liquid
(other than water or ice) in a planet’s atmosphere, ranging
in size from about 0.001 micrometer (um) to larger than
100 micrometers (Wm) in radius. Terrestrial aerosols include
smoke, dust, haze, and fumes. They are important in Earth’s
atmosphere as nucleation sites for the condensation of
water droplets and ice crystals, as participants in various
chemical cycles, and as absorbers and scatterers of solar
radiation. Aerosols influence Earth’s radiation budget (i.e.,
the overall balance of incoming versus outgoing radiant
energy), which in turn influences the climate on the surface
of the planet.
See also EARTH RADIATION BUDGET; GLOBAL CHANGE.

aerospace A term derived from aeronautics and space
meaning of or pertaining to Earth’s atmospheric envelope and
outer space beyond it. These two separate physical entities are
taken as a single realm for activities involving launch, guid-
ance, control, and recovery of vehicles and systems that can
travel through and function in both physical regions. For
example, NASA’s space shuttle Orbiter is called an aerospace
vehicle because it operates both in the atmosphere and in
outer space.
See also AERONAUTICS; ASTRONAUTICS.

aerospace ground equipment (AGE) All the support and
test equipment needed on Earth’s surface to make an
aerospace system or spacecraft function properly during in its
intended space mission.

See also CAPE CANAVERAL AIR FORCE STATION;
KENNEDY SPACE CENTER; LAUNCH SITE.

aerospace medicine The branch of medical science that
deals with the effects of flight on the human body. The treat-
ment of space sickness (space adaptation syndrome) falls
within this field.

See also SPACE SICKNESS.
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aerospace vehicle A vehicle capable of operating both
within Earth’s sensible (measurable) atmosphere and in outer
space. The space shuttle Orbiter vehicle is an example.

See also SPACE TRANSPORTATION SYSTEM.

aerospike nozzle A rocket nozzle design that allows com-
bustion to occur around the periphery of a spike (or center
plug). The thrust-producing hot exhaust flow is then shaped
and adjusted by the ambient (atmospheric) pressure. Some-
times called a plug nozzle or a spike nozzle.

See also NOZZLE.

aerozine A liquid rocket fuel consisting of a mixture of
hydrazine (N,H,;) and unsymmetrical dimethylhydrazine
(acronym: UDMH), which has the chemical formula
(CH5),NNH,.

See also ROCKET.

afterbody Any companion body (usually jettisoned, expend-
ed hardware) that trails a spacecraft following launch and
contributes to the space debris problem. Any expended por-
tion of a launch vehicle or rocket that enters Earth’s atmo-
sphere unprotected behind a returning nose cone or space
capsule that is protected against the aerodynamic heating.
Finally, it is any unprotected, discarded portion of a space
probe or spacecraft that trails behind the protected probe or
lander spacecraft as either enters a planet’s atmosphere to
accomplish a mission.
See also SPACE DEBRIS.

Agena A versatile, upper stage rocket that supported
numerous American military and civilian space missions in
the 1960s and 1970s. One special feature of this liquid pro-
pellant system was its in-space engine restart capability. The
U.S. Air Force originally developed the Agena for use in com-
bination with Thor or Atlas rocket first stages. Agena A, the
first version of this upper stage, was followed by Agena B,
which had a larger fuel capacity and engines that could
restart in space. The later Agena D was standardized to pro-
vide a launch vehicle for a variety of military and NASA pay-
loads. For example, NASA used the Atlas-Agena vehicles to
launch large Earth-orbiting satellites as well as lunar and
interplanetary space probes; Thor-Agena vehicles launched
scientific satellites, such as the Orbiting Geophysical Obser-
vatory (OGO), and applications satellites, such as Nimbus
meteorological satellites. In the Gemini Project, the Agena D
vehicle, modified to suit specialized requirements of space
rendezvous and docking maneuvers, became the Gemini
Agena Target Vehicle (GATV).

age of the Earth Planet Earth is very old, about 4.5 billion
years or more, according to recent estimates. Most of the evi-
dence for an ancient Earth is contained in the rocks that form
the planet’s crust. The rock layers themselves, like pages in a
long and complicated history, record the surface-shaping
events of the past, and buried within them are traces of life—
that is, the plants and animals that evolved from organic
structures, existing perhaps 3 billion years ago. Also con-
tained in once molten rocks are radioactive elements whose

Agena, an upper stage vehicle configured for the SNAPSHOT mission flown
by the U.S. government in 1965. During this mission the Agena successfully
placed its payload, an experimental SNAP-10A space nuclear reactor (the
small, wastebasket-sized structure shown in the upper portion of the
drawing), into a near-circular, 1,300-kilometer-altitude orbit. Once at this
orbit, the reactor was commanded to start up and operated at approximately
500 watts (electric) for 45 days.

isotopes provide Earth with an atomic clock. Within these
rocks parent isotopes decay at a predictable rate to form
daughter isotopes. By determining the relative amounts of
parent and daughter isotopes, the age of these rocks can be
calculated. Therefore, the results of studies of rock layers
(stratigraphy) and of fossils (paleontology), coupled with the
ages of certain rocks as measured by atomic clocks
(geochronology), indicate a very old Earth.

Up until now scientists have not found a way to deter-
mine the exact age of Earth directly from terrestrial rocks
because our planet’s oldest rocks have been recycled and
destroyed by the process of plate tectonics. If there are any of
Earth’s primordial rocks left in their original state, scientists
have not yet found them. Nevertheless, scientists have been
able to determine the probable age of the solar system and to
calculate an age for Earth by assuming that Earth and the rest
of the solid bodies in the solar system formed at the same
time and are, therefore, of the same age.

The ages of Earth and Moon rocks and of meteorites are
measured by the decay of long-lived radioactive isotopes of



elements that occur naturally in rocks and minerals and that
decay with half-lives of 700 million to more than 100 billion
years into stable isotopes of other elements. Scientists use
these dating techniques, which are firmly grounded in physics
and are known collectively as radiometric dating, to measure
the last time that the rock being dated was either melted or
disturbed sufficiently to rehomogenize its radioactive ele-
ments. Ancient rocks exceeding 3.5 billion years in age are
found on all of the planet’s continents. The oldest rocks on
Earth found so far are the Acasta Gneisses in northwestern
Canada near Great Slave Lake (4.03 billion years old) and
the Isua Supracrustal rocks in West Greenland (about 3.7 to
3.8 billion years old), but well-studied rocks nearly as old are
also found in the Minnesota River Valley and northern
Michigan (some 3.5-3.7 billion years old), in Swaziland
(about 3.4-3.5 billion years old), and in Western Australia
(approximately 3.4-3.6 billion years old). Scientists have
dated these ancient rocks using a number of radiometric
methods, and the consistency of the results gives scientists
confidence that the estimated ages are correct to within a few
percent. An interesting feature of these ancient rocks is that
they are not from any sort of “primordial crust” but are lava
flows and sediments deposited in shallow water, an indication
that Earth history began well before these rocks were deposit-
ed. In Western Australia single zircon crystals found in
younger sedimentary rocks have radiometric ages of as much
as 4.3 billion years, making these tiny crystals the oldest
materials to be found on Earth so far. Scientists have not yet
found the source rocks for these zircon crystals.

The ages measured for Earth’s oldest rocks and oldest
crystals show that our planet is at least 4.3 billion years in
age but do not reveal the exact age of Earth’s formation. The
best age for Earth is currently estimated as 4.54 billion years.
This value is based on old, presumed single-stage leads (Pb)
coupled with the Pb ratios in troilite from iron meteorites,
specifically the Canyon Diablo meteorite. In addition, miner-
al grains (zircon) with uranium-lead (U-Pb) ages of 4.4 billion
years have recently been reported from sedimentary rocks
found in west-central Australia.

The Moon is a more primitive planet than Earth because
it has not been disturbed by plate tectonics. Therefore, some
of the Moon’s more ancient rocks are more plentiful. The six
American Apollo Project human missions and three Russian
Luna robotic spacecraft missions returned only a small num-
ber of lunar rocks to Earth. The returned lunar rocks vary
greatly in age, an indication of their different ages of forma-
tion and their subsequent histories. The oldest dated Moon
rocks, however, have ages between 4.4 and 4.5 billion years
and provide a minimum age for the formation of our nearest
planetary neighbor.

Thousands of meteorites, which are fragments of aster-
oids that fall to Earth, have been recovered. These primitive
extraterrestrial objects provide the best ages for the time of
formation of the solar system. There are more than 70 mete-
orites of different types whose ages have been measured using
radiometric dating techniques. The results show that the
meteorites, and therefore the solar system, formed between
4.53 and 4.58 billion years ago. The best age for Earth comes
not from dating individual rocks but by considering Earth
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and meteorites as part of the same evolving system in which
the isotopic composition of lead, specifically the ratio of lead-
207 to lead-206, changes over time owing to the decay of
radioactive uranium-235 and uranium-238, respectively. Sci-
entists have used this approach to determine the time
required for the isotopes in Earth’s oldest lead ores, of which
there are only a few, to evolve from its primordial composi-
tion, as measured in uranium-free phases of iron meteorites,
to its compositions at the time these lead ores separated from
their mantle reservoirs.

According to scientists at the U.S. Geological Survey
(USGS), these calculations result in an age for Earth and
meteorites, and therefore the solar system, of 4.54 billion
years with an uncertainty of less than 1 percent. To be pre-
cise, this age represents the last time that lead isotopes were
homogeneous throughout the inner solar system and the
time that lead and uranium were incorporated into the solid
bodies of the solar system. The age of 4.54 billion years
found for the solar system and Earth is consistent with cur-
rent estimates of 11 to 13 billion years for the age of the
Milky Way galaxy (based on the stage of evolution of glob-
ular cluster stars) and the age of 10 to 15 billion years for
the age of the universe (based on the recession of distant
galaxies).

age of the Moon In astronomy, the elapsed time, usually
expressed in days, since the last new Moon.
See also PHASES OF THE MOON.

age of the universe One way scientists obtain an estimate
for the minimum age of the universe is by directly determin-
ing the age of the oldest objects in our galaxy. They then use
this information to constrain various cosmological models.
Astronomers reason, for example, that the oldest objects in
our galaxy have to be at least as old as the universe—since
these objects are part of the universe. They also postulate that
the expansion of the universe is a function of the Hubble con-
stant (H), the average density of the universe, and possibly
something called the cosmological constant.

At present scientists base their best estimate for the age
of the oldest stars in the galaxy on the absolute magnitude of
the main-sequence turn-off point in globular clusters.
Astronomers define the turn-off point as the point on the
Hertzsprung-Russell (H-R) diagram at which stars leave the
main sequence and enter a more evolved phase. The turn-off
point of a globular cluster is considered the most accurate
means of determining its age. Globular clusters are Popula-
tion II systems, meaning all the stars found within them are
relatively old. About 150 globular clusters are known in the
Milky Way galaxy. The distribution and other physical char-
acteristics of globular clusters imply that they formed early in
the life of the galaxy. Globular clusters have a measured age
of about 13 billion years, so scientists postulate that the uni-
verse is at least that old.

Astronomers also use the rate of recession of distant
galaxies to estimate the age of the universe. Current cosmo-
logical models postulate that the universe has been expanding
ever since the big bang event. By measuring the Hubble con-
stant, scientists can tell how fast the universe is expanding
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today. In the simplest cosmological model, astronomers
assume that the rate of expansion of the universe is unchang-
ing with time. This model implies a linear relationship
between the distance to a galaxy and its velocity of recession.
The inverse of the Hubble constant—the quantity 1/H,,
which is also called the Hubble time—then provides an esti-
mate of the age of the universe. The current measured value
of the Hubble constant is about 22 kilometers per second per
million light years (km/s-Mly). So, within the linear (or uni-
form) rate expansion model, the Hubble time suggests that
the universe is about 13.6 billion years old.

If the rate of expansion of the universe has actually
slowed down over time, then the universe could be somewhat
(but not much) younger than 13.6 billion years. But the sug-
gestion of a universe much younger than 13.6 billion years
creates a dilemma for scientists, because they have measured
globular clusters that are 13 billion years old. Clearly, these
ancient astronomical objects in our own galaxy cannot be
older than the universe itself.

On the other hand, if the rate of expansion of the uni-
verse has actually increased over time, then the universe could
be somewhat older than the 13.6 billion years implied by
Hubble time. Recent astronomical observations of Type I
supernova suggest that the expansion of the universe is actual-
ly accelerating. Based on such observations, scientists now
suggest that the universe is about 15 billion years old. Why is
the expansion of the universe speeding up? At present astro-
physicists and cosmologists are not really sure. However,
some suggest the phenomenon is due to the influence of a not
yet completely understood concept called cosmological con-
stant—a correction factor first suggested by ALBERT EINSTEIN
to help explain how the influence of gravity might be opposed
in a static universe.

Distilling all of these hypotheses, extrapolations, and
observations down to a manageable piece of information, sci-
entists generally consider the age of the universe to lie
between 13 and 135 billion years.

See also AGE OF THE EARTH; BIG BANG; COSMOLOGICAL
CONSTANT; COSMOLOGY; HUBBLE CONSTANT; UNIVERSE.

agglutinate(s) Common type of particle found on the
Moon, consisting of small rock, mineral, and glass fragments
impact-bonded together with glass.

airborne astronomy To complement space-based astro-
nomical observations at infrared (IR) wavelengths, the
National Aeronautics and Space Administration (NASA) uses
airborne observatories—that is, infrared telescopes carried by
airplanes that reach altitudes above most of the infrared radi-
ation—absorbing water vapor in Earth’s atmosphere. The first
such observatory was a modified Lear jet, the second a modi-
fied C-141A Starlifter jet transport. NASA called the C-141A
airborne observatory the Kuiper Airborne Observatory
(KAO) in honor of the Dutch-American astronomer GERARD
PETER KUIPER. The KAQO’s 0.9-meter aperture reflector was a
Cassegrain telescope designed primarily for observations in
the 1 to 500 micrometer (wm) wavelength spectral range.
This aircraft collected infrared images of the universe from
1974 until its retirement in 1995.

In 2005 NASA in cooperation with the German Space
Agency (DLR) will resume airborne infrared astronomy mea-
surements using a new aircraft called the Stratospheric
Observatory for Infrared Astronomy (SOFIA). NASA Ames
Research Center (Moffett Field, California) serves as the
home base for this refurbished and modified Boeing 747SP
aircraft. SOFIA’s 2.5-meter telescope will collect infrared
radiation from celestial objects at wavelengths of 50 to 200
micrometers (Wm). The aircraft will fly in the stratosphere at
an altitude of more than 12.2-kilometers, placing its infrared
telescope above 95 percent of the water vapor in Earth’s
atmosphere.

Turbulence is a major concern for airborne astronomical
observations. Drawing upon operational experience with the
Kuiper Airborne Observatory, engineers are designing
SOFIA’s telescope control system with an advanced jitter con-
trol system to avoid blurry images. One of the advantages of
an airborne infrared observatory is that it can fly anywhere in
the world on relatively short notice to take advantage of a
special scientific opportunity such as the sudden appearance
of a supernova. Also, if an instrument fails on SOFIA, the air-
craft can simply fly back to its home base, where technicians
can remove the defective instrument and plug in a new one.
One of SOFIA’s missions is to serve as a flying test bed for
new infrared sensor technologies before these instruments are
flown in space on an astronomical satellite.

air-breathing missile A missile with an engine requiring
the intake of air for combustion of its fuel, as in a ramjet or
turbojet. It can be contrasted with the rocket-engine missile,
which carries its own oxidizer and can operate beyond the
atmosphere.

See also CRUISE MISSILE; GUIDED MISSILE.

aircraft A vehicle designed to be supported by the air,
either by the dynamic action of the air upon the surfaces of
the vehicle or else by its own buoyancy. Aircraft include
fixed-wing airplanes, gliders, helicopters, free and captive
balloons, and airships.

airfoil A wing, fin, or canard designed to provide an aero-
dynamic force (e.g., lift) when it moves through the air (on
Earth) or through the sensible atmosphere of a planet (such
as Mars or Venus) or of Titan, the largest moon of Saturn.

airframe The assembled structural and aerodynamic com-
ponents of an aircraft or rocket vehicle that support the dif-
ferent systems and subsystems integral to the vehicle. The
term airframe, a carryover from aviation technology, is still
appropriate for rocket vehicles, since a major function of the
airframe is performed during the rocket’s flight within the
atmosphere.

airglow A faint general luminosity in Earth’s sky, most
apparent at night. As a relatively steady (visible) radiant
emission from the upper atmosphere, it is distinguished from
the sporadic emission of aurora. Airglow is a chemilumin-
escence that occurs during recombination of ionized atmo-
spheric atoms and molecules that have collided with
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free-stream

direction

lift

Basic forces generated by an airfoil in an airstream

high-energy particles and electromagnetic radiation, primarily
from the sun. Airglow includes emissions from the oxygen
molecule (O,), the nitrogen molecule (N,), the hydroxyl radi-
cal (OH), atomic oxygen (O), and sodium (Na).

See also ATMOSPHERE; AURORA.

air-launched cruise missile (ALCM) The U.S. Air Force
developed the AGM-86B/C as a guided, air-launched, surface
attack cruise missile. This small, subsonic winged missile is
powered by a turbofan jet engine. Launched from aircraft,
such as the B-52 bomber, it can fly complicated routes to a
target through the use of modern information technology,
such as interaction between its inertial navigation computer
system and the Global Positioning System (GPS). Compare
with BALLISTIC MISSILE.

airlock A small chamber with “airtight” doors that is capa-
ble of being pressurized and depressurized. The airlock serves
as a passageway for crew members and equipment between
places at different pressure levels—for example, between a
spacecraft’s pressurized crew cabin and outer space.

air-to-air missile (AAM) A missile launched from an air-
borne vehicle at a target above the surface of Earth (i.e., at a
target in the air). One example is the Advance Medium
Range, Air-to-Air Missile (AMRAAM), also called the AIM-
120, developed by the U.S. Air Force and Navy in conjunc-
tion with several NATO allies. AMRAAM serves as a new
generation follow-on to the Sparrow (AIM-7) air-to-air mis-
sile. The AIM-120 missile is faster, smaller, and lighter and
has improved capabilities against low-altitude targets.
See also CRUISE MISSILE; GUIDED MISSILE.

air-to-ground missile (AGM) See AIR-TO-SURFACE MISSILE.

air-to-surface missile (ASM) A missile launched from an
airborne platform at a surface target. Sometimes referred to
as an AGM, or air-to-ground missile. One example is the
AGM-130A missile, equipped with a television and imaging
infrared seeker that allows an airborne weapon system officer
to observe and/or steer the missile as it attacks a ground tar-
get. Developed by the U.S. Air Force, the AGM-130A sup-
ports high- and low-altitude precision strikes at relatively safe
standoff ranges.

See also AR LAUNCHED CRUISE MISSILE; CRUISE MISSILE;
GUIDED MISSILE.

air-to-underwater missile (AUM) A missile launched
from an airborne vehicle toward an underwater target, such
as a submarine.

See also CRUISE MISSILE; GUIDED MISSILE.

Airy, Sir George Biddell (1801-1892) British Astronomer
Sir George Airy modernized the Royal Greenwich Observato-
ry (RGO) and served as England’s seventh Astronomer Royal
from 1835 to 1881. Despite many professional accomplish-
ments, he is often remembered for his failure to recognize the
value of the theoretical work of JoHN COUCH ADAMS, there-
by delaying the discovery of Neptune until 1846.

Airy disk In optics, the intensity distribution around a cir-
cular aperture caused by diffraction, such that a point source
of light becomes a bright, disklike image. Because of the phe-
nomenon of diffraction, even a telescope with perfect optics
cannot form a pointlike image of a star. Instead, an optical
system with a circular aperture forms an image that consists
of a central disk, called the Airy disk after GEORGE BIDDELL
AIRY, who first investigated the phenomenon in 1834, sur-
rounded by several faint diffraction rings. The diameter of
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the Airy disk characterizes the resolving power (angular reso-
lution) limits of an optical telescope.
See also TELESCOPE.

Aitken, Robert Grant (1864-1951) American Astronomer
Robert Aitken worked at Lick Observatory in California and
specialized in binary star systems. In 1932 he published New
General Catalog of Double Stars, a seminal work that con-
tains measurements of more than 17,000 double stars and is
often called the Aitkenn Double Star Catalog (ADS).

albedo The ratio of the electromagnetic radiation (such as
visible light) reflected by the surface of a nonluminous object
to the total amount of electromagnetic radiation incident
upon that surface. The albedo is usually expressed as a per-
centage. For example, the planetary albedo of Earth is about
30 percent. This means that approximately 30 percent of the
total solar radiation falling upon Earth is reflected back to
outer space. With respect to the Moon, a high albedo indi-
cates a light-colored region, while a low albedo indicates a
dark region. Lunar maria (“seas”) have low albedo; lunar
highlands have high albedo.

Aldebaran The brightest (alpha) star in the constellation
Taurus. Aldebaran is a K-spectral class red giant located
about 60 light-years from Earth. With a surface temperature
under 4,000 kelvins, the star has a distinctive orange color.
Early Arab astronomers named it “Aldebaran”—which
means “the Follower” (in Arabic)—because the star
appeared to follow the Seven Sisters (Pleiades) star cluster
across the sky. This star is positioned just in front of the
Hyades star cluster, tempting amateur stargazers to incor-
rectly include it in the cluster. However, Aldebaran only lies
along the line of sight and is not a member of the Hyades
star cluster, which is much farther away, at a distance of
about 150 light-years.

Aldrin, Edwin E. “Buzz” (1930- ) American Astronaut,
U.S. Air Force Officer Edwin (“Buzz”) Aldrin served as the
lunar module pilot during the National Aeronautics and Space
Administration’s Apollo 11 mission to the Moon. This mis-
sion took place from July 16 to 24, 1969, and involved the
first landing expedition. During this historic mission, Aldrin
followed NEIL A. ARMSTRONG on July 20 and became the sec-
ond human being to step onto the lunar surface.

Alfonso X of Castile (1221-1284) Spanish Monarch,
Astronomer Alfonso X of Castile was the scholarly Span-
ish monarch who ordered the compilation of revised plane-
tary tables based on Arab astronomy (primarily The
Almagest of PTOLEMY), but also updated its contents with
astronomical observations made at Toledo, Spain. As a
result of his actions, The Alfonsine Tables were completed
in 1272 and served medieval astronomers for more than
three centuries.

Alfvén, Hannes Olof Gosta (1908-1995) Swedish Physi-
cist, Space Scientist, Cosmologist Hannes Alfvén developed
the theory of magnetohydrodynamics (MHD)—the branch of

On July 20, 1969, the American astronaut Edwin “Buzz” Aldrin became the
second human being to walk on the Moon. He accomplished this historic
feat as a member of NASA's Apollo 11 lunar landing mission. (Courtesy
of NASA)

physics that helps astrophysicists understand sunspot forma-
tion. MHD also helps scientists understand the magnetic
field—plasma interactions (now called Alfvén waves in his
honor) taking place in the outer regions of the Sun and other
stars. For this pioneering work and its applications to many
areas of plasma physics, Alfvén shared the 1970 Nobel Prize
in physics.

Alfvén was born in Norrkoping, Sweden, on May 30,
1908. He enrolled at the University of Uppsala in 1926 and
obtained a doctor of philosophy (Ph.D.) degree in 1934. That
same year he received an appointment to lecture in physics at
the University of Uppsala. He married Kerstin Maria Erikson
in 1935, and the couple had a total of five children, one son
and four daughters.

In 1937 Alfvén joined the Nobel Institute for Physics in
Stockholm as a research physicist. Starting in 1940 he held a
number of positions at the Royal Institute of Technology in
Stockholm. He served as an appointed professor in the theory
of electricity from 1940 to 1945, a professor of electronics
from 1945 to 1963, and a professor of plasma physics from
1963 to 1967. In 1967 he came to the United States and
joined the University of California at San Diego as a visiting
professor of physics until retiring in 1991. In 1970 he shared



the Nobel Prize in physics with the French physicist Louis
Néel (1904-2000). Alfvén received his half of the prize for
his fundamental work and discoveries in magnetohydrody-
namics (MHD) and its numerous applications in various
areas of plasma physics.

Alfvén is best known for his pioneering plasma physics
research that led to the creation of the field of magnetohydro-
dynamics, the branch of physics concerned with the interac-
tions between plasma and a magnetic field. Plasma is an
electrically neutral gaseous mixture of positive and negative
ions. Physicists often refer to plasma as the fourth state of
matter, because the plasma behaves quite differently than do
solids, liquids, or gases. In the 1930s Alfvén went against con-
ventional beliefs in classical electromagnetic theory. Going
against all “conventional wisdom,” he boldly proposed a the-
ory of sunspot formation centered on his hypothesis that
under certain physical conditions a plasma can become
locked, or “frozen,” in a magnetic field and then participate
in its wave motion. He built upon this hypothesis and further
suggested in 1942 that under certain conditions, as found, for
example, in the Sun’s atmosphere, waves (now called “Alfvén
waves”) can propagate through plasma influenced by magnet-
ic fields. Today solar physicists believe that at least a portion
of the energy heating the solar corona is due to action of
Alfvén waves propagating from the outer layers of the Sun.
Much of his early work on magnetohydrodynamics and plas-
ma physics is collected in the books Cosmical Electrodynam-
ics published in 1948 and Cosmical Electrodynamics:
Fundamental Principles, coauthored in 1963 with Swedish
physicist Carl-Gunne Filthammar (b. 1931).

In the 1950s Alfvén again proved to be a scientific rebel
when he disagreed with both steady state cosmology and big
bang cosmology. Instead, he suggested an alternate cosmolo-
gy based on the principles of plasma physics. He used his
1956 book, On the Origin of the Solar System, to introduce
his hypothesis that the larger bodies in the solar system were
formed by the condensation of small particles from primor-
dial magnetic plasma. He further pursued such electrody-
namic cosmology concepts in his 1975 book, On the
Evolution of the Solar System, which he authored with
Gustaf Arrhenius. He also developed an interesting model of
the early universe in which he assumed the presence of a
huge spherical cloud containing equal amounts of matter
and antimatter. This theoretical model, sometimes referred
to as Alfvén’s antimatter cosmology model, is not currently
supported by observational evidence of large quantities of
annihilation radiation—the anticipated by-product when
galaxies and antigalaxies collide. So while contemporary
astrophysicists and astronomers generally disagree with his
theories in cosmology, Alfvén’s work in magnetohydrody-
namics and plasma physics remains of prime importance to
scientists engaged in controlled thermonuclear fusion
research.

After retiring in 1991 from his academic positions at the
University of California at San Diego and the Royal Institute
of Technology in Stockholm, Alfvén enjoyed his remaining
years by “commuting” on a semiannual basis between homes
in the San Diego area and Stockholm. He died in Stockholm
on April 2, 1995, and is best-remembered as the Nobel laure-
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ate theoretical physicist who founded the important field of
magnetohydrodynamics.

Alfvén wave In magnetohydrodynamics, a transverse wave
that occurs in a region that contains a magnetic field and
plasma. As first suggested by HANNES ALFVEN in the 1930s,
under certain physical conditions a plasma can become
locked, or “frozen,” in a magnetic field and then participate
in its wave motion.

Algol The beta star in the constellation Perseus. Called
the “Demon Star” by Arab astronomers, Algol was the first
eclipsing binary to be discovered. Although previous
astronomers had reported variations in Algol’s brightness,
the British astronomer JOHN GOODRICKE was the first
astronomer to determine the period (2.867 days). In 1782
Goodricke also suggested that Algol’s periodic behavior
might be due to a dark, not visible stellar companion that
regularly passed in front of (eclipsed) its visible companion.
Modern astronomers appreciate the correctness of
Goodricke’s daring hypothesis and treat Algol is an eclips-
ing binary star system in which the darker companion star
(called Algol B) periodically cuts off the light of the brighter
star (called Algol A), making the brightness of Algol A
appear variable. Algol A is a bright main sequence star with
a mass of approximately 3.7 solar masses, while its less
massive (0.8 solar mass) companion, Algol B, is an evolved
star that has become a subgiant. This multiple star system
also contains a third more distant star called Algol C, which
orbits both Algol A and Algol B in 1.86 years.

In addition to being the first known eclipsing binary,
Algol gives rise to what astronomers call the Algol paradox.
Generally, the greater the mass of a star, the shorter its life-
time, as it consumes more nuclear fuel and burns brighter.
Yet, here, the more massive star (Algol A) is still on the main
sequence, while the less massive companion (Algol B) has
evolved into a dying subgiant. Astronomers resolve this para-
dox by suggesting that since the stars are so close together
(separated by less than 0.1 astronomical unit), as the giant
star (Algol B) grew large, tidal effects caused by the presence
of Algol A caused a transfer of mass directly onto Algol A
from Algol B.

See also BINARY STAR SYSTEM; STAR; SUBGIANT.

algorithm A special mathematical procedure or rule for
solving a particular type of problem.

alien life form (ALF) A general, though at present hypo-
thetical, expression for extraterrestrial life, especially life that
exhibits some degree of intelligence.

See also EXOBIOLOGY; EXTREMOPHILE.

Almagest, The The Arabic name (meaning “the great-
est”) for the collection of ancient Greek astronomical and
mathematical knowledge written by PTOLEMY in about 150
C.E. and translated by Arab astronomers in about 820. This
compendium included the 48 ancient Greek constellations
upon which today’s astronomers base the modern system of
constellations.
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Alouette spacecraft Small scientific spacecraft designed to
study the ionosphere that were built by Canada and launched
by the United States in the 1960s. Alouette 1 was placed into
a 996-km by 1,032-km, 80.5° inclination polar orbit by a
Thrust-Augmented Thor-Agena-B launch vehicle combina-
tion on September 28, 1962 (local time), from Vandenberg
Air Force Base in California. With the launch of Alouette 1,
Canada became the third nation (behind the Soviet Union
and the United States) to have a national satellite in orbit
around Earth. The spacecraft was a small ionospheric obser-
vatory instrumented with an ionospheric sounder, a very low
frequency (VLF) receiver, an energetic particle detector, and a
cosmic noise experiment. The satellite was spin-stabilized at
approximately 1.4 revolutions per minute (rpm) after anten-
na extension. About 500 days following launch, the space-
craft’s spin rate slowed more than anticipated, to a rate of
just 0.6 rpm, when the satellite’s spin stabilization failed.
From that point on attitude information could be deduced
only from a single magnetometer and temperature measure-
ments on the upper and lower heat shields. This early scien-
tific satellite, like others of the time, did not carry a tape
recorder, so data was available only when the spacecraft’s
orbital track passed telemetry stations located in areas near
Hawaii, Singapore, Australia, Europe, and Central Africa. In
September 1972 Canadian ground controllers terminated
operation of the spacecraft. The success of Alouette 1 led not
only to the follow-on international scientific program, but
more importantly led to the establishment of the Canadian
space industry.

Alouette 2 was launched on November 28, 1965 (local
time), by a Thrust-Augmented Thor—Agena B rocket configu-
ration from Vandenberg AFB and placed into a 505-km by
2,987-km polar orbit with an inclination of 79.8°. Like its
predecessor, this small ionospheric observatory functioned
successfully for almost 10 years. Routine operations were ter-
minated in July 1975, although the spacecraft was successful-
ly reactivated on November 28-29, 1975, in order to obtain
data on its 10th anniversary in orbit.

Success of the Alouette spacecraft encouraged develop-
ment and launch of the International Satellite for Ionospheric
Studies (ISIS) spacecraft. ISIS-1 was launched in 1969 and
ISIS-2 in 1971. The ISIS satellites were used until 1984, when
the program was concluded.

See also CANADIAN SPACE AGENCY (CSA).

Alpha Centauri The closest star system, about 4.3 light-
years away. It is actually a triple-star system, with two stars
orbiting around each other and a third star, called Proxima
Centauri, revolving around the pair at some distance. In vari-
ous celestial configurations, Proxima Centauri becomes the
closest known star to our solar system—approximately 4.2
light-years away.

alpha particle (symbol: @) A positively charged atomic
particle emitted by certain radionuclides. It consists of two
neutrons and two protons bound together and is identical to
the nucleus of a helium-4 (+,He) atom. Alpha particles are the
least penetrating of the three common types of ionizing radia-
tion (alpha particle, beta particle, and gamma ray). They are

stopped easily by materials such as a thin sheet of paper or
even a few centimeters of air.

Alpha Regio A high plateau on Venus about 1,300 kilo-
meters across.
See also VENUS.

alpha (o) star Within the system of stellar nomenclature
introduced in 1603 by the German astronomer JOHANN BAYER
(1572-1625), the brightest star in a constellation.

Alpher, Ralph Asher (1921~ ) American Physicist Ralph
Alpher is the theoretical physicist who collaborated with
GEORGE GAMOW (and other scientists) in 1948 to develop the
big bang theory of the origin of the universe. He also extended
nuclear transmutation theory (nucleosynthesis) within a very
hot, early fireball to predict the existence of a now-cooled,
residual cosmic microwave background.

See also BIG BANG (THEORY); COSMIC MICROWAVE BACK-
GROUND; NUCLEOSYNTHESTIS.

altazimuth mounting A telescope mounting that has one
axis pointing to the zenith.

altimeter An instrument for measuring the height (altitude)
above a planet’s surface, generally reported relative to a com-
mon planetary reference point, such as sea level on Earth. A
barometric altimeter is an instrument that displays the height
of an aircraft or aerospace vehicle above a specified pressure
datum; a radio/radar altimeter is an instrument that displays
the distance between an aircraft or spacecraft and the surface
vertically below as determined by a reflected radio/radar
transmission.

altitude 1. (astronomy) The angle between an observer’s
horizon and a target celestial body. The altitude is 0° if the

tilt for altitude
adjustment

rotate for
azimuth

=

mount does not counteract
Earth’s rofafion

Altazimuth mounting



object is on the horizon, and 90° if the object is at zenith
(that is, directly overhead). 2. (spacecraft) In space vehicle
navigation, the height above the mean surface of the refer-
ence celestial body. Note that the distance of a space vehicle
or spacecraft from the reference celestial body is taken as the
distance from the center of the object.

altitude chamber A chamber within which the air pressure
and temperature can be adjusted to simulate different condi-
tions that occur at different altitudes; used for crew training,
experimentation, and aerospace system testing. Also called
hypobaric chamber.

altitude engine Rocket engine that is designed to operate
at high-altitude conditions.

Alvarez, Luis Walter (1911-1988) American Physicist Luis
Walter Alvarez, a Nobel Prize-winning physicist, collaborat-
ed with his son, Walter (a geologist), to rock the scientific
community in 1980 by proposing an extraterrestrial catastro-
phe theory that is sometimes called the “Alvarez hypothesis.”
This popular theory suggests that a large asteroid struck
Earth some 65 million years ago, causing a mass extinction of
life, including the dinosaurs. Alvarez supported the hypothe-
sis by gathering interesting geologic evidence—namely, the
discovery of a worldwide enrichment of iridium in the thin
sediment layer between the Cretaceous and Tertiary periods.
The unusually high elemental abundance of iridium has been
attributed to the impact of an extraterrestrial mineral source.
The Alvarez hypothesis has raised a great deal of scientific
interest in cosmic impacts, both as a way to possibly explain
the disappearance of the dinosaurs and as a future threat to
planet Earth that might be avoidable through innovations in
space technology.

Luis Alvarez was born in San Francisco, California, on
June 13, 1911. His family moved from San Francisco to
Rochester, Minnesota, in 1925 so his father could join the
staff at the Mayo Clinic. During his high school years the
young Alvarez spent his summers developing experimental
skills by working as an apprentice in the Mayo Clinic’s
instrument shop. He initially enrolled in chemistry at the Uni-
versity of Chicago but quickly embraced physics, especially
experimental physics, with an enthusiasm and passion that
remained for a lifetime. In rapid succession he earned his
bachelor’s degree (1932), master’s degree (1934), and doctor
of philosophy degree (1936) in physics at the University of
Chicago. He married Geraldine Smithwick in 1936, and they
had two children, a son (Walter) and a daughter (Jean). Two
decades later, in 1958, Luis Alvarez married his second wife,
Janet L. Landis, with whom he had two other children, a son
(Donald) and a daughter (Helen).

After obtaining his doctorate in physics from the Univer-
sity of Chicago in 1936, Alvarez began his long professional
association with the University of California at Berkeley.
Only World War II disrupted this affiliation. For example,
from 1940 to 1943 Alvarez conducted special wartime radar
research at the Massachusetts Institute of Technology in
Boston. From 1944 to 1945 Alvarez was part of the atomic
bomb team at Los Alamos Laboratory in New Mexico. He
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played a key role in the development of the first plutonium
implosion weapon. Specifically, as part of his Manhattan Pro-
ject responsibilities, Alvarez had the difficult task of develop-
ing a reliable, high-speed way to multipoint detonate the
chemical high explosive used to symmetrically squeeze the
bomb’s plutonium core into a supercritical mass. Then, dur-
ing the world’s first atomic bomb test (called Trinity) on July
16, 1945, near Alamogordo, New Mexico, Alvarez flew over-
head as a scientific observer. He was the only witness to pre-
cisely sketch the first atomic debris cloud as part of his
report. He also served as a scientific observer onboard one of
the escort aircraft that accompanied the Enola Gay, the
American B-29 bomber that dropped the first atomic weapon
on Hiroshima, Japan, on August 6, 1945.

After World War II Alvarez returned to the University of
California at Berkeley and served as a professor of physics
from 1945 until his retirement in 1978. His brilliant career
as an experimental physicist involved many interesting dis-
coveries that go well beyond the scope of this entry. Before
describing his major contribution to modern astronomy,
however, it is appropriate to briefly discuss the experimental
work that earned him the Nobel Prize in physics in 1968.
Simply stated, Alvarez helped start the great elementary par-
ticle stampede that began in the early 1960s. He did this by
transforming the liquid hydrogen bubble chamber into a
large, enormously powerful research instrument of modern
high-energy physics. His innovative work allowed teams of
researchers at Berkeley and elsewhere to detect and identify
many new species of very short-lived subnuclear particles.
This opened the way for the development of the quark
model in modern nuclear physics. When an elementary parti-
cle passes through the chamber’s liquid hydrogen (kept at the
very low temperature of -250°C), the cryogenic fluid is
warmed to the boiling point along the track that the particle
leaves. The tiny telltale trail of bubbles is photographed and
then computer analyzed by Alvarez’s device. Nuclear physi-
cists examine the bubble track photographs in order to extract
new information about whichever member of the “nuclear
particle zoo” they have just captured. Alvarez’s large liquid-
hydrogen bubble chamber came into operation in March
1959 and almost immediately led to the discovery of many
interesting new elementary particles. In an analogy quite
appropriate here, Alvarez’s hydrogen bubble chamber did for
elementary particle physics what the telescope did for obser-
vational astronomy.

Just before his retirement from the University of Califor-
nia, Alvarez became intrigued by a very unusual geologic
phenomenon. In 1977 his son Walter (b. 1940), a geologist,
showed him an interesting rock specimen, which the younger
Alvarez had collected from a site near Gubbio, a medieval
Italian town in the Apennine Mountains. The rock sample
was about 65 million years old and consisted of two layers of
limestone: one from the Cretaceous period (symbol K—after
the German word Kreide for Cretaceous) and the other from
the Tertiary period (symbol T). A thin, approximately one-
centimeter-thick clay strip separated the two limestone layers.
According to geologic history, as this layered rock specimen
formed eons ago, the dinosaurs flourished and then mys-
teriously passed into extinction. Perhaps the thin clay strip
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contained information that might answer the question: Why
did the great dinosaurs suddenly disappear?

The father and son scientific team carefully examined the
rock and were puzzled by the presence of a very high concen-
tration of iridium in the peculiar sedimentary clay. Here on
Earth iridium is quite rare, and typically no more than about
0.03 parts per billion are found in the planet’s crust. Soon
geologists discovered this same iridium enhancement (some-
times called the “iridium anomaly”) in other places around
the world in the same thin sedimentary layer (called the KT
boundary) that was laid down about 65 million years ago—
the suspected time of a great mass extinction. Since iridium is
quite rare in Earth’s crust and more abundant in other solar
system bodies, the Alvarez team postulated that a large aster-
oid—possibly one about 10 kilometers or more in diameter—
had struck prehistoric Earth.

This cosmic collision would have caused an environmen-
tal catastrophe throughout the planet. The Alvarez team rea-
soned that such a giant asteroid would largely vaporize while
passing through Earth’s atmosphere, spreading a dense cloud
of dust particles including large quantities of extraterrestrial
iridium atoms uniformly around the globe. They further spec-
ulated that after the impact of this killer asteroid, a dense
cloud of ejected dirt, dust, and debris would encircle the globe
for many years, blocking photosynthesis and destroying the
food chains upon which many ancient animals depended.

When Luis Alvarez published this hypothesis in 1980, it
created a stir in the scientific community. In fact, the Nobel
laureate spent much of the final decade of his life explaining
and defending his extraterrestrial catastrophe theory. Des-
pite the geophysical evidence of a global iridium anomaly in
the thin sedimentary clay layer at the KT boundary, many
geologists and paleontologists preferred other explanations
concerning the mass extinction that occurred on Earth about
65 million years ago. While still controversial, the Alvarez
hypothesis about a killer asteroid emerged from the 1980s
as the most popular reason to explain why the dinosaurs
disappeared.

Shortly after Alvarez’s death, two very interesting scien-
tific events took place that gave additional support to his
extraterrestrial catastrophe theory. First, in the early 1990s a
180-kilometer-diameter ring structure, called Chicxulub, was
identified from geophysical data collected in the Yucatin
region of Mexico. The Chicxulub crater has been age-dated
at 65 million years. The impact of a 10-kilometer-diameter
asteroid could have created this very large crater, as well as
causing enormous tidal waves. Second, a wayward comet
called Shoemaker-Levy 9 slammed into Jupiter in July 1994.
Scientists using a variety of space-based and Earth-based obser-
vatories studied how the giant planet’s atmosphere convulsed
after getting hit by a runaway “cosmic train” consisting of 20-
kilometer-diameter or so chunks of this fragmented comet that
plowed into the southern hemisphere of Jupiter. The comet’s
fragments deposited the energy equivalent of about 40 million
megatons of trinitrotoluene (TNT), and their staccato impacts
sent huge plumes of hot material shooting more than 1,000
kilometers above the visible Jovian cloud tops.

About a year before his death in Berkeley, California, on
August 31, 1988, Alvarez published a colorful account of his

life in the autobiography entitled Alvarez, Adventures of a
Physicist (1987). In addition to his 1968 Nobel Prize in
physics, he received numerous other awards, including the
Collier Trophy in Aviation (1946) and the National Medal of
Science, personally presented to him in 1964 by President
Lyndon Johnson.

Amalthea The largest of Jupiter’s smaller moons. The
American astronomer EDWARD EMERSON BARNARD discov-
ered Amalthea on September 9, 1892, using the 0.91-meter
(36-inch) refractor telescope at the Lick Observatory. This
irregularly shaped (270-km x 170-km x 150-km) moon is one
of four tiny inner moons that orbit Jupiter inside the orbit of
Io. Amalthea has a mean distance from Jupiter of 181,300
kilometers, an orbital period of 0.498 days, and a rotation
period of 0.498 days. This means that Amalthea is in syn-
chronous rotation and keeps the same blunt end always
pointing toward Jupiter. Amalthea’s orbit around Jupiter has
an eccentricity of 0.003 and an inclination of 0.40 degrees.

The tiny moon is heavily cratered and has two prominent
craters. The larger crater, called Pan, is 90 kilometers long and
lies in the small moon’s northern hemisphere; the other large
crater, called Gaea, is 75 kilometers long and straddles the
moon’s south pole. There are also two mountains on
Amalthea, Mons Ida and Mons Lyctos. Amalthea is a dark
object (0.06 visual albedo) and reddish in color. In fact,
astronomers consider Amalthea the reddest object in the solar
system. The moon’s red color is most likely caused by sulfur
from Io spiraling down to Jupiter and impacting on Amalthea.

The small moon has an estimated mass of approximately
7.2 x 1018 kilograms, an average density of about 1.8 g/cm3,
a surface gravity ranging between 0.054 and 0.083 m/s2, and
an escape velocity of 0.084 km/s. Amalthea has a striking
resemblance to Phobos, the potato-shaped tiny Martian
moon. However, Amalthea is 10 times larger than Phobos
and orbits its parent planet in a much more inhospitable envi-
ronment. Being so close to Jupiter (see figure), Amalthea is
exposed to the giant planet’s intense radiation field and expe-
riences high doses of the energetic ions, protons, and elec-
trons present in the Jovian magnetosphere. In addition,
Amalthea is bombarded with high-velocity micrometeorites,
as well as heavy ions—predominantly sulfur, oxygen, and
sodium diffusing away from lo.

In Greek mythology Amalthea was the nymph who
nursed the infant Jupiter with goat’s milk. The discovery of
Amalthea in 1892 represented the first discovery of a Jovian
moon since 1610, when GALILEO GALILEI ushered in the age
of telescopic astronomy with his discovery of Jupiter’s four
large moons, Callisto, Europa, Ganymede, and lo. By inter-
esting historic coincidence, Amalthea was also the last moon
of any planet discovered by direct visual observation. All new
moons discovered since then have been found through the use
of photography, including imagery collected by scientific
spacecraft such as the Voyager and Galileo spacecraft.

See also JUPITER.

Ambartsumian, Viktor Amazaspovich (1908-1996)
Armenian Astrophysicist Viktor A. Ambartsumian founded
the Byurakan Astrophysical Observatory in 1946 on Mount
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This artist's rendering depicts NASA's Galileo spacecraft as it performed a very close flyby of Jupiter's tiny inner moon Amalthea in November 2002.
(Courtesy of NASA)

Aragatz near Yerevan, Armenia. This facility served as one of
the major astronomical observatories in the Soviet Union.
Considered the father of Russian theoretical astrophysics, he
introduced the idea of stellar association into astronomy in
1947. His major theoretical contributions to astrophysics
involved the origin and evolution of stars, the nature of inter-
stellar matter, and phenomena associated with active galactic
nuclei.

Ambartsumian was born on September 18, 1908, in Thil-
isi, Georgia (then part of the czarist Russian Empire). His
father was a distinguished Armenian philologist (that is, teach-
er of classical Greco-Roman literature), so as a young man he
was exposed to the value of intense intellectual activity. When
Ambartsumian was just 11 years old, he wrote the first two of
his many astronomical papers, “The New Sixteen-Year Period
for Sunspots” and “Description of Nebulae in Connection
with the Hypothesis on the Origin of the Universe.” His father
quickly recognized his son’s mathematical talents and aptitude
for physics and encouraged him to pursue higher education in
St. Petersburg (then called Leningrad), Russia.

In 1925 Ambartsumian enrolled at the University of
Leningrad. Before receiving his degree in physics in 1928, he
published 10 papers on astrophysics while still an undergrad-
uate student. From 1928 to 1931 he did his graduate work in
astrophysics at the Pulkovo Astronomical Observatory. This

historic observatory near St. Petersburg was founded in the
1830s by the German astronomer FRIEDRICH GEORG WIL-
HELM STRUVE and served as a major observatory for the Sovi-
et Academy of Sciences until its destruction during World
War II. During the short period from 1928 to 1930, Ambart-
sumian published 22 astrophysics papers in various journals
while still only a graduate student at Pulkovo Observatory.
The papers signified the emergence of his broad theoretical
research interest, and his scientific activities began to attract
official attention and recognition within the former Soviet
government. At age 26 Ambartsumian became a professor at
the University of Leningrad, where he soon organized and
headed the first department of astrophysics in the Soviet
Union. His pioneering academic activities and numerous sci-
entific publications in the field eventually earned him the title
of “father of Soviet theoretical astrophysics.”

He served as a member of the faculty at the University of
Leningrad from 1931 to 1943 and was elected to the Soviet
Academy of Sciences in 1939. During the disruptive days of
World War II, Ambartsumian was drawn by his heritage and
returned to Armenia (then a republic within the former Soviet
Union). There, in 1943 he assumed a teaching position at Yere-
van State University in the capital city of the Republic of
Armenia. That year he also became a member of the Armenian
Academy of Sciences. In 1946 he organized the development
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and construction of the Byurakan Astronomical Observatory.
Located on Mount Aragatz near Yerevan, this facility served
as one of the major astronomical observatories in the former
Soviet Union.

Ambartsumian served as the director of the Byurakan
Astrophysical Observatory and resumed his activities investi-
gating the evolution and nature of star systems. In 1947 he
introduced the important new concept of stellar association,
the very loose groupings of young stars of similar spectral type
that commonly occur in the gas- and dust-rich regions of the
Milky Way galaxy’s spiral arms. He was the first to suggest the
notion that interstellar matter occurs in the form of clouds.
Some of his most important work took place in 1955, when he
proposed that certain galactic radio sources indicated the
occurrence of violent explosions at the centers of these particu-
lar galaxies. The English translation of his influential textbook,
Theoretical Astrophysics, appeared in 1958 and became stan-
dard reading for astronomers-in-training around the globe.

The eminent Armenian astrophysicist died at the Byu-
rakan Observatory on August 12, 1996. His fellow scientists
had publicly acknowledged his technical contributions and
leadership by electing him president of the International Astro-
nomical Union (1961-64) and president of the International
Council of Scientific Unions (1970-74). He is best remembered
for his empirical approach to complex astrophysical problems
dealing with the origin and evolution of stars and galaxies. He
summarized his most important work in the paper “On Some
Trends in the Development of Astrophysics” in Annual Review
of Astronomy and Astrophysics 18, 1-13 (1980).

ambient The surroundings, especially of or pertaining to
the environment around an aircraft, aerospace vehicle, or
other aerospace object (e.g., nose cone or planetary probe).
The natural conditions found in a given environment, such as
the ambient pressure or ambient temperature on the surface
of a planet. For example, a planetary probe on the surface of
Venus must function in an infernolike environment where the
ambient temperature is about 480°C (753 K).

Amici, Giovanni Battista (1786-1863) Italian Astronomer,

Optician As an optician with an interest in astronomy, Gio-

vanni Amici developed better mirrors for reflecting telescopes.

While serving as astronomer to the grand duke of Tuscany, he

used his improved telescopes to make more refined observa-

tions of the Jovian moons and of selected binary star systems.
See also BINARY STAR SYSTEM; TELESCOPE.

amino acid An acid containing the amino (NH,) group, a
group of molecules necessary for life. More than 80 amino
acids are presently known, but only some 20 occur naturally
in living organisms, where they serve as the building blocks
of proteins. On Earth many microorganisms and plants can
synthesize amino acids from simple inorganic compounds.
However, terrestrial animals (including human beings) must
rely on their diet to provide adequate supplies of amino acids.

Amino acids have been synthesized nonbiologically
under conditions that simulate those that may have existed
on the primitive Earth, followed by the synthesis of most of
the biologically important molecules. Amino acids and other

biologically significant organic substances have also been
found to occur naturally in meteorites and are not considered
to have been produced by living organisms.

See also EXOBIOLOGY; LIFE IN THE UNIVERSE; METEOROIDS.

Amor group A collection of near-Earth asteroids that cross
the orbit of Mars but do not cross the orbit of Earth. This
asteroid group acquired its name from the 1-kilometer-diameter
Amor asteroid, discovered in 1932 by the Belgian astronomer
EUGENE DELPORTE.

See also ASTEROID; NEAR-EARTH ASTEROID.

amorphotoi Term used by the early Greek astronomers to
describe the spaces in the night sky populated by dim stars
between the prominent groups of stars making up the ancient
constellations. It is Greek for “unformed.”

ampere (symbol: A) The SI unit of electric current, defined
as the constant current that—if maintained in two straight
parallel conductors of infinite length, of negligible circular
cross sections, and placed 1 meter apart in a vacuum—would
produce a force between these conductors equal to 2 x 107
newtons per meter of length. The unit is named after the
French physicist André M. Ampere (1775-1836).

amplitude Generally, the maximum value of the displace-
ment of a wave or other periodic phenomenon from a refer-
ence (average) position. Specifically, in astronomy and
astrophysics, the overall range of brightness (from maximum
magnitude to minimum magnitude) of a variable star.

amplitude modulation (AM) In telemetry and communi-
cations, a form of modulation in which the amplitude of the
carrier wave is varied, or “modulated,” about its unmodulated
value. The amount of modulation is proportional to the ampli-
tude of the signal wave. The frequency of the carrier wave is
kept constant. Compare with FREQUENCY MODULATION.

Ananke The small moon of Jupiter discovered in 1951 by the
American astronomer SETH BARNES NICHOLSON (1891-1963).
Ananke has a diameter of 30 kilometers and a mass of about
3.8 x 1016 kilograms. It travels around the giant planet at a dis-
tance of 21,200,000 kilometers in a retrograde orbit. A period
of 631 days, an eccentricity of 0.169, and an inclination of 147
degrees characterize the small moon’s orbit. The Jovian moons
Carme, Pasiphae, and Sinope have similarly unusual retrograde
orbits. Astronomers sometimes refer to Ananke as Jupiter XII.

Anaxagoras (ca. 500-ca. 428 B.C.E.) Greek Philosopbher,
Early Cosmologist Anaxagoras was an ancient Greek
thinker who speculated that the Sun was really a huge, incan-
descent rock, that the planets and stars were flaming rocks,
and that the Moon had materials similar to Earth, including
possibly inhabitants. For these bold hypotheses, the Athenian
authorities charged him with “religious impiety” and ban-
ished him from the city. His work in early cosmology includ-
ed the concept that “mind” (Greek nous, vovg) formed the
material objects of the universe. Perhaps Anaxagoras was
simply well ahead of his time, because one of the most inter-



esting areas of contemporary physics is the investigation of
possible linkages between human consciousness and the
material universe.

See also ANTHROPHIC PRINCIPLE; COSMOLOGY.

Anaximander (ca. 610—ca. 546 B.C.E.) Greek Philosopber,
Astronomer Anaximander was the earliest Hellenistic thinker
to propose a systematic worldview. Within his cosmology a
stationary, cylindrically shaped Earth floated freely in space at
the center of the universe. Recognizing that the heavens
appeared to revolve around the North Star (Polaris), he used a
complete sphere to locate celestial bodies (that is, stars and
planets) in the night sky. He also proposed apeiron (Greek for
“unlimited” or “infinite”) as the source element for all materi-
al objects—a formless, imperceptible substance from which all
things originate and back into which all things return.
See also COSMOLOGY; UNIVERSE.

ancient astronaut theory A contemporary hypothesis that
Earth was visited in the past by intelligent alien beings.
Although unproven in the context of traditional scientific
investigation, this hypothesis has given rise to many popular
stories, books, and motion pictures—all speculations that
seek to link such phenomena as the legends from ancient civi-
lizations concerning superhuman creatures, unresolved mys-
teries of the past, and unidentified flying objects (UFOs) with
extraterrestrial sources.

ancient astronomical instruments Ancient societies,
including the Babylonians, Greeks, Egyptians, Chinese, and
Mayans, took stargazing seriously. Within the limits of naked
eye astronomy, they used a variety of basic observational tech-
niques and later very simple instruments to define, monitor,
and predict the motion of celestial objects. Prior to the inven-
tion of the telescope, the most elaborate astronomical instru-
ments were constructed out of metal and wood. Even societies
that did not develop sophisticated metal-working skills were
able to make reasonably accurate astronomical observations
by using other clever techniques, such as the construction and
careful alignment of buildings. As revealed by archaeoastron-
omy, the alignment of many special ancient buildings or mon-
uments corresponded to the locally observed position of the
Sun at equinox or solstice. Other ancient structures, such as
the great Egyptian pyramids, were aligned to highlight the
appearance of certain conspicuous (bright) stars.

Many ancient astronomers used horizon intercepts—the
alignment of a rising or setting celestial object with some fea-
ture on the distant horizons as observed from a special loca-
tion on Earth’s surface—to track the motions of the Sun,
Moon, and planets. These observations allowed them to
develop early calendars, especially calendars based on the
phases of the Moon or Earth’s annual movement around the
Sun. Pretelescopic astronomers also used heliacal risings as a
date-keeping device. A heliacal rising is the rising of a star or
planet at or just prior to sunrise, such that the celestial object
is observable in the morning sky. For example, the ancient
Egyptians used the heliacal rising of Sirius (the Dog star) to
predict the annual flooding of the Nile River.
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In addition to naked eye observations involving the use of
special buildings, horizon intercepts, and heliacal risings, prete-
lescopic astronomers used some or all of these early instruments
to monitor the heavens: the armillary sphere, the astrolabe, the
cross staff, the quadrant, the sundial, and the triquetrum.

The ancient Greeks developed instruments such as the
armillary sphere to track the movement of objects in the plane
of the celestial equator against the annual motion of the Sun.
This basic device consisted of a set of graduated rings (called
armillaries) that represented important circles on the celestial
sphere, such as the horizon, the celestial equator, the ecliptic,
and the meridian. These rings formed a skeletal celestial sphere.
A movable sighting arrangement allowed early astronomers to
observe a celestial object and then read off its position (coordi-
nates) using the markings on the relevant circles.

The cross staff was another tool widely used by
astronomers and navigators before the invention of the tele-
scope. The device consisted of a main staff with a perpendic-
ular crosspiece attached at its middle to the staff and able to
slide up and down along it. Reportedly invented by Rabbi
Levi ben Gershon (1288-1344), a Jewish scholar who lived
in southern France, the cross staff allowed medieval
astronomers to measure the angle between the directions of
two stars. Similar older instruments for this purpose existed
and were used by early astronomers such as HIPPARCHOS and
PTOLEMY, but none of these early instruments were as
portable or flexible as Gershon’s cross staff. This device also
proved eminently suitable for navigation across the sea. For
example, a ship’s officer could use the cross staff to measure
the elevation angle of the noontime Sun above the horizon, a
measurement that allowed the officer to then estimate the
ship’s latitude.

Ptolemy and other Greek astronomers used the quad-
rant, a graduated quarter of a circle constructed to allow an
observer to measure the altitude of celestial objects above the
horizon. An astronomer would sight a target celestial object
along one arm of the quadrant and then read off its elevation
from a scale (from 0 to 90 degrees) with the help of a plumb
line suspended from the center of the quarter circle. With this
arrangement a celestial object just on the horizon would have
an elevation of 0 degrees, while an object at zenith (directly
overhead) would have an elevation of 90 degrees. The ancient
Greeks adopted the Babylonian division of the circle into 360
degrees and as early as 300 B.C.E. were able to measure and
describe the heavens with remarkable precision. From antig-
uity through the Renaissance, the quadrant served as one of
the key instruments of pretelescope astronomy. For example,
the most celebrated astronomical quadrant of the European
Renaissance was TYCHO BRAHE’s 2-meter-radius mural quad-
rant, which he constructed in 1582.

Unquestionably, the astrolabe is the most famous ancient
astronomical instrument. Essentially an early mechanical
computer, this versatile device helped astronomers and navi-
gators solve problems concerning time and the position of the
Sun and stars. The planispheric astrolabe was the most popu-
lar design. A planisphere is a two-dimensional map projec-
tion that is centered on the northern or southern pole of the
celestial sphere. Generally, a planisphere illustrates the major
stars of the constellations and has a movable overlay capable
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of showing these stars at a particular time for a particular ter-
restrial latitude. The planispheric astrolabe had the celestial
sphere projected onto the equatorial plane. The instrument,
usually made of brass, had a ring so it could easily hang sus-
pended in a vertical plane. It also had a movable sighting
device (called the alidade) that pivoted at the center of the
disk. The typical astrolabe often came with several removable
sky map plates to accommodate use at various terrestrial lati-
tudes. Although dating back to antiquity, Arab astronomers
refined the astrolabe and transformed it into a very versatile
observing and computing instrument.

Another basic and commonly used ancient astronomical
instrument was the sundial. In its simplest form, the sundial
indicates local solar time by the position of the Sun’s shadow
as cast by the gnomon.

Finally, the triquetrum was a medieval instrument used
to measure elevation angles. It consisted of a calibrated sight-
ing device (called the alidade) supported between vertical and
horizontal spars. Astronomers calibrated the horizontal spar
in degrees.

For thousands of years astronomy, the oldest form of orga-
nized science, remained highly interwoven with ancient cultures
and religions. Then, long before the arrival of the telescope,
early instruments such as the armillary sphere, the quadrant,
the sundial, the astrolabe, and the triquetrum provided stargaz-
ers with a consistent means of monitoring and recording the
motions of familiar celestial objects. The early data sets devel-
oped with these instruments allowed astronomers to start mod-
eling the universe and to begin inquiring about its composition
and extent. Starting with Ptolemy and continuing through
Renaissance Europe, these early instruments supported the
emergence of a more sophisticated form of astronomy and, in
so doing, helped set the stage for the arrival of the telescope
and the scientific revolution in 17th-century Europe.

See also ARCHAEOLOGICAL ASTRONOMY; ASTROLABE;
QUADRANT.

ancient constellations The collection of approximately S0
constellations drawn up by ancient astronomers and recorded
by PTOLEMY, including such familiar constellations as the
signs of the zodiac, Ursa Major (the Great Bear), Bootes (the
Herdsman), and Orion (the Hunter).

See also ZODIAC.

Anders, William A. (1933- ) American Astronaut, U.S.
Air Force Officer William Anders was a member of NASA’s
Apollo 8 mission (December 21-27, 1968), the first human
flight to the vicinity of the Moon. Along with FRANK BORMAN
and JAMES A. LOVELL, JR., Anders flew to the Moon in the
Apollo spacecraft, completed 10 orbital revolutions of the
Moon, and then returned safely to Earth.

androgynous interface A nonpolar interface; one that
physically can join with another of the same design; literally,
having both male and female characteristics.

Andromeda galaxy The Great Spiral Galaxy (or M31) in
the constellation of Andromeda, about 2.2 million light-years
(670 kiloparsecs) away. It is the most distant object visible to

_{-_"\:-ql' = "*5

This inspirational view of the “rising” Earth greeted astronaut William
Anders and his Apollo 8 mission crewmates, astronauts Frank Borman
and James A. Lovell, Jr., as they came from behind the Moon after the
lunar orbit insertion burn (December 1968). (Courtesy of NASA)

the naked eye and is the closest spiral galaxy to the Milky
Way galaxy.
See also GALAXY; MILKY WAY GALAXY.

anechoic chamber A test enclosure specially designed for
experiments in acoustics. The interior walls of the chamber
are covered with special materials (typically sound-absorbing,
pyramid-shaped surfaces) that absorb sufficiently well the
sound incident upon the walls, thereby creating an essentially
“sound-free” condition in the frequency range(s) of interest.

angle The inclination of two intersecting lines to each
other, measured by the arc of a circle intercepted between the
two lines forming the angle. There are many types of angles.
An acute angle is less than 90°; a right angle is precisely 90°;
an obtuse angle is greater than 90° but less than 180°; and a
straight angle is 180°.

angle of attack The angle (commonly used symbol: o)
between a reference line fixed with respect to an airframe and
a line in the direction of movement of the body.

See also AERODYNAMIC FORCE.

angle of incidence The angle at which a ray of light (or
other type of electromagnetic radiation) impinges on a surface.
This angle is usually measured between the direction of propa-
gation and a perpendicular to the surface at the point of inci-
dence and, therefore, has a value lying between 0° and 90°.
The figure shows a ray of light impinging upon a plane mirror.
In this case the angle of incidence equals the angle of reflection.

angle of reflection The angle at which a reflected ray of
light (or other type of electromagnetic radiation) leaves a
reflecting surface. This angle is usually measured between the
direction of the outgoing ray and a perpendicular to the sur-
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The European Space Agency's fully deployed ERS-1 spacecraft in a large
anechoic chamber at the Interspace Test Facility in Toulouse, France (1990).
ERS-1 synthetic aperture radar (SAR) images, together with the data from
other onboard instruments, supported the worldwide scientific community
from 1991 to 2000. (Courtesy of S. Vermeer—European Space Agency)

face at the point of reflection. For a plane mirror the angle of
reflection is equal to the angle of incidence.

angstrom (symbol: A) A unit of length used to indicate the
wavelength of electromagnetic radiation in the visible, near-
infrared, and near-ultraviolet portions of the electromagnetic
spectrum. Named after the Swedish physicist ANDERS JONAS
ANGSTROM (1814-74), who quantitatively described the
Sun’s spectrum in 1868. One angstrom equals 0.1 nanometer
(10-10 m).

Angstrém, Anders Jonas (1814-1874) Swedish Physicist,
Astronomer Anders Angstrom was a Swedish physicist and
solar astronomer who performed pioneering spectral studies of
the Sun. In 1862 he discovered that hydrogen was present in
the solar atmosphere and went on to publish a detailed map of
the Sun’s spectrum, covering other elements present as well. A
special unit of wavelength, the angstrom (symbol A), now hon-
ors his accomplishments in spectroscopy and astronomy.
Angstrom was born in Légdd, Sweden, on August 13,
1814. He studied physics and astronomy and graduated in
1839 with a doctorate from the University of Uppsala. This
university was founded in 1477 and is the oldest of the Scan-
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dinavian universities. Upon graduation Angstrém joined the
university faculty as a lecturer in physics and astronomy. For
more than three decades he remained at this institution, serv-
ing it in a variety of academic and research positions. For
example, in 1843 he became an astronomical observer at the
famous Uppsala Observatory, the observatory founded in
1741 by ANDERS CELsIUs (1701-44). In 1858 Angstrom
became chair of the physics department and remained a pro-
fessor in that department for the remainder of his life.

He performed important research in heat transfer, spec-
troscopy, and solar astronomy. With respect to his contribu-
tions in heat transfer phenomena, Angstrom developed a
method to measure thermal conductivity by showing that it
was proportional to electrical conductivity. He was also was
one of the 19th-century pioneers of spectroscopy. Angstrém
observed that an electrical spark produces two superimposed
spectra. One spectrum is associated with the metal of the
electrode generating the spark, while the other spectrum orig-
inates from the gas through which the spark passes.

Angstrém applied LEONHARD EULER’s resonance theorem
to his experimentally derived atomic spectra data and discov-
ered an important principle of spectral analysis. In his paper
“Optiska Undersokningar” (Optical investigations), which he
presented to the Swedish Academy in 1853, Angstrom report-
ed that an incandescent (hot) gas emits light at precisely the
same wavelength as it absorbs light when it is cooled. This
finding represents Angstrém’s finest research work in spec-
troscopy, and his results anticipated the spectroscopic discover-
ies of GusTav KIRCHHOFF that led to the subsequent
formulation of Kirchhoff’s laws of radiation. Angstrom was
also able to demonstrate the composite nature of the visible
spectra of various metal alloys.

His laboratory activities at the University of Uppsala
also provided Angstrém the “hands-on” experience in the

angle of incidence (1A) = angle of reflection (RA)

The relationship between the angle of incidence (IA) and the angle of
reflection (RA) for a ray of light incident upon a plane mirror
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emerging field of spectroscopy necessary to accomplish his
pioneering observational work in solar astronomy. By 1862
Angstrém’s initial spectroscopic investigations of the solar
spectrum enabled him to announce his discovery that the
Sun’s atmosphere contained hydrogen. In 1868 he published
Recherches sur le spectre solaire (Researches on the solar
spectrum), his famous atlas of the solar spectrum, containing
his careful measurements of approximately 1,000 Fraun-
hofer lines. Unlike other pioneering spectroscopists such as
ROBERT BUNSEN and Gustav Kirchhoff, who used an arbi-
trary measure, Angstrom precisely measured the correspond-
ing wavelengths in units equal to one-ten-millionth of a
meter.

Angstrém’s map of the solar spectrum served as a stan-
dard of reference for astronomers for nearly two decades. In
1905 the international scientific community honored his con-
tributions by naming the unit of wavelength he used the
“angstrom”—where one angstrom (symbol A) corresponds to
a length of 10-1° meter. Physicists, spectroscopists, and
microscopists use the angstrom when they discuss the visible
light portion of the electromagnetic spectrum. The human eye
is sensitive to electromagnetic radiation with wavelengths
between 4 x 10-7 and 7 x 10-7 meter. These numbers are very
small, so scientists often find it more convenient to use the
angstrom in their technical discussions. For example, the
range of human vision can now be expressed as ranging
between 4,000 and 7,000 angstroms (A).

In 1867 Angstrom became the first scientist to examine
the spectrum of the aurora borealis (northern lights). Because
of this pioneering work, his name is sometimes associated
with the aurora’s characteristic bright yellow-green light. He
was a member of the Royal Swedish Academy (Stockholm)
and the Royal Academy of Sciences of Uppsala. In 1870
Angstrém was elected a fellow of the Royal Society in Lon-
don, from which society he received the prestigious Rumford
Medal in 1872. He died in Uppsala on June 21, 1874.

angular acceleration (symbol: @) The time rate of change
of angular velocity (o).

angular diameter The angle formed by the lines projected
from a common point to the opposite sides of a body.
Astronomers use the angular diameter to express the appar-
ent diameter of a celestial body in angular units (that is,
degrees, minutes, and seconds of arc).

angular distance The apparent angular spacing between
two objects in the sky, expressed in degrees, minutes, and sec-
onds of arc.

angular frequency (symbol: w) The frequency of a peri-
odic quantity expressed as angular velocity in radians per sec-
ond. It is equal to the frequency (in hertz, or cycles per
second) times 27 radians per cycle.

angular measure Units of angle generally expressed in
terms of degrees (°), arc minutes (’), and arc seconds (”),
where 1° of angle equals 60’, and 1’ equals 60”. A full circle
contains 360°, or 2x radians. In the case of the Keplerian

Moon

angular diameter

Angular diameter

element called the right ascension of the ascending node

(Q), angular measure is expressed in terms of hours, min-

utes, and seconds. This particular orbital element describes

the rotation of the orbital plane from the reference axis and

helps uniquely specify the position and path of a satellite

(natural or human-made) in its orbit as a function of time.
See also KEPLERIAN ELEMENTS; RADIAN.

angular momentum (symbol: L) A measure of an object’s
tendency to continue rotating at a particular rate around a
certain axis. It is defined as the product of the angular veloci-
ty () of the object and its moment of inertia (I) about the
axis of rotation, thatis, L = T .

angular resolution The angle between two points that can
just be distinguished by a detector and a collimator. The nor-
mal human eye has an angular resolution of about 1 arc
minute (1). A collimator is a device (often cylindrical in
form) that produces a certain size beam of particles or light.

angular separation See ANGULAR DISTANCE.



angular velocity (symbol: ®) The change of angle per unit
of time; usually expressed in radians per second.

Anik spacecraft In the Inuit language, anik means “little
brother.” This is the name given to an evolving family of
highly successful Canadian communications satellites. In
1969 a combined effort of the Canadian government and var-
ious Canadian broadcast organizations created Telecast
Canada. The role of Telesat Canada was to create a series of
geostationary communications satellites that could carry
radio, television, and telephone messages between the people
in the remote northern portions of Canada and the more
heavily populated southern portions. Such satellite-based
telecommunication services were viewed as promoting a
stronger feeling of fraternity and brotherhood throughout all
regions of the country, and therefore the name Anik.

The first three Anik communications satellites—called
Anik Al, A2 and A3—were identical. Hughes Aircraft in Cal-
ifornia (now a part of the Boeing Company) constructed
these satellites, although some of their components were
made by various Canadian firms. Anik A1 was launched into
geostationary orbit on November 9, 1972 (local time), by an
expendable Delta rocket from Cape Canaveral Air Force Sta-
tion in Florida. Activation of the Anik 1 satellite made Cana-
da the first country in the world to have a domestic
commercial geostationary satellite system. In 1982 Anik Al
was retired and replaced by Anik D1, a more advanced mem-
ber of this trail-blazing communications satellite family.

Similarly, a Delta rocket successfully launched the Anik
A2 satellite from Cape Canaveral on April 20, 1973 (local
time). It also provided telecommunications services to domes-
tic users throughout Canada until retirement in 1982. The
third of the initial Anik spacecraft, Anik A3, was successfully
launched by a Delta rocket from Cape Canaveral on May 7,
1975 (local time), and supported telecommunications services
to Canadian markets until retirement in 1983.

Anik B1 was launched by a Delta rocket from Cape
Canaveral on December 15, 1978 (local time). This spacecraft
provided the world’s first commercial service in the 14/12
gigahertz (GHz) frequency band and revolutionized satellite
communications by demonstrating the feasibility of the direct
broadcast satellite concept. The successful operation of Anik
B1 showed that future communications satellites could serve
very small Earth stations that could easily be erected almost
anywhere. Telecommunication experiments with Anik B1 also
revealed that less power than anticipated would be required to
provide direct broadcast service to remote areas. Telesat
Canada decommissioned Anik B1 in 1986.

On July 17, 2004 (local time), an Ariane 5 rocket
launched the Anik F2 satellite from the Kourou Launch
Complex in French Guiana. The Anik F series was intro-
duced in 1998 and is the first generation of Anik satellites
to use the Boeing 702 spacecraft, a large spacecraft (7.3
meters by 3.8 meters by 3.4 meters) that uses a xenon ion
propulsion system for orbit maintenance. Anik F2 operates
at the geostationary orbital slot of 111.1 degrees west longi-
tude and provides broadband Internet, distance learning,
and telemedicine to rural areas of the United States and
Canada.
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See also CANADIAN SPACE AGENCY; COMMUNICATIONS
SATELLITE; DIRECT BROADCAST SATELLITE.

anisotropic Exhibiting different properties along axes in
different directions; an anisotropic radiator would, for exam-
ple, emit different amounts of radiation in different directions
as compared to an isotropic radiator, which would emit radi-
ation uniformly in all directions.

annihilation radiation Upon collision, the conversion of
an atomic particle and its corresponding antiparticle into pure
electromagnetic energy. For example, when an electron (e-)
and positron (e*) collide, the minimum annihilation radiation
released consists of a pair of gamma rays, each of approxi-
mately 0.511 million electron volts (MeV) energy.

annual parallax (symbol: ©) The parallax of a star that
results from the change in the position of a reference observ-
ing point during Earth’s annual revolution around the Sun. It
is the maximum angular displacement of the star that occurs
when the star-Sun-Earth angle is 90° (as illustrated in the fig-
ure). Also called the heliocentric parallax.

anomalistic period The time interval between two succes-
sive perigee passages of a satellite in orbit about its primary
body. For example, the term anomalistic month defines the

A.U. = Astronomical Unit

Annual parallax
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mean time interval between successive passages of the Moon
through its closest point to Earth (perigee), about 27.555
days.

anomalistic year See YEAR.

anomaly 1. (aerospace operations) A deviation from the
normal or anticipated result. 2. (astronomy) The angle used
to define the position (at a particular time) of a celestial
object, such as a planet or artificial satellite in an elliptical
orbit about its primary body. The true anomaly of a planet is
the angle (in the direction of the planet’s motion) between the
point of closest approach (i.e., the perihelion), the focus (the
Sun), and the planet’s current orbital position.

Antarctic meteorites Meteorites from the Antarctic conti-
nent are a relatively recent resource for study of the material
formed early in the solar system. Scientists think most of
these meteorites come from asteroids, but some may have
originated on larger planets. In 1969 Japanese scientists first
discovered concentrations of meteorites in Antarctica. Most
of these meteorites have fallen onto the ice sheet in the last
million years. They seem to be concentrated in places where
the flowing ice, acting as a conveyor belt, runs into an obsta-
cle and is then worn away, leaving behind the meteorites.
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A NASA geochemist puts his gear aboard a snowmobile for an Antarctic
field trip in search of meteorites ca. January 1980. (Courtesy of NASA)

Compared with meteorites collected in more temperate
regions on Earth, the Antarctic meteorites are relatively well
preserved. This large collection of meteorites provides scien-
tists a better understanding of the abundance of meteorite
types in the solar system and how meteorites relate to aster-
oids and comets. Among the Antarctic meteorites are pieces
blasted off the Moon, and probably Mars, by impacts.
Because meteorites in space absorb and record cosmic radia-
tion, the time elapsed since the meteorite impacted Earth can
be determined from laboratory studies. The elapsed time
since fall, or terrestrial residence age, of a meteorite repre-
sents additional information that might be useful in environ-
mental studies of Antarctic ice sheets.

For American scientists the collection and curation of
Antarctic meteorites is a cooperative effort among NASA, the
National Science Foundation (NSF), and the Smithsonian
Institution. NSF science teams camping on the ice collect the
meteorites. (See figure.) Since 1977 the still-frozen meteorites
have been returned to the NASA Johnson Space Center (JSC)
in Houston, Texas, for curation and distribution. Some of the
specimens are forwarded to the Smithsonian Institution, but
JSC scientists curate more than 4,000 meteorites for more
than 250 scientists worldwide and eagerly await the arrival of
the several hundred new meteorites each year.

Antares The alpha star in the constellation Scorpius, this
huge red supergiant is about 520 light-years away from
Earth. Because of its reddish color, the early Greek
astronomers named it Antares, meaning opposite or rival of
Mars. Modern astronomers estimate that the colossal star has
a diameter about 400 times that of the Sun and is some
10,000 times more luminous. Antares is the dominant mem-
ber of a binary star system. Its much smaller and hotter
dwarf companion orbits the supergiant with a period of
approximately 900 years.

antenna A device used to detect, collect, or transmit radio
waves. A radio telescope is a large receiving antenna, while
many spacecraft have both a directional antenna and an
omnidirectional antenna to transmit (downlink) telemetry
and to receive (uplink) instructions.

See also TELEMETRY.

antenna array A group of antennas coupled together into
a system to obtain directional effects or to increase sensitivity.
See also VERY LARGE ARRAY.

anthropic principle An interesting, though highly contro-
versial, hypothesis in modern cosmology that suggests that
the universe evolved after the big bang in just the right way
so that life, especially intelligent life, could develop. The pro-
ponents of this hypothesis contend that the fundamental
physical constants of the universe actually support the exis-
tence of life and (eventually) the emergence of conscious
intelligence—including, of course, human beings. The advo-
cates of this hypothesis further suggest that with just a slight
change in the value of any of these fundamental physical con-
stants, the universe would have evolved very differently after
the big bang.



For example, if the force of gravitation were weaker
than it is, expansion of matter after the big bang would have
been much more rapid, and the development of stars, planets,
and galaxies from extremely sparse (nonaccreting) nebular
materials could not have occurred: no stars, no planets, no
development of life (as we know it)! If, on the other hand, the
force of gravitation were stronger than it is, the expansion of
primordial material would have been sluggish and retarded,
encouraging a total gravitational collapse (i.e., the big
crunch) long before the development of stars and planets:
again, no stars, no planets, no life!

Opponents of this hypothesis suggest that the values of
the fundamental physical constants are just a coincidence. In
any event, the anthropic principle represents a lively subject
for philosophical debate and speculation. Until, however, the
hypothesis can actually be tested, it must remain out of the
mainstream of demonstrable science.

See also BIG BANG; BIG CRUNCH; COSMOLOGY; EXTRA-
TERRESTRIAL LIFE CHAUVINISMS; LIFE IN THE UNIVERSE; PRIN-
CIPLE OF MEDIOCRITY; UNIVERSE.

antiballistic missile system (ABM) A missile system
designed to intercept and destroy a strategic offensive ballistic
missile or its deployed reentry vehicles.

See also ANTIMISSILE MISSILE; BALLISTIC MISSILE DEFENSE.

antimatter Matter in which the ordinary nuclear particles
(such as electrons, protons, and neutrons) have been replaced
by their corresponding antiparticles (that is, positrons,
antiprotons, antineutrons, etc.) For example, an antimatter
hydrogen atom (or antibydrogen) would consist of a nega-
tively charged antiproton as the nucleus surrounded by a pos-
itively charged orbiting positron.

Normal matter and antimatter mutually annihilate each
other upon contact and are converted into pure energy,
called annihilation radiation. Although extremely small
quantities of antimatter (primarily antihydrogen) have been
produced in laboratories, significant quantities of antimatter
have yet to be produced or even observed elsewhere in the
universe.

An interesting variety of matter-antimatter propulsion
schemes (sometimes referred to as photon rockets) has been
suggested for interstellar travel. Should we be able to manu-
facture and contain significant quantities (e.g., milligrams to
kilograms) of antimatter (especially antihydrogen) in the 21st
century, such photon rocket concepts might represent a possi-
ble way of propelling robot probes to neighboring star sys-
tems. One challenging technical problem for future aerospace
engineers would be the safe storage of antimatter “propel-
lant” in a normal matter spacecraft. Another engineering
challenge would be properly shielding the interstellar probe’s
payload from exposure to the penetrating, harmful annihila-
tion radiation released when normal matter and antimatter
collide. Also called mirror matter.

See also ANNIHILATION RADIATION; ANTIPARTICLE;
STARSHIP.

antimatter cosmology A cosmological model proposed by
the Swedish scientists HANNES ALFVEN and Oskar Benjamin
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Klein (1894-1977) as an alternate to the big bang model. In
their model the scientists assumed that early universe consist-
ed of a huge, spherical cloud, called a metagalaxy, containing
equal amounts of matter and antimatter. As this cloud col-
lapsed under the influence of gravity, its density increased,
and a condition was reached in which matter and antimatter
collided, producing large quantities of annihilation radiation.
The radiation pressure from the annihilation process caused
the universe to stop collapsing and to expand. In time, clouds
of matter and antimatter formed into equivalent numbers of
galaxies and antigalaxies. An antigalaxy is a galaxy com-
posed of antimatter.

There are many technical difficulties with the Alfvén-Klein
cosmological model. For example, no observational evidence
has been found to date indicating the presence of large quanti-
ties of antimatter in the universe. If the postulated antigalaxies
actually existed, large quantities of annihilation radiation
(gamma rays) would certainly be emitted at the interface points
between the matter and antimatter regions of the universe.

See also ANNTHILATION RADIATION; ANTIMATTER; ASTRO-
PHYSICS; BIG BANG (THEORY); COSMOLOGY.

antimissile missile (AMM)
hostile missile in flight.
See also BALLISTIC MISSILE DEFENSE; SPRINT.

A MISSILE launched against a

An early U.S. antimissile missile called the Sprint being tested at the
White Sands Missile Range in 1967 (Courtesy of the U.S. Army/White
Sands Missile Range)
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antiparticle Every elementary particle has a corresponding
(or hypothetical) antiparticle, which has equal mass but
opposite electrical charge (or other property, as in the case of
the neutron and antineutron). The antiparticle of the electron
is the positron; of the proton, the antiproton; and so on.
However, the photon is its own antiparticle. When a particle
and its corresponding antiparticle collide, their masses are
converted into energy in a process called annibilation. For
example, when an electron and positron collide, the two par-
ticles disappear and are converted into annihilation radiation
consisting of two gamma ray photons, each with a character-
istic energy level of 0.511 million electron volts (MeV).

See also ANNIHILATION RADIATION; ANTIMATTER; ELE-
MENTARY PARTICLE(S); GAMMA RAYS.

antiradiation missile (ARM) A missile that homes pas-
sively on a radiation source, such as an enemy radar signal.

antisatellite spacecraft (ASAT) A spacecraft designed to
destroy other satellites in space. An ASAT spacecraft could be
deployed in space disguised as a peaceful satellite that quietly
lurks as a secret hunter/killer satellite, awaiting instructions to
track and attack its prey. In-orbit testing of ASAT systems could
litter near-Earth space with large quantities of space debris.

antislosh baffle A device provided in a propellant tank of
a liquid fuel rocket to dampen unwanted liquid motion, or
sloshing, during flight. This device can take many forms,
including a flat ring, truncated cone, and vane.

See also ROCKET.

antisubmarine rocket (ASROC) A surface ship-launched,
rocket-propelled, nuclear depth charge or homing torpedo.

This artist's rendering depicts the on-orbit testing of a Soviet antisatellite
weapon system. In the 1980s the Soviet Union tested and operated an
orbital antisatellite weapon, a killer spacecraft designed to destroy space
targets by orbiting near them and then releasing a multipellet blast. The
cloud of high-speed pellets would destroy the target spacecraft.
(Courtesy of the U.S. Department of Defense/Defense Intelligence
Agency; artist Ronald C. Wittmann, 1986)

antivortex baffles Assemblies installed in the propellant
tanks of liquid fuel rockets to prevent gas from entering the
rocket engine(s). The baffles minimize the rotating action as
the propellants flow out the bottom of the tanks. Without
these baffles, the rotating propellants would create a vortex
similar to a whirlpool in a bathtub drain.

See also ROCKET.

apareon That point on a Mars-centered orbit at which a
satellite or spacecraft is at its greatest distance from the plan-
et. The term is analogous to the term APOGEE.

apastron 1. The point in a body’s orbit around a star at
which the object is at a maximum distance from the star. 2.
Also, that point in the orbit of one member of a binary star
system at which the stars are farthest apart. Compare with
PERIASTRON.

aperture 1. The opening in front of a telescope, camera, or
other optical instrument through which light passes. 2. The
diameter of the objective of a telescope or other optical
instrument. 3. Concerning a unidirectional antenna, that por-
tion of a plane surface near the antenna, perpendicular to the
direction of maximum radiation, through which the major
portion of the electromagnetic radiation passes.

aperture synthesis A resolution-improving technique in
radio astronomy that uses a variable aperture radio interfer-
ometer to mimic the full dish size of a huge radio telescope.

See also RADAR ASTRONOMY; RADAR IMAGING; RADIO
ASTRONOMY.

apex The direction in the sky (celestial sphere) toward
which the Sun and its system of planets appear to be moving
relative to the local stars. Also called the solar apex, it is
located in the constellation of Hercules.

aphelion The point in an object’s orbit around the Sun that
is most distant from the Sun. Compare with PERIHELION.

Aphrodite Terra A large, fractured highland region near
the equator of Venus.
See also BETA REGIO; ISHTAR TERRA; VENUS.

apoapsis That point in an orbit farthest from the orbited
central body or center of attraction.
See also ORBITS OF OBJECTS IN SPACE.

apocynthion That point in the lunar orbit of a spacecraft
or satellite launched from Earth that is farthest from the
Moon. Compare with APOLUNE.

apogee 1. In general, the point at which a missile trajectory
or a satellite orbit is farthest from the center of the gravita-
tional field of the controlling body or bodies. 2. Specifically,
the point that is farthest from Earth in a geocentric orbit. The
term is applied to both the orbit of the Moon around Earth
as well as to the orbits of artificial satellites around Earth. At
apogee, the velocity of the orbiting object is at a minimum.



To enlarge or “circularize” the orbit, a spacecraft’s thruster
(i.e., the apogee motor) is fired at apogee, giving the space
vehicle and its payload necessary increase in velocity. Oppo-
site of PERIGEE. 3. The highest altitude reached by a sounding
rocket launched from Earth’s surface.

See also ORBITS OF OBJECTS IN SPACE.

apogee motor A solid propellant rocket motor that is
attached to a spacecraft and fired when the deployed space-
craft is at the apogee of an initial (relatively low-altitude)
parking orbit around Earth. This firing establishes a new orbit
farther from Earth or permits the spacecraft to achieve escape
velocity. Also called apogee kick motor and apogee rocket.

Apollo group A collection of near-Earth asteroids that have

perihelion distances of 1.017 astronomical units or less, taking

them across the orbit of Earth around the Sun. This group

acquired its name from the first asteroid to be discovered,

Apollo, in 1932 by the German astronomer KARL REINMUTH.
See also ASTEROID; NEAR-EARTH ASTEROID.

Apollo Lunar Surface Experiments Package (ALSEP)
Scientific devices and equipment placed on the Moon by the
Apollo Project astronauts and left there to transmit data back
to Earth. Experiments included the study of meteorite
impacts, lunar surface characteristics, seismic activity on the
Moon, solar wind interaction, and analysis of the very tenu-
ous lunar atmosphere.
See also APOLLO PROJECT.

Apollonius of Perga (ca. 262—ca. 190 B.C.E.) Greek Math-
ematician Apollonius of Perga developed the theory of
conic sections (including the circle, ellipse, parabola, and
hyperbola) that allowed JOHANNES KEPLER and SIR ISAAC
NEWTON to accurately describe the motion of celestial bodies
in the solar system. The ancient Greek mathematician also
created the key mathematical treatment that enabled Hip-
PARCHUS OF NICAEA and (later) PTOLEMY to promote a geo-
centric epicycle theory of planetary motion.
See also CONIC SECTIONS; EPICYCLE.

Apollo Project On May 25, 1961, President JouN FE
KENNEDY proposed that the United States establish as a
national goal a human lunar landing and safe return to Earth
by the end of the decade. In response to this presidential ini-
tiative, the National Aeronautics and Space Administration
(NASA) instituted the Apollo Project (which was preceded by
the Mercury and Gemini Projects). A giant new rocket, the
Saturn V, would be needed to send astronauts and their
equipment safely to the lunar surface. The Saturn V first
stage used a cluster of five F-1 engines that generated some
33,360,000 newtons of thrust. The second stage used a clus-
ter of five J-2 engines that developed a combined thrust of
4.4 million newtons. The third stage of this colossal “moon
rocket” was powered by a single J-2 engine with 889,600
newtons of thrust capability.

From October 1961 through April 1968, a variety of
unmanned flight tests of the Saturn 1B and V launch vehicles
and the Apollo spacecraft/lunar module were conducted suc-
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cessfully. These unmanned tests included the Apollo 4, 5, and
6 missions (November 1967 to April 1968)—missions that
involved Earth orbital trajectories.

On January 27, 1967, tragedy struck the U.S. space pro-
gram when a fire erupted inside an Apollo spacecraft during
ground testing at Complex 34, Cape Canaveral Air Force Sta-
tion, Florida. This flash fire resulted in the deaths of astro-
nauts VIRGIL (Gus) I. GrissoM, EDWARD H. WHITE II, and
ROGER B. CHAFFEE. As a result of this accident, major modi-
fications had to be made to the Apollo spacecraft prior to its
first crewed mission in space.

Liftoff of the first crewed Apollo launch, Apollo 7, took
place on October 11, 1968. A Saturn 1B vehicle left Complex
34 carrying astronauts WALTER SCHIRRA, DONN EISELE, and
R. WALTER CUNNINGHAM on an 11-day mission that tested
the Apollo spacecraft’s performance in Earth orbit. All subse-
quent Apollo missions were flown from Complex 39 at the
NASA Kennedy Space Center, which is adjacent to Cape
Canaveral.

Apollo 8, with astronauts FRANK BORMAN, WILLIAM A.
ANDERS, and JAMES A. LOVELL, JRr., lifted off on December
21, 1968. This flight involved the first voyage by human
beings from Earth to the vicinity of another planetary body.
In 147 hours Apollo 8 took its crew on a faultless 800,000-
kilometer space journey—a historic flight that included 10
lunar orbits. Exciting lunar and Earth photography as well as
live television broadcasts from the Apollo capsule highlighted
this pioneering mission.

Apollo 9 took place in March 1969 and was the first all-
up flight of the Apollo/Saturn V space vehicle configura-
tion—that is, all lunar mission equipment was flown together
for the first time, including a flight article lunar module
instead of the lunar module test article used in the Apollo 8
mission. While in Earth orbit the Apollo 9 astronauts demon-
strated key docking and rendezvous maneuvers between the
Apollo spacecraft and the lunar module.

The Apollo 10 mission in May 1969 successfully com-
pleted the second human flight that orbited the Moon. In a
dress rehearsal for the actual lunar landing mission (which
occurred in Apollo 11), the Apollo 10 astronauts came within
14.5 kilometers of the lunar surface and spent nearly 62
hours (31 revolutions) in lunar orbit.

The Apollo 11 mission achieved the national goal set by
President Kennedy in 1961—namely landing human beings
on the surface of the Moon and returning them safely to
Earth within the decade of the 1960s. On July 20, 1969,
astronauts NEIL A. ARMSTRONG and EpwIN E. “Buzz”
ALDRIN flew the lunar module to the surface of the Moon,
touching down safely in the Sea of Tranquility. While Arm-
strong and then Aldrin became the first two persons to walk
on another world, astronaut MICHAEL COLLINS, the com-
mand module pilot, orbited above.

Four months later, in November 1969, the crew of Apol-
lo 12 repeated the journey to the lunar surface, this time
landing at and exploring a site in the Ocean of Storms. Their
lunar surface activities included a visit to the landing site of
the Surveyor 3 spacecraft.

Apollo 13 was launched on April 11, 1970. Its crew was
scheduled to land on the Fra Mauro upland area of the Moon.
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Moon Bases and the Third Millennium

We came, we saw . .. we left. Unfortunately, a little more than three
decades after the magnificent Apollo Project, the incredible sights
and sounds associated with placing human footsteps on the lunar
surface have begun to fade in our collective memory. The begin-
ning of the third millennium provides a new opportunity to make the
Moon not only a home away from home, but also humankind’s por-
tal to the solar system and beyond.

To appreciate the true significance of a return to the Moon
and the establishment of a permanent lunar base (perhaps as early
as 2020), we need to exercise a strategic vision of the future that is
unconstrained by the short-term (five years or less) thinking. Short-
term thinking often encumbers corporate and government decision
makers, who function in bureaucracies configured to preserve the
status quo. Embracing a millennial timeframe, this essay boldly
examines how recently proposed lunar base developments could
alter the course of human history. As we look across the next thou-
sand years of human development, one important technology trend
becomes glaringly apparent—long before our descendants cele-
brate the arrival of the fourth millennium (the year 3,001, to be pre-
cise), space technology will have become the major engine of
economic growth, not only for planet Earth but for our solar system
civilization.

Reviewing the visionary aerospace literature of the 20th cen-
tury, we encounter many exciting scenarios for human develop-
ment beyond the boundaries of Earth. Many of these proposals
build upon the basic “open world” philosophy that outer space and
its resources are an integral part of all future terrestrial economic
growth and social development.

The modern liquid propellant chemical rocket is the dream
machine that enabled space travel and the emergence of an open
world philosophy. People and their robotic exploring machines can
now reach places inaccessible to all previous human generations.
Taken to the physical extremes of the solar system, this open world
philosophy stimulates a strategic vision containing future space-
related activities such as the creation of a diverse family of city-
state planetoids throughout heliocentric space and the successful
terraforming of Mars and Venus. However, such “blue sky” ideas
should not come as too much of a surprise. The concept of custom-
made worlds abounds in the space literature and even extends far
back into the 19th century. The term space literature is used here
because science fiction has an uncanny way of becoming science
fact. The visionary American rocket scientist Robert H. Goddard
stated: “It is difficult to say what is impossible, for the dream of
yesterday is the hope of today and the reality of tomorrow.”

At the beginning of the 20th century another space travel
visionary, the Russian schoolteacher Konstantin Tsiolkovsky, boldly
predicted the construction of miniature worlds in space, complete
with closed life support systems. In the mid-1970s the German-
American rocket engineer Krafft Ehricke introduced the Androcell
concept, a collection of large, human-made miniworlds sprinkled
throughout the solar system. Through creativity and engineering,
each Androcell would represent a unique space-based habitat that
used extraterrestrial resources far more efficiently than the natu-
rally formed planets. By the year 3001, living in various human-
made worlds that offer multiple-gravity levels (ranging from almost

0 g to about 1 g) could become a pleasant choice for a large portion
of the human race.

However fantastic such future space developments may now
appear, their technical and economic heritage will stem from one
common, easily understood and envisioned technical ancestor—
the permanent Moon base. The term Moon base (or lunar base) as
used here includes an entire spectrum of concepts ranging from an
early habitable “miner's shack” cobbled together with space sta-
tion—like modules to a deluxe, multifunctional, self-sufficient, well-
populated settlement of more than 10,000 people who live on (or
just below) the lunar surface.

A variety of interesting lunar surface base (LSB) studies were
performed prior to, during, and just after NASA's politically driven
Apollo Project (1967-72). The earlier of these Moon base studies
tended to be a bit more optimistic in their assumptions concerning
extraterrestrial resources. For example, many speculated that
water might be available in underground reservoirs of lunar ice.
However, detailed studies of the Apollo samples soon revealed the
anhydrous nature of the returned lunar rocks. As a result, post-
Apollo lunar base scenarios logically focused on the much more
expensive process of hauling hydrogen and/or water from Earth.

Then, at the end of the 20th century, the lunar resource equa-
tion shifted dramatically once again—this time in favor of permanent
habitation. On January 6, 1998, NASA launched a modest, low-bud-
get robot spacecraft called the Lunar Prospector. Among other
duties, its instruments were to investigate hints of lunar ice deposits
in the Moon’s permanently shadowed polar regions. By March 1998
the Lunar Prospector mission team announced that the spacecraft
had discovered the presence of somewhere between 10 and 300 mil-
lion tons of water ice scattered inside the craters of the lunar poles,
both northern and southern. While these estimates are very exciting,
they also remain controversial within the scientific community. So
the first order of business for any new robotic spacecraft mission to
the Moon should be a careful global assessment of lunar resources,
especially a confirmation of the presence of water ice.

In January 2004 NASA received a presidential mandate to ini-
tiate a series of robotic spacecraft missions to the Moon by not
later than 2008 in order to prepare for and support future human
exploration activities there. The confirmed presence of large quan-
tities of water ice would make the Moon the most important piece
of extraterrestrial real estate in the entire solar system.

The Apollo Project—that daring cold war era space technolo-
gy demonstration feat proposed by President John F. Kennedy in
May 1961—was unquestionably a tremendous technical achieve-
ment, perhaps the greatest in all human history. However, this pro-
ject was not undertaken in response to a long-term national goal to
support the permanent human occupancy of space. Rather, as its
chief technical architect, the famous German-American rocket sci-
entist Wernher von Braun, was fond of noting this daring feat was
primarily “a large rocket building contest” with the former Soviet
Union. Von Braun felt confident (and was proven correct by history)
that his team of aerospace engineers could beat the Soviets in
building enormously large, Moon-mission class expendable rockets.
Any serious consideration of permanent Moon bases was simply
tossed aside during the politically charged, schedule-driven super-
power race to the Moon of the 1960s.



Consequently, the Apollo Project was never planned as part
of a long-term American commitment to the permanent occupancy
of cislunar space. The expensive, expendable Apollo era space
hardware won the “race to the Moon,” but 30 years later little
direct space technology benefit remains from that schedule-driven
design approach. For example, the monstrous Saturn V launch
vehicle is as extinct as the dinosaurs.

Today, most federal bureaucracies (including NASA) reflect the
impatience of a fast-paced American society that demands and
thrives on instant gratification. Nobody wants to wait for the “water
to boil.” So, in the absence of the compelling geopolitical threats that
existed during the cold war, how can we expect the majority of
American political leaders and their constituents to get excited about
expensive space projects that will have a significant impact only
after decades, if not centuries? In a somewhat humorous historic
analogy, one must doubt whether even a founding-father president,
such as Thomas Jefferson, would be able to “sell” an extraterrestrial
version of his 1803 Louisiana Purchase to members of the present
day U.S. Congress or the people whom they represent. Daily job
stress, the fear of terrorism, the obsession with consumptive materi-
alism, and concerns about health care and unemployment cause
transitory mental distractions that prevent millions of people from
discovering and appreciating the “long-term” role that space tech-
nology (including permanent lunar bases) is now playing and will
continue to play in the future of the human race.

Despite such day-to-day distractions, there is one important
fact that we should never forget: Space technology now allows us
to expand into the universe. This off-planet expansion process cre-
ates an extraterrestrial manifest destiny for the entire human fami-
ly. We will venture into space not as Americans, Russians, Italians,
or Japanese, but as “terrans”—"star sailors” from Earth who set
forth upon the cosmic ocean in search of our primordial roots. The
permanent Moon base catalyzes that important vision by creating a
human presence in the cosmos that lies a significant distance
beyond the boundaries of Earth.

So when we return to the Moon later this century, it will not
be for a brief moment of scientific inquiry, as happened during
Apollo. Rather, we will go as permanent inhabitants of a new world.
We will build surface bases from which to complete lunar explo-
ration, establish science and technology centers that take advan-
tage of the special properties of the lunar environment, and begin
to harvest in situ resources (particularly mineral and suspected
water ice deposits) in support of the creation of humankind’s solar
system civilization.

In the first stage of an overall lunar development scenario,
men and women, along with their smart robotic companions, will
return to the Moon (possibly between 2015 and 2020) to conduct
more extensive site explorations and resource evaluations. These
efforts, supported by precursor robotic missions that will begin in
about 2008, will pave the way for the first permanent lunar base.
Many interesting lunar base applications, both scientific and com-
mercial, have been suggested since the Apollo Project. Some of
these concepts include:

* a lunar scientific laboratory complex,
* a lunar commercial and industrial complex in support of space-
based manufacturing,
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an astrophysical observatory for solar system and deep space
surveillance,

a training site and assembly point for human expeditions to Mars,
a nuclear waste repository for spent space nuclear power plants,
a rapid response complex for a planetary defense system that
protects Earth from menacing short-warning comets and rogue
asteroids,

an exobiology laboratory and extraterrestrial sample quarantine
facility,

a studio complex for extraterrestrial entertainment industries that
use virtual reality and telepresence to entertain millions of people
on Earth, and

e the site of innovative political, social, and cultural developments
that help rejuvenate humankind's sense of purpose in the cosmic
scheme of things.

.

As surface activities expand and mature, the initial lunar
base will grow into a permanent settlement of about 1,000 inhabi-
tants. During this period lunar mining operations (including water
ice harvesting) should expand to satisfy growing demands for
“moon products” throughout cislunar space. With the rise of high-
ly automated lunar agriculture, the Moon could also become our
“extraterrestrial breadbasket,” providing the majority of all food
products consumed by the space-faring portion of the human
race. In-flight meals for Martian travelers could easily be “pre-
pared with pride on the Moon.” As our solar system civilization
grows, the difference in surface gravity between the Moon and
the Earth provides a major economic advantage for lunar-made
products delivered to destinations and customers throughout cis-
lunar space and beyond. Long-term space logistics studies should
include the role and impact of a fully functional, highly automated
lunar spaceport. By the mid-21st century outsourcing the assem-
bly and delivery of replacement spacecraft to lunar based compa-
nies may be the most economical approach to maintaining the
armada of space systems that support a completely wired global
civilization here on Earth.

By skillfully using in-situ lunar resources, the early permanent
lunar settlement will grow, expand, and then replicate itself in a
manner similar to the way the original European settlements in the
New World took hold and then expanded during the 16th and 17th
centuries. At some point in the late 21st century, the lunar popula-
tion should reach about 500,000 people, a number that some social
scientists suggest is the critical mass for achieving political diversi-
ty and economic self-sufficiency. This event would correspond to a
very special milestone in human history. Why? From that moment
forward the human race would exist in two distinct, separate, and
independent planetary niches. We would be “terran” and “nonter-
ran” (or extraterrestrial).

Throughout human history frontiers have generally provided
the physical conditions and inspiration needed to stimulate techni-
cal, social, and cultural progress. The knowledge that human beings
permanently dwell upon a clearly “visible” nearby world may also
trigger a major renaissance back on Earth. This process would be a
home planet-wide awakening of the human spirit that leads to the
creation of new wealth, the search for new knowledge, and the pur-

(continues)
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Moon Bases and the Third Millennium
(continued)

suit of beauty in many new forms of artistic expression. These
tangible and intangible benefits will gradually accrue as a natu-
ral part of the creation and evolutionary development of the
Moon base.

Our present civilization—as the first to permanently ven-
ture into cislunar space and to construct lunar bases—will long
be admired, not only for its great technical accomplishments,
but also for its innovative intellectual and cultural achieve-
ments. It is not too great a speculation to further suggest here
that the descendants of these lunar settlers will go on to

However, a rupture of the service module oxygen tank on April
13 caused a life-threatening power failure of the command and
service module electrical system. Using their lunar module
(named Aquarius) as a “lifeboat,” astronauts JAMES A. LOVELL,
JR., JOHN L. SWIGERT, JR., and FRED W. HAISE, ]JRr., skillfully
maneuvered their disabled spacecraft around the Moon and
came back to Earth on a “free-return” trajectory. Just prior to
reentry into Earth’s atmosphere, they abandoned the severely
damaged service module and the “lifesaving” lunar module and
rode the Apollo command module to a safe splashdown and
recovery in the Pacific Ocean on April 17, 1970.

Apollo 14 was retargeted to accomplish the mission
planned for Apollo 13. The Apollo 14 spacecraft was launched
on January 31, 1971, and on February 5 the lunar module suc-
cessfully touched down on the Fra Mauro formation, just 18.3
meters from the targeted point. The astronauts carried out

become first the interplanetary and then the interstellar por-
tions of the human race. The true significance of the permanent
lunar surface base is that it makes the Moon our gateway to the
universe.

The late Krafft Ehricke most eloquently described this con-
nection in 1984 at an international lunar base conference in
Washington, D.C. He proclaimed to a standing-room-only audi-
ence of engineers, scientists, and technical writers that “The
Creator of our universe wanted human beings to become space
travelers. We were given a Moon that was just far enough away
to require the development of sophisticated space technologies,
yet close enough to allow us to be successful on our first con-
centrated attempt.”

numerous experiments and conducted successful exploration
and specimen collections in the lunar highlands. The return
flight to Earth was normal, and the Apollo 14 command mod-
ule splashed down in the South Pacific on February 9, 1971.

The fourth successful lunar landing mission, Apollo 15,
was launched on July 26, 1971. The astronauts landed at the
Hadley Apennine site. During their extended (approximately
67-hour) stay on the lunar surface, they used the electric-
powered lunar rover vehicle for the first time. Approximate-
ly 77 kilograms of surface samples were collected, and
extensive scientific experiments were performed during this
mission. Splashdown in the Pacific Ocean took place on
August 7, 1971.

Apollo 16, the fifth lunar landing mission, was launched
on April 16, 1972. The astronauts explored the Descartes
highlands and returned approximately 93.5 kilograms of

Apollo 11 astronaut Edwin E. “Buzz” Aldrin descends the ladder of the
lunar module and becomes the second human to walk on the Moon on
July 20, 1969. (Courtesy of NASA)

Apollo 12 astronauts Charles Conrad, Jr., and Alan L. Bean on the lunar
surface in November 1969 (Courtesy of NASA)
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View of the Moon's nearside with the Apollo Project landing sites marked (Courtesy of NASA)

Moon rocks and soil samples. A lunar rover vehicle was
again used to assist in surface exploration activities, and the
liftoff of the lunar module from the Moon’s surface was
recorded for the first time with the help of a television cam-
era teleoperated (that is, remotely controlled) from Earth.
The final Apollo mission to the Moon, Apollo 17, was
launched on December 7, 1972. During this 12-day mission
the astronauts explored the Taurus-Littrow landing site,
emplaced geophysical instruments, and collected 108 kilo-

grams of lunar soil and rock samples. Astronauts EUGENE A.
CERNAN and HARRISON SCHMITT were the last human beings
to walk on the surface of the Moon in the 20th century.

The Apollo Project and its exciting missions to the Moon
represent one of the greatest triumphs of both human tech-
nology and the human spirit. The Apollo Project included
numerous uncrewed test missions and 12 crewed missions:
three Earth orbiting missions (Apollo 7, Apollo 9, and the
APOLLO-SOYUZ TEST PROJECT), two lunar orbiting missions
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Apollo Project Summary

Flight time
(hours,
Spacecraft minutes,
Name Crew Date seconds)
Apollo 7 Walter H. Schirra 10/11-22/68 260:08:45
Donn Eisele
Walter Cunningham
Apollo 8 Frank Borman 12/21-27/68 147:00:41
James A. Lovell, Jr.
William Anders
Apollo 9 James A. McDivitt 3/3-13/69 241:00:53
David R. Scott
Russell L. Schweikart
Apollo 10 Thomas P. Stafford 5/18-26/69 192:03:23
John W. Young
Eugene A. Cernan
Apollo 11 Neil A. Armstrong 7/16-24/69 195:18:35
Michael Collins
Edwin E. Aldrin
Apollo 12 Charles Conrad, Jr. 11/14-24/69 244:36:25
Richard F. Gordon, Jr
Alan L. Bean
Apollo 13 James A. Lovell, Jr. 4/11-17/70 142:54:41
John L. Swigert, Jr.
Fred W. Haise, Jr.
Apollo 14 Alan B. Shepard, Jr. 1/31-2/9/71 216:01:59
Stuart A. Roosa
Edgar D. Mitchell
Apollo 15 David R. Scott 7/26-8/1/11 295:11:53
Alfred M. Worden
James B. Irwin
Apollo 16 John W. Young 4/16-21/72 265:51:05
Thomas K. Mattingly Il
Charles M. Duke, Jr.
Apollo 17 Eugene A. Cernan 12/7-19/72 301:51:59

Ronald E. Evans
Harrison H. Schmitt

Source: NASA.

(Apollo 8 and 10), a lunar swingby (Apollo 13), and six
lunar landing missions (Apollo 11, 12, 14, 15, 16, and 17).
The table on page 40 provides a summary of this magnificent
project and the figure shows the locations visited on the
Moon’s surface. Overall, 12 human beings (sometimes called
the “Moon walkers”) performed extravehicular activities
(EVAs) on the lunar surface during the Apollo Project. As
part of the Apollo 11 mission, astronauts Armstrong and
Aldrin landed in the Sea of Tranquility (0.67 degrees N lati-
tude, 23.5 degrees E longitude). During the Apollo 12 mis-
sion, astronauts ALAN L. BEAN and CHARLES (PETE) CONRAD,
Jr. explored the Moon’s surface in the Ocean of Storms (3.0
degrees S latitude, 23.4 degrees W longitude). As part of the
Apollo 14 mission, astronauts ALAN B. SHEPARD, JR., and

Revolutions Remarks
163 First crewed Apollo flight demonstrated
the spacecraft, crew, and support elements.
All performed as required.
10 rev. of History's first crewed flight to the vicinity
Moon of another celestial body.
151 First all-up crewed Apollo flight (with Saturn V
and command, service, and lunar modules).
First Apollo extravehicular activity. First
docking of command service module with
lunar module (LM).
31 rev. of Apollo LM descended to within 14.5 km of Moon
Moon and later rejoined command service
module. First rehearsal in lunar environment.
30 rev. of First landing of a person on the Moon.
Moon Total stay time: 21 hr., 36 min.
45 rev. of Second crewed exploration of the Moon.
Moon Total stay time: 31 hr., 31 min.
— Mission aborted because of service module
oxygen tank failure.
34 rev. of First crewed landing in and exploration of
Moon lunar highlands. Total stay time:
33 hr., 31 min.
74 rev. of First use of lunar roving vehicle. Total stay
Moon time: 66 hr., 55 min.
64 rev. of First use of remote-controlled television
Moon camera to record liftoff of the lunar module
ascent stage from the lunar surface.
Total stay time: 71 hr., 2 min.
75 rev. of Last crewed lunar landing and exploration
Moon of the Moon in the Apollo Project returned

110 kg of lunar samples to Earth. Total stay
time: 75 hr.

EDGAR DEAN MITCHELL landed at Fra Mauro (3.7 degrees S
latitude, 17.5 degrees W longitude). In the Apollo 15 mission
astronauts DAVID R. SCOTT and JAMES B. IRWIN explored the
Moon’s Hadley-Apennine region (26.1 degrees N latitude,
3.7 degrees E longitude) and used an electric-powered lunar
rover vehicle during their EVA. As part of the Apollo 16 mis-
sion astronauts JOHN W. YOUNG and CHARLES M. DUKE,
Jr., landed at Descartes (9.0 degrees S latitude, 15.5 degrees
E longitude) and explored the region with the assistance of
an electric-powered lunar rover. During the Apollo 17 mis-
sion astronauts Eugene Cernan and Harrison Schmitt
explored the Moon’s Taurus-Littrow region (20.2 N latitude,
30.8 E longitude) and collected 110 kilograms of rock sam-
ples with the assistance of an electric-powered lunar rover.



Their EVA marked the end of human lunar exploration in
the 20th century.

See also GEMINI PROJECT; MERCURY PROJECT; MOON;
RANGER PROJECT; SURVEYOR PROJECT.

Apollo-Soyuz Test Project (ASTP) The joint United
States—Soviet Union space mission that took place in July
1975. The mission centered around the rendezvous and dock-
ing of the Apollo 18 spacecraft (three astronaut crew:
THOMAS P. STAFFORD, Vance Brand, and DEKE SLAYTON, JR.)
and the Soyuz 19 spacecraft (two cosmonaut crew: ALEXEI
LEONOV and Valeriy Kubasov).

Both the Soyuz 19 and Apollo 18 spacecraft were
launched on July 15, 1975; the US Apollo 18 spacecraft lifted
off approximately seven and a half hours after the Russians
launched the Soyuz 19 spacecraft. The Russian cosmonauts
maneuvered their Soyuz 19 spacecraft to the planned orbit
for docking at an altitude of 222 kilometers over Europe. The
Apollo 18 astronauts then completed the rendezvous
sequence, eventually docking with the Soyuz spacecraft on
July 17, 1975. During the next two days the crews accom-
plished four transfer operations between the two spacecraft
and completed five scheduled experiments. Following the first
undocking, a joint solar eclipse experiment was performed.
Then, the Apollo 18 spacecraft accomplished a second suc-
cessful docking, this time with the Soyuz 19 apparatus lock-
ing the two spacecraft together. The final undocking occurred
on July 19. The two spacecraft moved to a station-keeping
distance, and a joint ultraviolet absorption experiment was
performed involving a complicated series of orbital maneu-
vers. Afterward, the Apollo 18 spacecraft entered a separate
orbit, and both the Soyuz 19 and Apollo 18 crews conducted
unilateral activities. The Soyuz 19 landed safely on July 21
after six mission days, and the Apollo 18 flight successfully
concluded on July 24, 1975, nine days after launch. The pri-
mary objectives of this first international human-crewed mis-
sion were met, including rendezvous, docking, crew transfer,
and control center—crew interaction.

See also APOLLO PROJECT; SOYUZ SPACECRAFT.

Apollo Telescope Mount (ATM) The sophisticated tele-
scope mount on NASA’s Skylab space station. From May
1973 until February 1974 this device supported solar astron-
omy instruments that operated primarily in the ultraviolet
and X-ray portions of the electromagnetic spectrum.

See also SKYLAB.

apolune That point in an orbit around the Moon of a
spacecraft launched from the lunar surface that is farthest
from the Moon. Compare with PERILUNE.

aposelene The farthest point in an orbit around the Moon.
See also APOCYNTHION; APOLUNE.

apparent In astronomy, observed. True values are reduced
from apparent (observed) values by eliminating factors such
as refraction and flight time that can affect the observation.

apparent diameter The observed diameter (but not neces-
sarily the actual diameter) of a celestial body. Usually
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expressed in degrees, minutes, and seconds of arc. Also called
angular diameter.

apparent magnitude (symbol: 7) The brightness of a star
(or other celestial body) as measured by an observer on
Earth. Its value depends on the star’s intrinsic brightness
(luminosity), how far away it is, and how much of its light
has been absorbed by the intervening interstellar medium.

See also ABSOLUTE MAGNITUDE; MAGNITUDE.

apparent motion The observed motion of a heavenly body
across the celestial sphere, assuming that Earth is at the cen-
ter of the celestial sphere and is standing still (stationary).

apparition The period during which a celestial body with-
in the solar system is visible to an observer on Earth; for
example, the apparition of a periodic comet or the morning
apparition of the planet Venus. This term is not generally
used in astronomy to describe the observation of objects that
are visible regularly, such as the Sun and the fixed stars.

Applications Technology Satellite (ATS) From the mid-
1960s to the mid-1970s NASA sponsored the Applications
Technology Satellites series of six spacecraft that explored
and flight tested a wide variety of new technologies for use in
future communications, meteorological, and navigation satel-
lites. Some of the important space technology areas investi-
gated during this program included spin stabilization, gravity
gradient stabilization, complex synchronous orbit maneuvers,
and a number of communications experiments. The ATS
flights also investigated the space environment in geostation-
ary orbit. Although intended primarily as engineering
testbeds, the ATS satellites also collected and transmitted
meteorological data and served (on occasion) as communica-
tions satellites. The first five ATS satellites in the series shared
many common design features, while the sixth spacecraft rep-
resented a new design.

ATS-1 was launched from Cape Canaveral Air Force Sta-
tion in Florida on December 7, 1966, by an Atlas-Agena D
rocket vehicle combination. The mission of this prototype
weather satellite was to test techniques of satellite orbit and
motion at geostationary orbit and to transmit meteorological
imagery and data to ground stations. Controllers deactivated
the ATS-1 spacecraft on December 1, 1978. During its 12-
year lifetime ATS-1 explored the geostationary environment
and performed several C-band communications experiments,
including the transmission of educational and health-related
programs to rural areas of the United States and several
countries in the Pacific Basin. ATS-1 also provided meteorol-
ogists with the first full-Earth cloud cover images.

The ATS-2 satellite had a mission similar to that of its
predecessor, but a launch vehicle failure (Atlas-Agena D con-
figuration from Cape Canaveral) on April 6, 1967, placed the
spacecraft in an undesirable orbit around Earth. Atmospheric
torques caused by the spacecraft’s improper and unintended
orbit eventually overcame the ability of the satellite’s gravity
gradient stabilization system, so the spacecraft began to slow-
ly tumble. Although ATS-2 remained functional, controllers
deactivated the distressed spacecraft six months after its
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launch because they were receiving only a limited amount of
useful data from the tumbling satellite.

Slightly larger, but similar in design to ATS-1, NASA’s
ATS-3 spacecraft was successfully launched on November 3,
1967, by an Atlas-Agena D rocket configuration from Cape
Canaveral. The goals of the ATS-3 flight included the investi-
gation of spin stabilization techniques and VHF and C-band
communications experiments. In addition to fulfilling its pri-
mary space technology demonstration mission, ATS-3 provid-
ed regular telecommunications service to sites in the Pacific
Basin and Antarctica, provided emergency communications
links during the 1987 Mexican earthquake and the Mount
Saint Helens volcanic eruption disaster, and supported the
Apollo Project Moon landings. ATS-3 also advanced weather
satellite technology by providing the first color images of
Earth from space, as well as regular cloud cover images for
meteorological studies. On December 1, 1978, ground con-
trollers deactivated the spacecraft.

On August 10, 1967, an Atlas-Centaur rocket vehicle
attempted to send the ATS-4 satellite to geostationary orbit
from Cape Canaveral. However, when the Centaur rocket
failed to ignite, ground controllers deactivated the satellite
about 61 minutes after the launch. Without the Centaur stage
burn, the satellite’s orbit was simply too low, and atmospher-
ic drag eventually caused it to reenter Earth’s atmosphere and
disintegrate on October 17, 1968.

The mission of the ATS-S satellite was to evaluate gravi-
ty gradient stabilization and new imaging techniques for
meteorological data retrieval. On August 12, 1969, an Atlas-
Centaur rocket vehicle successfully lifted ATS-5 into space.
However, following the firing of the satellite’s apogee kick
motor, ATS-5 went into an unplanned flat spin. The space
vehicle recovered and began spinning about the proper axis,
but in a direction opposite to the planned direction. As a
result, the spacecraft’s gravity gradient booms could not be
deployed, and some of its experiments (such as the gravity
gradient stabilization and meteorological imagery acquisition
demonstrations) could not function. The ATS-5 spacecraft
did perform a limited number of other experiments before
ground controllers boosted it above geostationary orbit at the
end of the mission.

A Titan 3C rocket successfully launched NASA’s ATS-6
satellite from Cape Canaveral on May 30, 1974. In addition
to accomplishing its technology demonstration mission,
ATS-6 became the world’s first educational satellite. During
its five-year life ATS-6 transmitted educational programs to
India, to rural regions of the United States, and to other
countries. This satellite also performed air traffic control
tests and direct broadcast television experiments, and
helped demonstrate the concept of satellite-assisted search
and rescue. ATS-6 also played a major role in relaying sig-
nals to the Johnson Space Center in Houston, Texas, during
the Apollo-Soyuz Test Project. At the end of its mission
ground controllers boosted the spacecraft above geostation-
ary orbit.

approach The maneuvers of a spacecraft or aerospace
vehicle from its normal orbital position (sometimes called its
station-keeping position) toward another orbiting object

(e.g., a satellite, space station, or spacecraft) for the purpose
of conducting rendezvous and docking or capture operations.

appulse 1. The apparent near approach of one celestial
body to another. For example, the apparent close approach
(on the celestial sphere) of a planet or asteroid to a star, with-
out the occurrence of an occultation. 2. A penumbral eclipse
of the Moon.

apsis (plural: apsides) In celestial mechanics, either of the
two orbital points nearest (periapsis) or farthest (apoapsis)
from the center of gravitational attraction. The apsides are
called the perigee and apogee for an orbit around Earth and
the perihelion and aphelion for an orbit around the Sun. The
straight line connecting these two points is called the line of
apsides and represents the major axis of an elliptical orbit.
See also ORBITS OF OBJECTS IN SPACE.

Agqua (spacecraft) A NASA-sponsored advanced Earth-
observing satellite (EOS) placed into polar orbit by a Delta II
expendable rocket from Vandenberg Air Force Base, Califor-
nia, on May 4, 2002. The primary role of Aqua, as its name
implies (i.e., Latin for “water”), is to gather information
about changes in ocean circulation and how clouds and sur-
face water processes affect Earth’s climate. Equipped with six
state-of-the-art remote sensing instruments, the satellite is
collecting data on global precipitation, evaporation, and the
cycling of water on a planetary basis. The spacecraft’s data
include information on water vapor and clouds in the atmo-
sphere, precipitation from the atmosphere, soil wetness on
the land, glacial ice on the land, sea ice in the oceans, snow
cover on both land and sea ice, and surface waters through-
out the world’s oceans, bays, and lakes. Such information is
helping scientists improve the quantification of the global
water cycle and examine such issues as whether the hydrolog-
ic cycle (that is, cycling of water through the Earth system) is
possibly accelerating.

Aqua is a joint project among the United States, Japan,
and Brazil. The United States provided the spacecraft and the
following four instruments: the atmospheric infrared sounder
(AIRS), the clouds and Earth’s radiant energy system
(CERES), the moderate resolution imaging spectroradiometer
(MODIS), and the advanced microwave sounding unit
(AMSU). Japan provided the advanced microwave scanning
radiometer for EOS (AMSR-E), and the Brazilian Institute for
Space provided the humidity sounder for Brazil (HSB). Over-
all management of the Agua mission takes place at NASA’s
Goddard Space Flight Center in Greenbelt, Maryland.

See also EARTH SYSTEM SCIENCE; GLOBAL CHANGE;
REMOTE SENSING; TERRA SPACECRAFT.

Arago, Dominique-Francois (1786-1853) French Scien-
tist, Statesman Dominique-Francois Arago developed
instruments to study the polarization of light. He had a spe-
cial interest in polarized light from comets and determined
through careful observation that Comet Halley (1835 pas-
sage) and other comets were not self-luminous. His com-
pendium, Popular Astronomy, extended scientific education
to a large portion of the European middle class.



archaeological astronomy Scientific investigation con-
cerning the astronomical significance of ancient structures
and sites. Many early peoples looked up at the sky and made
up stories about what they saw but could not physically
explain, so archaeoastronomy also includes the study of the
celestial lore, mythologies, and the primitive cosmologies
(world views) of ancient cultures.

Prehistoric cave paintings (some up to 30 millennia old)
provide a lasting testament that early peoples engaged in
stargazing and incorporated such astronomical observations
in their cultures. Early peoples also carved astronomical sym-
bols in stones (petroglyphs) now found at ancient ceremonial
locations and ruins. The figure depicts two ancient Native
American petroglyphs of astronomical significance. Photo-
graph A (on the left) was taken in the Cave of Life of the
Anasazi Indians in Arizona’s Petrified Forest. The solar mark-
ings form a ceremonial calendar related to the winter solstice.
Photograph B (on the right) shows a petroglyph made by the
Hohokam Indians who once lived in what is now the Painted
Rocks State Park in Arizona. This petroglyph also contains
solar markings that appear to form a prehistoric astronomi-
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cal calendar, depicting the summer solstice, equinox, and
winter solstice.

Many of the great monuments and ceremonial structures
of ancient civilizations have alignments with astronomical sig-
nificance. One of the oldest astronomical observatories is
Stonehenge. During travel to Greece and Egypt in the early
1890s, SIR JOSEPH NORMAN LOCKYER noticed how many
ancient temples had their foundations aligned along an east-
west axis, a consistent alignment that suggested to him some
astronomical significance with respect to the rising and setting
Sun. To pursue this interesting hypothesis, Lockyer then visited
Karnack, one of the great temples of ancient Egypt. He dis-
cussed the hypothesis in his 1894 book The Dawn of Astrono-
my. This book is often regarded as the beginning of
archaeoastronomy. As part of his efforts, Lockyer studied stud-
ied Stonehenge, an ancient site located in southern England.
However, he could not accurately determine the site’s construc-
tion date. As a result, he could not confidently project the solar
calendar back to a sufficiently precise moment in history that
would reveal how the curious circular ring of large vertical
stones topped by capstones might be connected to some astro-

Shown here are two ancient Native American petroglyphs of astronomical significance. Anasazi Indians who lived in Arizona’s Petrified Forest made the
petroglyph shown in the photograph on the left. The solar markings form a ceremonial calendar related to the winter solstice. Similarly, Hohokam Indians
who lived in what is now Painted Rocks State Park in Arizona made the petroglyph appearing in the photograph on the right. This petroglyph also
contains solar markings considered to form an astronomical calendar for the summer solstice, equinox, and winter solstice. (Courtesy of NASA)
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nomical practice of the ancient Britons. Lockyer’s visionary
work clearly anticipated the results of modern studies of Stone-
henge—results that suggest the site could have served as an
ancient astronomical calendar around 2,000 B.C.E.

The Egyptians and the Maya both used the alignment of
structures to assist in astronomical observations and the con-
struction of calendars. Modern astronomers have discovered
that the Great Pyramid at Giza, Egypt, has a significant astro-
nomical alignment, as do certain Maya structures such as
those found at Uxmal in the Yucatin, Mexico. Mayan
astronomers were particularly interested in times (called
“zenial passages”) when the Sun crossed over certain lati-
tudes in Central America. The Maya were also greatly inter-
ested in the planet Venus and treated the planet with as much
importance as the Sun. The Maya had a good knowledge of
astronomy and were able to calculate planetary movements
and eclipses over millennia.

For many ancient peoples the motion of the Moon, the
Sun, and the planets and the appearance of certain constella-
tions of stars served as natural calendars that helped regulate
daily life. Since these celestial bodies were beyond physical
reach or understanding, various mythologies emerged along
with native astronomies. Within ancient cultures the sky
became the home of the gods, and the Moon and Sun were
often deified.

While no anthropologist really knows what the earliest
human beings thought about the sky, the culture of the Aus-
tralian Aborigines, which has been passed down for more
than 40,000 years through the use of legends, dances, and
songs, gives us a glimpse of how these early people interpret-
ed the Sun, Moon, and stars. The Aboriginal culture is the
world’s oldest and most long-lived, and the Aboriginal view
of the cosmos involves a close interrelationship between peo-
ple, nature, and sky. Fundamental to their ancient culture is
the concept of “the Dreaming”—a distant past when the spir-
it ancestors created the world. Aboriginal legends, dance, and
songs express how in the distant past the spirit ancestors cre-
ated the natural world and entwined people into a close rela-
tionship with the sky and with nature. Within the Aboriginal
culture the Sun is regarded as a woman. She awakes in her
camp in the east each day and lights a torch that she then car-
ries across the sky. In contrast, Aborigines consider the Moon
male, and, because of the coincidental association of the
lunar cycle with the female menstrual cycle, they linked the
Moon with fertility and consequently gave it a great magical
status. These ancient people also regarded a solar eclipse as
the male Moon uniting with the female Sun.

For the ancient Egyptians, Ra (also called Re) was regard-
ed as the all-powerful sun god who created the world and
sailed across the sky each day. As a sign of his power, an Egyp-
tian pharaoh would use the title “son of Ra.” Within Greek
mythology Apollo was the god of the Sun and his twin sister,
Artemis (Diana in Roman mythology), the Moon goddess.

From prehistory astronomical observations have played
a major role in the evolution of human cultures. Archaeoas-
tronomy helps link our contemporary knowledge of the heav-
ens with the way our distant ancestors viewed the sky and
interpreted the mysterious objects they saw.

arc-jet engine An electric rocket engine in which the pro-
pellant gas is heated by passing through an electric arc. In
general, the cathode is located axially in the arc-jet engine,
and the anode is formed into a combined plenum
chamber/constrictor/nozzle configuration. The main prob-
lems associated with arc-jet engines are electrode erosion and
low overall efficiency. Electrode erosion occurs as a result of
the intense heating experienced by the electrodes and can
seriously limit the thruster lifetime. The electrode erosion
problem can be reduced by careful design of the electrodes.
Overall, arc-jet engine efficiency is dominated by “frozen-
flow” losses, which are the result of dissociation and ioniza-
tion of the propellant. These frozen-flow losses are much
more difficult to reduce since they are dependent on the ther-
modynamics of the flow and heating processes. A high-power
arc-jet engine with exhaust velocity values between 8 x 103
and 2 x 10* meters per second is an attractive option for pro-
pelling an orbital transfer vehicle.
See also ELECTRIC PROPULSION.

arc minute One sixtieth (1/60th) of a degree of angle. This
unit of angle is associated with precise measurements of
motions and positions of celestial objects as occurs in the sci-
ence of astrometry.

1° = 60 arc min = 60’

See also ARC SECOND; ASTROMETRY.

arc second One/three thousand six hundredth (1/3,600th)
of a degree of angle. This unit of angle is associated with very
precise measurements of stellar motions and positions in the
science of astrometry.

1’(arc min) = 60 arc sec = 60”

See also ARC MINUTE; ASTROMETRY.

Arecibo Interstellar Message To help inaugurate the
powerful radio/radar telescope of the Arecibo Observatory in
the tropical jungles of Puerto Rico, an interstellar message of
friendship was beamed to the fringes of the Milky Way
galaxy. On November 16, 1974, this interstellar radio signal
was transmitted toward the Great Cluster in Hercules
(Messier 13, or M13, for short), which lies about 25,000
light-years away from Earth. The globular cluster M13 con-
tains about 300,000 stars within a radius of approximately
18 light-years.

This transmission, often called the Arecibo Interstellar
Message, was made at the 2,380-megahertz (MHz) radio fre-
quency with a 10 hertz (Hz) bandwidth. The average effective
radiated power was 3 X 1012 watts (3 terawatts [TW]) in the
direction of transmission. The signal is considered to be the
strongest radio signal yet beamed into space by our planetary
civilization. Perhaps 25,000 years from now a radio telescope
operated by members of an intelligent alien civilization some-
where in the M13 cluster will receive and decode this inter-
esting signal. If they do, they will learn that intelligent life has
evolved here on Earth.

The Arecibo Interstellar Message of 1974 consisted of
1,679 consecutive characters. It was written in a binary for-



mat—that is, only two different characters were used. In
binary notation the two different characters are denoted as
“0” and “1.” In the actual transmission, each character was
represented by one of two specific radio frequencies, and the
message was transmitted by shifting the frequency of the
Arecibo Observatory’s radio transmitter between these two
radio frequencies in accordance with the plan of the message.

The message itself was constructed by the staff of the
National Astronomy and lonosphere Center (NAIC). It can
be decoded by breaking up the message into 73 consecutive
groups of 23 characters each and then arranging these groups
in sequence one under the other. The numbers 73 and 23 are
prime numbers. Their use should facilitate the discovery by
any alien civilization receiving the message that the above
format is the right way to interpret the message. The figure
shows the decoded message: The first character transmitted
(or received) is located in the upper right-hand corner.

This message describes some of the characteristics of ter-
restrial life that the scientific staff at NAIC felt would be of
particular interest and technical relevance to an extraterrestri-
al civilization. The NAIC staff interpretation of the interstel-
lar message is as follows.

The Arecibo message begins with a “lesson” that describes
the number system being used. This number system is the bina-
ry system, in which numbers are written in powers of 2 rather
than of 10, as in the decimal system used in everyday life.
NAIC staff scientists believe that the binary system is one of the
simplest number systems and is particularly easy to code in a
simple message. Written across the top of the message (from
right to left) are the numbers 1 through 10 in binary notation.
Each number is marked with a number label—that is, a single
character, which denotes the start of a number.

The next block of information in the message occurs just
below the numbers. It is recognizable as five numbers. From
right to left these numbers are 1, 6, 7, 8, and 15. This other-
wise unlikely sequence of numbers should eventually be inter-
preted as the atomic numbers of the elements hydrogen,
carbon, nitrogen, oxygen, and phosphorus.

Next in the message are 12 groups on lines 12 through
30 that are similar groups of five numbers. Each of these
groups represents the chemical formula of a molecule or radi-
cal. The numbers from right to left in each case provide the
number of atoms of hydrogen, carbon, nitrogen, oxygen, and
phosphorus, respectively, that are present in the molecule or
radical.

Since the limitations of the message did not permit a
description of the physical structure of the radicals and
molecules, the simple chemical formulas do not define in all
cases the precise identity of the radical or molecule. However,
these structures are arranged as they are organized within the
macromolecule described in the message. Intelligent alien
organic chemists somewhere in the M13 cluster should even-
tually be able to arrive at a unique solution for the molecular
structures being described in the message.

The most specific of these structures, and perhaps the
one that should point the way to correctly interpreting the
others, is the molecular structure that appears four times on
lines 17 through 20 and lines 27 through 30. This is a struc-
ture containing one phosphorus atom and four oxygen
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atoms, the well-known phosphate group. The outer struc-
tures on lines 12 through 15 and lines 22 through 25 give the
formula for a sugar molecule, deoxyribose. The two sugar
molecules on lines 12 through 15 have between them two
structures: the chemical formulas for thymine (left structure)
and adenine (right structure). Similarly, the molecules
between the sugar molecules on lines 22 through 25 are gua-
nine (on the left) and cytosine (on the right).

The macromolecule, or overall chemical structure, is that
of deoxyribonucleic acid (DNA). The DNA molecule contains
the genetic information that controls the form, living processes,
and behavior of all terrestrial life. This structure is actually
wound as a double helix, as depicted in lines 32 through 46 of
the message. The complexity and degree of development of
intelligent life on Earth is described by the number of characters
in the genetic code, that is, by the number of adenine-thymine
and guanine-cytosine combinations in the DNA molecule. The
fact that there are some 4 billion such pairs in human DNA is
illustrated in the message by the number given in the center of
double helix between lines 27 and 43. Note that the number

binary numbers 1-10

atomic numbers of
hydrogen, carbon, nitrogen,
oxygen, and phosphorus

chemical formulas for sugars
and bases in nucleofides

of deoxyribonudleic

acid (DNA) molecule

double helix of DNA

human being

height of human being

| size of human population
| solar system with Earth
displaced toward human

i

s il s . 1— diameter of telescope

Arecibo telescope,
which sent message

Decoded form of the Arecibo Message of 1974 (Courtesy of Frank D.
Drake and the staff of the National Astronomy and lonosphere Center,
operated by Cornell University under contract with the National
Science Foundation)
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label is used here to establish this portion of the message as a
number and to show where the number begins.

The double helix leads to the “head” in a crude sketch of
a human being. The scientists who composed the message
hoped that this would indicate connections among the DNA
molecule, the size of the helix, and the presence of an “intelli-
gent” creature. To the right of the sketch of a human being is
a line that extends from the head to the feet of the “message
human.” This line is accompanied by the number 14. This
portion of the message is intended to convey the fact that the
“creature” drawn is 14 units of length in size. The only possi-
ble unit of length associated with the message is the wave-
length of the transmission, namely 12.6 centimeters. This
makes the creature in the message 176 centimeters, or about
five feet nine inches, tall. To the left of the human being is a
number, approximately 4 billion. This number represents the
approximate human population on planet Earth when the
message was transmitted.

Below the sketch of the human being is a representation
of our solar system. The Sun is at the right, followed by nine
planets with some coarse representation of relative sizes. The
third planet, Earth, is displaced to indicate that there is some-
thing special about it. In fact, it is displaced toward the draw-
ing of the human being, who is centered on it. An
extraterrestial scientist in pondering this message should rec-
ognize that Earth is the home of the intelligent creatures who
sent it.

Below the solar system and centered on the third planet
is an image of a telescope. The concept of “telescope” is
described by showing a device that directs rays to a point.
The mathematical curve leading to such a diversion of paths
is crudely indicated. The telescope is not upside down, but
rather “up” with respect to the symbol for the planet Earth.

At the very end of the message, the size of the telescope
is indicated. Here, it is both the size of the largest radio tele-
scope on Earth and also the size of the telescope that sent the
message (namely, the radio telescope at the Arecibo Observa-
tory). It is shown as 2,430 wavelengths across, or roughly
3035 meters. No one, of course, expects an alien civilization to
have the same unit system we use on Earth, but physical
quantities, such as the wavelength of transmission, provide a
common reference frame.

This interstellar message was transmitted at a rate of 10
characters per second, and it took 169 seconds to transmit
the entire information package. It is interesting to realize that
just one minute after completion of transmission, the inter-
stellar greetings passed the orbit of Mars. After 35 minutes
the message passed the orbit of Jupiter, and after 71 minutes
it silently crossed the orbit of Saturn. Some 5 hours and 20
minutes after transmission the message passed the orbit of
Pluto, leaving the solar system and entering “interstellar
space.” It will be detectable by telescopes anywhere in our
galaxy of approximately the same size and capability as the
Arecibo facility that sent it.

See also ARECIBO OBSERVATORY; INTERSTELLAR COMMU-
NICATION AND CONTACT.

Arecibo Observatory The world’s largest radio/radar tele-
scope, with a 305-m-diameter dish. It is located in a large,

bowl-shaped natural depression in the tropical jungle of Puer-
to Rico. (See figure below.) The Arecibo Observatory is the
main observing instrument of the National Astronomy and
Ionosphere Center (NAIC), a national center for radio and
radar astronomy and ionospheric physics operated by Cornell
University under contract with the National Science Founda-
tion. The observatory operates on a continuous basis, 24
hours a day every day, providing observing time and logistical
support to visiting scientists. When the giant telescope oper-
ates as a radio wave receiver, it can listen for signals from
celestial objects at the farthest reaches of the universe. As a
radar transmitter/receiver, it assists astronomers and planetary
scientists by bouncing signals off the Moon, off nearby plan-
ets and their satellites, off asteroids, and even off layers of
Earth’s ionosphere.

The Arecibo Observatory has made many contributions
to astronomy and astrophysics. In 1965 the facility (operat-
ing as a radar transmitter/receiver) determined that the rota-
tion rate of the planet Mercury is 59 days rather than the
previously estimated 88 days. In 1974 the facility (operating
as a radio wave receiver) supported the discovery of the first
binary pulsar system. This discovery led to an important con-
firmation of ALBERT EINSTEIN’s theory of general relativity
and earned the American physicists RUSSELL A. HULSE and
JoserH H. TAYLOR, JR., the 1993 Nobel Prize in physics. In
the early 1990s astronomers used the facility to discover
extrasolar planets in orbit around the rapidly rotating pulsar
B1257+12.

In May 2000 astronomers used the Arecibo Observatory
as a radar transmitter/receiver to collect the first-ever radar
images of a main belt asteroid, named 216 Kleopatra. Kleopa-
tra is a large, dog-bone shaped minor planet about 217 kilome-
ters long and 94 kilometers wide. Discovered in 1880, the exact

The Arecibo Observatory (Courtesy of NASA)



shape of Kleopatra was unknown until then. Astronomers used
the telescope to bounce radar signals off Kleopatra. Then, with
sophisticated computer analysis techniques, the scientists
decoded the echoes, transformed them into images, and assem-
bled a computer model of the asteroid’s shape. This activity was
made possible because the Arecibo telescope underwent major
upgrades in the 1990s—improvements that dramatically
increased its sensitivity and made feasible the radar imaging of
more distant objects in the solar system.

The Arecibo Observatory is also uniquely suited to
search for signals from extraterrestrial life by focusing on
thousands of star systems in the 1,000 MHz to 3,000 MHz
range. To date, no such signals have been found.

See also ARECIBO INTERSTELLAR MESSAGE; RADAR
ASTRONOMY; RADIO ASTRONOMY; SEARCH FOR EXTRATERRES-
TRIAL INTELLIGENCE (SETI).

areocentric With Mars as the center.

areodesy The branch of science that determines by careful
observation and precise measurement the size and shape of
the planet Mars and the exact position of points and features
on the surface of the planet. Compare with GEODESY.

areography The study of the surface features of Mars; the
“geography” of Mars.

Ares The planet Mars. This name for the fourth planet in
our solar system is derived from the ancient Greek word Ares
(Apeg), their name for the mythological god of war (who was
called Mars by the Romans). Today the term Ares is seldom
used for Mars except in combined forms, such as areocentric
and areodesy.

Argelander, Friedrich Wilhelm August (1799-1875)
German Astronomer Friedrich  Argelander investigated
variable stars and compiled a major telescopic (but prepho-
tography) survey of all the stars in the Northern Hemisphere
brighter than the 9th magnitude. From 1859 to 1862 he pub-
lished the four-volume Bonn Survey (Bomner Durch-
musterung)—an important work that contains more than
324,000 stars.

He was born on March 22, 1799, in the Baltic port of
Memel, East Prussia (now Klaipeda, Lithuania). His father
was a wealthy Finnish merchant and his mother a German.
Argelander studied at the University of Konigsberg in Prussia,
where he was one of FRIEDRICH BESSEL’s most outstanding
students. In 1820 he decided to pursue astronomy as a career
when he became Bessel’s assistant at the Konigsberg Observa-
tory. Argelander received a Ph.D. degree in astronomy in
1822 from the University of Konigsberg. His doctoral disser-
tation involved a critical review of the celestial observations
made by JOHN FLAMSTEED. Argelander’s academic research
interest in assessing the observational quality of earlier star
catalogs so influenced his later professional activities that the
hard-working astronomer would eventually develop his own
great catalog of northern hemisphere stars.

In 1823 Bessel’s letter of recommendation helped Arge-
lander secure a position as an observer at the newly estab-
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lished Turku (Abo) Observatory in southwestern Finland
(then an autonomous grand duchy within the Imperial Rus-
sian Empire). There the young astronomer poured his ener-
gies into the study of stellar motions. Unfortunately, a great
fire in September 1827 totally destroyed Turku, the former
capital of Finland, halting Argelander’s work at the observa-
tory. Following the great fire the entire university community
moved from Turku to the new Finnish capital at Helsinki.

The university promoted Argelander to the rank of pro-
fessor of astronomy in 1828 and also gave him the task of
designing and constructing a new observatory in Helsinki.
Argelander found a suitable site on a hill south of the city,
and by 1832 construction of the new observatory was com-
pleted. The beautiful and versatile new observatory in Helsin-
ki served as the model for the Pulkovo Observatory
constructed by FRIEDRICH GEORG WILHELM STRUVE near St.
Petersburg for use as the major observatory of the Imperial
Russian Empire. Argelander summarized his work on stellar
motions in the 1837 book About the Proper Motion of the
Solar System.

His work in Helsinki ended in 1837, when Bonn Univer-
sity in his native Prussia offered him a professorship in
astronomy that he could not refuse. The offer included con-
struction of a new observatory at Bonn, financed by the Ger-
man crown prince, Friedrich Wilhelm IV (1795-1861), who
became king in 1840. Argelander was a personal friend of
Friedrich Wilhelm IV, having offered the crown prince refuge
in his own home in Memel following Napoleon’s defeat of
the Prussian Army in 1806.

The new observatory in Bonn was inaugurated in 1845.
From then on Argelander devoted himself to the development
and publication of his famous star catalog, the Bonner Durch-
musterung (Bonn Survey), published between 1859 and 1862.
Argelander and his assistants worked hard measuring the posi-
tion and brightness of 324,198 stars in order to compile the
largest and most comprehensive star catalog ever produced
without the assistance of photography. This enormous work
listed all the stars observable in the Northern Hemisphere
down to the 9th magnitude. In 1863 Argelander founded the
Astronomische Gesellschaft (Astronomical Society), whose
mission was to continue his work by developing a complete
celestial survey using input by observers throughout Europe.

Friedrich Argelander died in Bonn on February 17,
1875. His assistant and successor, Eduard Schonfeld
(1828-91), extended Argelander’s astronomical legacy into
the skies of the Southern Hemisphere by adding another
133,659 stars. Schonfeld’s own efforts ended in 1886, but
other astronomers continued Argelander’s quest. In 1914 the
CORDOBA DURCHMUSTERUNG (Cérdoba Survey) appeared;
it contained the positions of 578,802 Southern Hemisphere
stars measured down to the 10th magnitude, as mapped from
the Cordoba Observatory in Argentina. This effort completed
the huge systematic (preastrophotography) survey of stars
begun by Bessel and his hard-working assistant Argelander
nearly a century before.

argument of periapsis The argument (angular distance) of
periapsis from the ascending node.
See also ORBITS OF OBJECTS IN SPACE.
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Ariane The Ariane family of launch vehicles evolved from
a European desire, first expressed in the early 1960s, to
achieve and maintain an independent access to space. Early
manifestation of the efforts that ultimately resulted in the cre-
ation of Arianespace (the international company that now
markets the Ariane launch vehicles) included France’s Dia-
mant launch vehicle program (with operations at Ham-
maguir, Algeria, in the Sahara Desert) and the Europa launch
vehicle program, which operated in the Woomera Range in
Australia before moving to Kourou, French Guiana, in 1970.
These early efforts eventually yielded the first Ariane flight on
December 24, 1979. That mission, called L01, was followed
by 10 more Ariane-1 flights over the next six years. The ini-
tial Ariane vehicle family (Ariane-1 through Ariane-4) cen-
tered on a three-stage launch vehicle configuration with
evolving capabilities. The Ariane-1 vehicle gave way in 1984
to the more powerful Ariane-2 and Ariane-3 vehicle configu-
rations. These configurations, in turn, were replaced in June
1988 with the successful launch of the Ariane-4 vehicle, a
launcher that has been called Europe’s “space workhorse.”
Ariane-4 vehicles are designed to orbit satellites with a total
mass value of up to 4,700 kg. The various launch vehicle ver-
sions differ according to the number and type of strap-on
boosters and the size of the fairings.

fairing
(diameter = 5.4m)

speltra ———— 3

- =

vehicle equipment bay

.

2 solid sirap-on boosters

The general features of the Ariane-5 “two-stage” launch vehicle,
consisting of a powerful liquid hydrogen/liquid oxygen—fueled Vulcain
main engine and two strap-on solid propellant rockets

On October 30, 1997, a new, more powerful launcher,
called Ariane-5, joined the Ariane family, when its second
qualification flight (called V502 or Ariane 502) successfully
took place at the Guiana Space Center in Kourou. At 27 min-
utes into this flight the Magsat-H and Magsat-B platforms,
carrying instruments to analyze the new launch vehicle’s per-
formance, and the TeamSat technology satellite were injected
into orbit.

The Ariane-5 launch vehicle is an advanced “two-stage”
system, consisting of a powerful liquid hydrogen/liquid oxy-
gen—fueled main engine (called the Vulcain) and two strap-on
solid propellant rockets. It is capable of placing a satellite
payload of 5,900 kg (dual satellite launch) or 6,800 kg (sin-
gle satellite launch) into geostationary transfer orbit (GTO)
and approximately 20,000 kg into low-Earth orbit (LEO).

However, the development of the Ariane-5 has not been
without some technical challenges. On June 4, 1996, the
maiden flight of the Ariane-5 launch vehicle ended in a spec-
tacular failure. Approximately 40 seconds after initiation of
the flight sequence, at an altitude of about 3,700 m, a guid-
ance system error caused the vehicle to suddenly veer off its
flight path, break up, and explode—as the errant vehicle
properly self-destructed. Then, on December 12, 2002,
approximately three minutes after lift-off, the more powerful
(10-tonne) Ariane-5 vehicle involved in Flight 157 experi-
enced another catastrophic failure. A leak in the Vulcain 2
nozzle’s cooling circuit during ascent appears to have pro-
duced a nozzle failure that then led to a loss of control over
the launch vehicle’s trajectory.

With the retirement of the Ariane-4 system, the continu-
ously improving Ariane-5 propulsion system now serves as
the main launch vehicle for the European Community. The
Ariane-5 launch vehicle can place a wide variety of payloads
into low-Earth orbit, into geostationary Earth orbit (GEO),
and on interplanetary trajectories.

Ariane vehicles are launched from Kourou, French
Guiana, in South America. Kourou was chosen in part
because it is close to Earth’s equator, which makes the site
ideal for launching most satellites. Following the first firing
of a Diamant rocket by CNES (the French Space Agency) in
1970, Europe decided to use Kourou for its Europa launch
vehicles. In 1975 the European Space Agency (ESA) took
over the existing European facilities at the Guiana Space Cen-
ter to build the ELA-1 complex (the Ensemble de Lancement
Ariane, or Ariane Launch Complex) for its Ariane-1, 2, and 3
launch vehicles. The ESA next created the ELA-2 complex for
the Ariane-4 vehicle. The Ariane-5 vehicle is launched from
ELA-3, a modern launch complex whose facilities spread
over 21 square km. In all, the European spaceport at Kourou
covers 960 square km and has a workforce of more than
1,000 persons.

See also CENTRE NATIONAL D’ETUDES SPATIALES (CNES);
EUROPEAN SPACE AGENCY; KOUROU LAUNCH COMPLEX;
LAUNCH VEHICLE.

Ariel Discovered in 1851 by the British astronomer WiLLIAM
LASSELL, this moon of Uranus is named after the mischievous
airy spirit in William Shakespeare’s play The Tempest. Ariel
has a diameter of 1158 km and a mass of 1.3 x 1021 kg. Like



Titania but smaller, the bright moon is a mixture of water ice
and rock. Its cratered surface has a system of deep intercon-
nected rift valleys (chasmata) that are hundreds of kilometers
long. Ariel is in synchronous orbit and travels around Uranus
in 2.52 days at a distance of 191,020 km.

See also URANUS.

Ariel spacecraft The family of scientific satellites devel-
oped by the United Kingdom and launched and operated in
cooperation with the United States (NASA) between 1962
and 1979. The first four satellites, called Ariel 1, 2, 3, and 4,
focused on investigating Earth’s ionosphere. Ariel 5§ was dedi-
cated to X-ray astronomy, and Ariel 6 supported both cosmic
ray research and X-ray astronomy.

Ariel 1, the United Kingdom’s first Earth-orbiting satel-
lite, was launched by a Thor-Delta rocket from Cape
Canaveral Air Force Station in Florida on April 26, 1962.
The satellite went into a 389-km (pergiee) by 1,214-km
(apogee) orbit around Earth and had a period of approxi-
mately 101 minutes, an inclination of 53.9 degrees, and an
eccentricity of 0.0574. The small 62-kg cylindrically shaped
spacecraft had a diameter of 0.58-meter and a height of 0.22-
meter. Ariel 1 carried a tape recorder and instrumentation for
one cosmic ray, two solar emission, and three ionosphere
experiments. Following launch, this early scientific satellite
operated nominally until July 9, 1962—except for the solar
Lyman-alpha emission experiment, which failed upon
launch. From July 9 to September 8, 1962, the spacecraft had
only limited operation. Then, spacecraft controllers operated
Ariel 1 again from August 25, 1964, to November 9, 1964,
in order to obtain scientific data concurrently with the opera-
tion of NASA’s Explorer 20 satellite.

Ariel 2 was launched by a Scout rocket from NASA’
Wallops Flight Facility on March 27, 1964. The spacecraft
carried British experiments to measure galactic radio noise.
Ariel 2 traveled around Earth in a 180-km (apogee) by 843-
km (perigee) orbit with a period of 101.3 minutes, an inclina-
tion of 51.6 degrees, and an eccentricity of 0.048.

Ariel 3 was launched on May 5, 1967, by a Scout rocket
from Vandenberg Air Force Base (AFB) in California. The
small scientific satellite traveled around Earth in a 497-km
(perigee) by 608-km (apogee) polar orbit with a period of
95.7 minutes, an inclination of 80.2 degrees, and an eccen-
tricity of 0.008. Instruments on board Ariel 3 extended earli-
er British investigations of the ionosphere and near-Earth
space. Controllers turned off the satellite in September 1969,
and it decayed from orbit and disintegrated in Earth’s upper
atmosphere on December 14, 1970.

Ariel 4 was launched on December 11, 1971, by a Scout
rocket from Vandenberg AFB. The small scientific satellite
traveled around Earth in a 480-km (perigee) by 590-km
(apogee) polar orbit with a period of 95.1 minutes, an incli-
nation of 83 degrees, and an eccentricity of 0.008. British sci-
entists designed the scientific payload of Ariel 4 to investigate
the interactions among electromagnetic waves, plasmas, and
energetic particles present in Earth’s upper ionosphere. The
spacecraft had a design lifetime of one year.

The scientific instruments on board Ariel 5 supported X-
ray astronomy. A Scout rocket carried the satellite into orbit
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on October 15, 1974, from the San Marco launch platform
in the Indian Ocean off the coast of Kenya, Africa. Ariel §
traveled around Earth every 95 minutes in an almost circular
(512-km by 557-km) low-inclination (2.9 degree) orbit. Data
were stored on board the spacecraft in a core storage and
then dumped to ground stations once per orbit. The Ariel 5
satellite monitored the sky with six different instruments (5
British and 1 American) from October 15, 1974, to March
14, 1980, when it reentered Earth’s atmosphere.

Ariel 6 was the final satellite in this series of scientific
spacecraft supporting a United Kingdom-United States col-
laborative space research program. A Scout rocket launched
Ariel 6 from NASA’s Wallops Island Flight Facility on June 3,
1979 (local time), and placed the spacecraft into a near circu-
lar 625-km-altitude, 55-degree-inclination orbit. The objec-
tive of this mission was to perform scientific observations in
support of high-energy astrophysics, primarily cosmic ray
and X-ray measurements. Ariel 6 continued to provide data
until February 1982.

Aristarchus of Samos (ca. 320-ca. 250 B.C.E.) Greek
Mathematician, Astronomer Aristarchus was the first Greek
astronomer to suggest that Earth not only revolved on its
axis, but also traveled around the Sun along with the other
known planets. Unfortunately, he was severely criticized for
his bold hypothesis of a moving Earth. At the time Greek
society favored the teachings of ARISTOTLE and other, who
advocated a “geocentric cosmology” with an immovable
Earth at the center of the universe. Almost 18 centuries
would pass before NicHOLAS COPERNICUS revived heliocen-
tric (Sun-centered) cosmology.

Aristotle (384-322 B.C.E.) Greek Philosopher Aristotle was
one of the most influential thinkers in the development of
Western civilization. He endorsed and embellished the geo-
centric (Earth-centered) cosmology of EuDOXUS OF CNIDUS
and championed a worldview that dominated astronomy for
almost 2,000 years. In Aristotelian cosmology a nonmoving
Earth was surrounded by a system of 49 concentric transpar-
ent (“crystal”) spheres, each helping to account for the
motion of all visible celestial bodies. The outermost sphere
contained the fixed stars. PTOLEMY later replaced Aristotle’s
spheres with a system of epicycles. Modified but unchal-
lenged, Aristotelian cosmology dominated Western thinking
for almost two millennia, until finally surrendering to the
heliocentric (Sun-centered) cosmology of NICHOLAS COPER-
NICUS, JOHANNES KEPLER, and GALILEO GALILEIL

Arizona meteorite crater One of Earth’s most famous
and best-preserved meteorite impact craters. It is approxi-
mately 175 meters deep and 1,200 meters across and is locat-
ed in northern Arizona about 55 kilometers east of Flagstaff.
This impact crater formed about 50,000 years ago when a
large (possibly 50- to 70-meter-diameter) iron meteorite
crashed into the desert surface at an estimated speed of
approximately 16 km/s. Also called Meteor Crater or the
Barringer Crater after the American mining engineer Daniel
Barringer (1860-1929), who investigated the crater and was
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the first to suggest its extraterrestrial origin as the result of a
massive meteorite strike.
See also CRATER; IMPACT CRATER; METEOROIDS.

Armstrong, Neil A. (1930~ ) American Astronaut Neil
Armstrong is the American astronaut and X-135 test pilot who
served as the commander for NASA’s Apollo 11 lunar landing
mission in July 1969. As he became the first human being to
set foot on the Moon (July 20, 1969), he uttered these his-
toric words: “That’s one small step for a man, one giant leap
for mankind.”
See also APOLLO PROJECT.

Arp, Halton Christian (1927- ) American Astronomer

The astronomer Harlton Arp published the Atlas of Peculiar

Galaxies in 1966. He also proposed a controversial theory con-

cerning redshift phenomena associated with distant quasars.
See also GALAXY; QUASARS; REDSHIFT.

Arrest, Heinrich Louis d’ (1822-1875) German Astro-
nomer Heinrich d’Arrest worked as an astronomer at the
Berlin Observatory, Germany, and the Copenhagen Observa-
tory, Denmark. While working at the Copenhagen Observa-
tory he discovered numerous celestial objects, including

Apollo 11 astronaut Neil Armstrong, the first human being to walk on the
Moon (Courtesy of NASA)

asteroids, comets, and nebulas. While working at the Berlin
Observatory he participated with the German astronomer
JOHANN GALLE in the 1846 telescopic search that led to the
discovery of Neptune.

See also ASTEROID; COMET; NEPTUNE.

Arrhenius, Svante August (1859-1927) Swedish Chemist,
Exobiologist Years ahead of his time, Svante A. Arrhenius
was the pioneering physical chemist who won the 1903 Nobel
Prize in chemistry for a brilliant idea that his conservative
doctoral dissertation committee barely approved in 1884. His
wide-ranging talents anticipated such space age scientific dis-
ciplines as planetary science and exobiology. In 1895 he
became the first scientist to formally associate the presence of
“heat trapping” gases, such as carbon dioxide, in a planet’s
atmosphere with the greenhouse effect. Then, early in the
20th century he caused another scientific commotion when he
boldly speculated about how life might spread from planet to
planet and might even be abundant throughout the universe.

Arrhenius was born on February 19, 1859, in the town
of Vik, Sweden. His father was a land surveyor employed by
the University of Uppsala and responsible for managing the
university’s estates at Vik, where Svante Arrhenius was born.
His uncle was a well-respected professor of botany and rector
of the Agricultural High School near Uppsala.

In 1860 his family moved to Uppsala. While a student at
the cathedral school in Uppsala, the young Arrhenius demon-
strated his aptitude for arithmetical calculations and developed
a great interest in mathematics and physics. Upon graduation
from the cathedral school in 1876, he entered the University of
Uppsala, where he studied mathematics, chemistry, and
physics. He earned a bachelor’s degree from the university in
1878 and continued there for an additional three years as a
graduate student. However, Arrhenius encountered professors
at the University of Uppsala who dwelled in too conservative a
technical environment and would not support his innovative
doctoral research topic involving the electrical conductivity of
solutions. So in 1881 he went to Stockholm to perform his dis-
sertation research in absentia under Professor Eric Edlund at
the Physical Institute of the Swedish Academy of Sciences.

Responding to the more favorable research environment
with Edlund in Stockholm, Arrhenius pursued his scientific
quest to answer the mystery in chemistry of why a solution of
salt water conducts electricity when neither salt nor water by
themselves do. His brilliant hunch was “ions”—that is, elec-
trolytes when dissolved in water split or dissociate into electri-
cally opposite positive and negative ions. In 1884 Arrhenius
presented this scientific breakthrough in his thesis, “Investiga-
tions on the galvanic conductivity of electrolytes.” However,
the revolutionary nature of his ionic theory simply over-
whelmed the orthodox-thinking reviewers on his doctoral
committee at the University of Uppsala. They just barely
passed him by giving his thesis the equivalent of a “blackball”
fourth-class rank, declaring his work was “not without merit.”

Undeterred, Arrhenius accepted his doctoral degree, con-
tinued to promote his new ionic theory, visited other innova-
tive thinkers throughout Europe, and explored new areas of
science that intrigued him. For example, in 1887 he worked
with LUDWIG BOLTZMANN in Graz, Austria. Then, in 1891



Arrhenius accepted a position as a lecturer in physics at the
Technical University in Stockholm (Stockholms Hogskola).
There, in 1894, he met and married his first wife, Sofia
Rudeck, his student and assistant. The following year he
received a promotion to professor in physics, and the newly
married couple had a son, Olev Wilhelm. His first marriage
was only a brief one and ended in divorce in 1896.

The Nobel Prize committee viewed the quality of Arrhe-
nius’s pioneering work in ionic theory quite differently than
did his doctoral committee. They awarded Arrhenius the
1903 Nobel Prize in chemistry “in recognition of the extraor-
dinary services he has rendered to the advancement of chem-
istry by his electrolytic theory of dissociation.” At the awards
ceremony in Stockholm he met another free-spirited genius,
Marie Curie (1867-1934), who shared the 1903 Nobel Prize
in physics with her husband, Pierre (1859-1906), and A.
Henri Becquerel (1852-1908) for the codiscovery of radioac-
tivity. Certainly, the year 1903 was an interesting and chal-
lenging one for the members of the Nobel Prize selection
committee. Arrhenius’s discovery shattered conventional wis-
dom in both physics and chemistry, while Marie Curie’s pio-
neering radiochemistry discoveries forced the committee to
include her as a recipient, shattering male dominance in sci-
ence and making her the first woman to receive the presti-
gious award.

In 1905 Arrhenius retired from his professorship in
physics and accepted a position as the director of the newly
created Nobel Institute of Physical Chemistry in Stockholm.
This position was expressly tailored for Arrhenius by the
Swedish Academy of Sciences to accommodate his wide-rang-
ing technical interests. That same year he married his second
wife, Maria Johansson, who eventually bore him two daugh-
ters and a son.

Soon a large number of collaborators came to the Nobel
Institute of Physical Chemistry from all over Sweden and
numerous other countries. The institute’s creative environ-
ment allowed Arrhenius to spread his many ideas far and
wide. Throughout his life he took a very lively interest in var-
ious branches of physics and chemistry and published many
influential books, including Textbook of Theoretical Electro-
chemistry (1900), Textbook of Cosmic Physics (1903), Theo-
ries of Chemistry (1906), and Theories of Solutions (1912).

In 1895 Arrhenius boldly ventured into the fields of cli-
matology, geophysics, and planetary science when he presented
an interesting paper to the Stockholm Physical Society: “On
the influence of carbonic acid in the air upon the temperature
of the ground.” This visionary paper anticipated by decades
contemporary concerns about the greenhouse effect and the
rising carbon dioxide (carbonic acid) content in Earth’s atmo-
sphere. In the article Arrhenius argued that variations in trace
atmospheric constituents, especially carbon dioxide, could
greatly influence Earth’s overall heat (energy) budget.

During the next 10 years Arrhenius continued his pio-
neering work on the effects of carbon dioxide on climate,
including his concern about rising levels of anthropogenic
(human-caused) carbon dioxide emissions. He summarized
his major thoughts on the issue in the 1903 textbook
Lebrbuch der kosmichen Physik (Textbook of cosmic
physics)—an interesting work that anticipated scientific disci-
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plines (namely, planetary science and Earth system science)
that did not yet exist.

A few years later Arrhenius published the first of several
of his popular technical books: Worlds in the Making (1908).
In this book he described the “hot-house theory” (now called
the greenhouse effect) of the atmosphere. He was especially
interested in explaining how high-latitude temperature
changes could promote the onset of ice ages and interglacial
periods. But in Worlds in the Making he also introduced his
panspermia hypothesis—a bold speculation that life could be
spread through outer space from planet to planet or even
from star system to star system by the diffusion of spores,
bacteria, or other microorganisms.

In 1901 he was elected to the Swedish Academy of Sci-
ences despite lingering academic opposition in Sweden to his
internationally recognized achievements in physical chem-
istry. The Royal Society of London awarded him the Davy
Medal in 1902 and elected him a foreign member in 1911.
That same year, during a visit to the United States, he
received the first Willard Gibbs Medal from the American
Chemical Society. Finally, in 1914 the British Chemical Soci-
ety presented him with its prestigious Faraday Medal. He
remained intellectually active as the director of the Nobel
Institute of Physical Chemistry until his death in Stockholm
on October 2, 1927.

See also EARTH RADIATION BUDGET; EARTH SYSTEM SCI-
ENCE; GREENHOUSE EFFECT; PANSPERMIA.

artificial gravity Simulated gravity conditions established
within a spacecraft, space station, or space settlement. Rotat-
ing the space system about an axis creates this condition,
since the centrifugal force generated by the rotation produces
effects similar to the force of gravity within the vehicle. The
Russian astronautics pioneer KONSTANTIN TSIOLKOVSKY first
suggested this technique at the start of the 20th century.

artificial intelligence (AI) A term commonly taken to
mean the study of thinking and perceiving as general infor-
mation-processing functions, or the science of machine intelli-
gence (MI). In the past few decades computer systems have
been programmed to diagnose diseases; prove theorems; ana-
lyze electronic circuits; play complex games such as chess,
poker, and backgammon; solve differential equations; assem-
ble mechanical equipment using robotic manipulator arms
and end effectors (the “hands™ at the end of the manipulator
arms); pilot uncrewed vehicles across complex terrestrial ter-
rain, as well as through the vast reaches of interplanetary
space; analyze the structure of complex organic molecules;
understand human speech patterns; and even write other
computer programs. All of these computer-accomplished
functions require a degree of “intelligence” similar to mental
activities performed by the human brain. Someday, a general
theory of intelligence may emerge from the current efforts of
scientists and engineers who are now engaged in the field of
artificial intelligence. This general theory would help guide
the design and development of even “smarter” robot space-
craft and exploratory probes, allowing us to more fully
explore and use the resources that await us throughout the
solar system and beyond.
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Artificial intelligence generally includes a number of ele-
ments or subdisciplines. Some of these are planning and
problem solving; perception; natural language; expert sys-
tems; automation, teleoperation, and robotics; distributed
data management; and cognition and learning. Each of these
A1 subdisciplines will now be discussed briefly.

All artificial intelligence involves elements of planning
and problem solving. The problem-solving function implies a
wide range of tasks, including decision making, optimization,
dynamic resource allocation, and many other calculations
and logical operations.

Perception is the process of obtaining data from one or
more sensors and processing or analyzing these data to assist
in making some subsequent decision or taking some subse-
quent action. The basic problem in perception is to extract
from a large amount of (remotely) sensed data some feature
or characteristic that then permits object identification.

One of the most challenging problems in the evolution of
the digital computer has been the communication that must

occur between the human operator and the machine. The
human operator would like to use an everyday, or natural,
language to gain access to the computer system. The process
of communication between machines and people is very com-
plex and frequently requires sophisticated computer hard-
ware and software.

An expert system permits the scientific or technical
expertise of a particular human being to be stored in a com-
puter for subsequent use by other human beings who have
not had the equivalent professional or technical experience.
These expert systems have been developed for use in such
diverse fields as medical diagnosis, mineral exploration, and
mathematical problem solving. To create such an expert sys-
tem, a team of software specialists will collaborate with a sci-
entific expert to construct a computer-based interactive
dialogue system that is capable, at least to some extent, of
making the expert’s professional knowledge and experience
available to other individuals. In this case the computer, or
“thinking machine,” not only stores the scientific (or profes-
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Future space robots like the one shown in this artist's rendering will need the ability to learn and possibly even understand as they encounter new
situations and are forced to change their originally planned mode of operation. (Artist’s rendering courtesy of NASA)



sional) expertise of one human being, but also permits ready
access to this valuable knowledge base because of its artificial
intelligence, which guides other human users.

Automatic devices are those that operate without direct
human control. NASA has used many such automated smart
machines to explore alien worlds. For example, the two
Viking landers placed on the Martian surface in 1976 repre-
sent one of the early great triumphs of robotic space explo-
ration. After separation from the Viking orbiter spacecraft,
the lander (protected by an aeroshell) descended into the thin
Martian atmosphere at speeds of approximately 16,000 kilo-
meters per hour. It was slowed down by aerodynamic drag
until its aeroshell was discarded. Each robotic lander space-
craft slowed down further by releasing a parachute and then
achieved a gentle landing by automatically firing retrorock-
ets. Both Viking landers successfully accomplished the entire
soft landing sequence automatically without any direct
human intervention or guidance.

Teleoperation implies that a human operator is in
remote control of a mechanical system. Control signals can
be sent by means of “hardwire” (if the device under control
is nearby) or via electromagnetic signals (for example, laser
or radio frequency) if the robot system is some distance
away. NASA’s Pathfinder mission to the surface of Mars in
1997 successfully demonstrated teleoperation of a minirobot
rover at planetary distances. The highly successful Mars
Pathfinder mission consisted of a stationary “lander” space-
craft and a small “surface rover” called Sojourner. This six-
wheeled minirobot rover vehicle was actually controlled (or
“teleoperated”) by the Earth-based flight team at the Jet
Propulsion Laboratory (JPL) in Pasadena, California. The
human operators used images of the Martian surface
obtained by both the rover and the lander systems. These
interplanetary teleoperations required that the rover be capa-
ble of some semiautonomous operation, since there was a
time delay of the signals that averaged between 10 and 15
minutes depending on the relative position of Earth and
Mars over the courses of the mission. This rover had a haz-
ard avoidance system, and surface movement was performed
very slowly. The 2003 Mars Exploration Rovers Spirit and
Opportunity provided even more sophisticated and reward-
ing teleoperation experiences at interplanetary distances as
they successfully scampered across different portions of the
Red Planet in 2004.

Of course, in dealing with the great distances in inter-
planetary exploration, a situation is eventually reached when
electromagnetic wave transmission cannot accommodate
effective “real-time” control. When the device to be con-
trolled on an alien world is many light-minutes or even light-
hours away and when actions or discoveries require
split-second decisions, teleoperation must yield to increasing
levels of autonomous, machine intelligence—dependent robot-
ic operation.

Robot devices are computer-controlled mechanical sys-
tems that are capable of manipulating or controlling other
machine devices, such as end effectors. Robots may be mobile
or fixed in place and either fully automatic or teleoperated.

Large quantities of data are frequently involved in the
operation of automatic robotic devices. The field of distribut-
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ed data management is concerned with ways of organizing
cooperation among independent, but mutually interacting,
databases.

In the field of artificial intelligence, the concept of cogni-
tion and learning refers to the development of a machine
intelligence that can deal with new facts, unexpected events,
and even contradictory information. Today’s smart machines
handle new data by means of preprogrammed methods or
logical steps. Tomorrow’s “smarter” machines will need the
ability to learn, possibly even to understand, as they
encounter new situations and are forced to change their mode
of operation.

Perhaps late in the 21st century, as the field of artificial
intelligence sufficiently matures, we will send fully automatic
robot probes on interstellar voyages. Each very smart inter-
stellar probe will have to be capable of independently exam-
ining a new star system for suitable extrasolar planets and, if
successful in locating one, beginning the search for extrater-
restrial life. Meanwhile, back on Earth, scientists will have to
wait for its electromagnetic signals to travel light-years across
the interstellar void, eventually informing its human builders
that the extraterrestrial exploration plan has been successful-
ly accomplished.

See also MARS EXPLORATION ROVER MISSION; MARS
PATHFINDER; ROBOTICS IN SPACE; VIKING PROJECT.

artificial satellite A human-made object, such as a space-
craft, placed in orbit around Earth or other celestial body.
Sputnik 1 was the first artificial satellite to be placed in orbit
around Earth.

Aryabhata 1India’s first satellite, named after the fifth-cen-
tury Indian mathematician Aryabhata the Elder (476-550).
The spacecraft was launched by the Soviet Union on April
19, 1975, from Kapustin Yar. The satellite traveled around
Earth in an orbit that had a period of 96.3 minutes, an
apogee of 619 kilometers, and a perigee of 563 kilometers, at
an inclination of 50.7 degrees. Aryabhata was built by the
Indian Space Research Organization (ISRO) to conduct
experiments in X-ray astronomy and solar physics. The
spacecraft was a 26-sided polygon 1.4 meters in diameter. All
faces of this polygon (except the top and bottom) were cov-
ered with solar cells. A power failure halted experiments after
four days in orbit. All signals from the spacecraft were lost
after five days of operation. The satellite reentered the Earth’s
atmosphere on February 11, 1992.

ascending node That point in the orbit of a celestial body
when it travels from south to north across a reference plane,
such as the equatorial plane of the celestial sphere or the
plane of the ecliptic. Also called the northbound node. Com-
pare with DESCENDING NODE.

AsiaSat 3 A communications satellite launched on Decem-
ber 24, 1997, by a Russian Proton-K rocket from the
Baikonur Cosmodrome in Kazakhstan. Originally owned by
Asia Satellite Telecommunications Co. Ltd. (AsiaSat) of Hong
Kong, People’s Republic of China, this communications satel-
lite was intended for use primarily for television distribution
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and telecommunications services throughout Asia, the Middle
East, and the Pacific Basin (including Australia). Specifically,
it has multiple spot beams to provide telecommunications
services to selected geographic areas.

The body-stabilized satellite was 26.2 meters tip-to-tip
along the axis of the solar arrays and 10 meters across the axis
of the antennas. The bus was essentially a cube, roughly four
meters on a side. Power to the spacecraft was generated using
two sun-tracking, four-panel solar wings covered with gallium-
arsenide (Ga-As) solar cells, which provided up to 9,900 watts
of electric power. A 29-cell nickel-hydrogen (Ni-H) battery
provided electric power to the spacecraft during eclipse opera-
tions. For station-keeping the spacecraft used a bipropellant
propulsion system consisting of 12 conventional bipropellant
thrusters. Two 2.72-meter-diameter antennas were mounted on
opposing sides of the bus, perpendicular to the axis along
which the solar arrays were mounted. One of these antennas
operated in C-band, the other in Ku-band. A 1.3-m-diameter
reflector operating in the Ku-band provided focused area cov-
erage. A one-meter-diameter Ku-band steerable spot-beam
antenna provided the spacecraft with the ability to direct five-
degree coverage of any area on Earth’s surface visible to the
spacecraft from its orbital location. Both of these antennas
were mounted on the nadir side of the spacecraft.

Although the satellite reached geosynchronous altitude
after launch, a malfunction in the fourth propulsion stage
resulted in a dysfunctional orbit. Following its failure to
achieve the proper operational orbit, the manufacturer
(Hughes Global Services) purchased the spacecraft back from
the insurance companies and renamed it HGS 1. Ground
controllers then maneuvered the HGS 1 spacecraft into two
successive flybys of the Moon—innovative operations that
eventually placed the wayward communications satellite into
a useful geosynchronous orbit. This was the first time
aerospace ground controllers used orbital mechanics maneu-
vers around the Moon to salvage a commercial satellite.

See also BAIKONOUR COSMODROME; COMMUNICATIONS
SATELLITE.

A stars Stars of spectral type A that appear blue-white or
white in color and have surface temperatures ranging
between approximately 7,500 and 11,000 K. Altair, Sirius,
and Vega are examples.

See also SPECTRAL CLASSIFICATION; STAR.

asteroid A small, solid, rocky body without atmosphere
that orbits the Sun independent of a planet. The vast majority
of asteroids, which are also called minor planets, have orbits
that congregate in the asteroid belt or the main belt, a vast
doughnut-shaped region of heliocentric space located
between the orbits of Mars and Jupiter. The asteroid belt
extends from approximately 2 to 4 astronomical units (AU)
(or about 300 million to 600 million kilometers from the
Sun) and probably contains millions of asteroids ranging
widely in size from Ceres—which at about 940 km in diame-
ter is about one-quarter the diameter of our Moon—to solid
bodies that are less than 1 km across. There are more than
20,000 numbered asteroids.

NASA’s Galileo spacecraft was the first to observe an
asteroid close up, flying past main belt asteroids Gaspra and
Ida in 1991 and 1993, respectively. Gaspra (19 km long) and
Ida (58 km long) proved to be irregularly shaped objects,
rather like potatoes, riddled with craters and fractures. The
Galileo spacecraft also discovered that Ida had its own moon,
a tiny body called Dactyl in orbit around its parent asteroid.
Astronomers suggest Dactyl may be a fragment from past
collisions in the asteroid belt.

NASA’s Near-Earth Asteroid Rendezvous (NEAR) mis-
sion was the first scientific mission dedicated to the explo-
ration of an asteroid. The NEAR Shoemaker spacecraft
caught up with the asteroid Eros in February 2000 and orbit-
ed the small body for a year, studying its surface, orbit, mass,
composition, and magnetic field. Then, in February 2001
mission controllers guided the spacecraft to the first-ever
landing on an asteroid.

Scientists currently believe that asteroids are the primor-
dial material that was prevented by Jupiter’s strong gravity
from accreting (accumulating) into a planet-sized body when
the solar system was born about 4.6 billion years ago. It is
estimated that the total mass of all the asteroids (if assembled
together) would create a celestial body about 1,500 kilome-
ters in diameter—an object less than half the size of the
Moon.

Known asteroids range in size from about 940 kilome-
ters in average diameter (Ceres, the first asteroid discovered)
down to “pebbles” a few centimeters in diameter. There are
16 asteroids that have diameters of 240 kilometers or more.
The majority of main belt asteroids follow slightly elliptical,
stable orbits, revolving around the Sun in the same direction
as Earth and the other planets and taking from three to six
years to complete a full circuit of the Sun.

Minor planet 1, Ceres, is the largest main belt asteroid,
with a diameter that is some 960 by 932 kilometers. The Ital-
ian astronomer GIUSEPPI P1azzi discovered Ceres in 1801.
This type-C asteroid has a rotation period of 9.075 hours and
an orbital period (around the Sun) of 4.6 years. The German
astronomer HEINRICH W. OLBERS discovered minor planet 2,
Pallas, in 1802. This large asteroid has irregular dimensions

A mosaic image of the southern hemisphere of the asteroid Eros taken by
NASA's NEAR Shoemaker spacecraft on November 30, 2000. The image
provides a long-distance view of the 33-km-long asteroid and its cratered
terrain. The direction south is to the top of the image. (Courtesy of NASA
and Johns Hopkins University Applied Physics Laboratory)



(570 km by 525 km by 482 km) and a rotation period of 7.81
hours. Its orbital period is 4.61 years. Minor planet 3, Juno,
was discovered in 1804 by the German astronomer Karl
Harding (1765-1834). Juno is a type-S asteroid with a diame-
ter of 240 kilometers and a rotation period of 7.21 hours. Its
orbital period is 4.36 years. Minor planet 4, Vesta, was the
fourth asteroid discovered. German astronomer Heinrich W.
Olbers made the discovery in 1807. Vesta has a diameter of
approximately 530 kilometers and is the third-largest asteroid
(behind Ceres and Pallas). This interesting minor planet has a
rotation period of 5.34 hours and an orbital period of 3.63
years. With an average albedo of 0.38, it is the only asteroid
bright enough to be observed by the naked eye. Observations
in 1997 by the Hubble Space Telescope (HST) revealed sur-
face features that suggest a complex geological history, includ-
ing lava flows and impact basins. Especially noteworthy, the
HST instruments found an enormous crater that formed
about a billion years ago. Scientists point out that while Vesta
is an uncommon asteroid type, meteorites having the same
composition as Vesta have been found on Earth. This leads to
the interesting speculation that such Vestalike meteorites may
actually be remnants from the ancient collision that created
the minor planet’s giant crater. Future exploration by robotic
spacecraft should help solve this mystery.

Our understanding of asteroids has been derived from
three main sources: Earth-based remote sensing, robot space-
craft flybys and landings (including the Galileo and NEAR-
Shoemaker missions), and laboratory analyses of meteorites
that are assumed to be related to asteroids. Scientists classify
asteroids according to the shape and slope of their reflectance
spectra. An elaborate characterization system of 14 classes
has evolved, including C (0.03-0.09 albedo), B (0.04-0.08
albedo), F (0.03-0.06 albedo), G (0.05-0.09 albedo), P
(0.02-0.06 albedo), D (0.02-0.05 albedo), T (0.04-0.11
albedo), S (0.10-0.22 albedo), M (0.10-0.18 albedo), E
(0.25-0.60 albedo), A (0.13-0.40 albedo), Q (moderate albe-
do), R (moderately high albedo), and V (moderately high
albedo). The last four classes (namely, A, Q, R and V) are
quite rare types of asteroids, generally with just one or a few
asteroids falling into any of these classes. The term albedo
refers to an object’s reflectivity, or intrinsic brightness. A
white, perfectly reflecting surface has an albedo of 1.0, while
a black, perfectly absorbing surface has an albedo of 0. How-
ever, albedo value, while quite useful, does not by itself
uniquely establish the class of a particular asteroid.

The majority of asteroids fall into the following three
classes or categories: C-type, S-type, and M-type. The C-type,
or carbonaceous, asteroids appear to be covered with a dark,
carbon-based material and are assumed to be similar to car-
bonaceous chondrite meteorites. This class includes more
than 75 percent of known asteroids. C-type asteroids are very
dark and have albedos ranging from 0.03 to 0.09. They are
predominantly located in the outer regions of the main belt.

The S-type, or silicaceous, asteroids account for about
17 percent of the known asteroids. They are relatively bright,
with an albedo ranging between 0.10 and 0.22. S-type aster-
oids dominate the inner portion of the main belt. This type of
asteroid is thought to be similar to silicaceous or stony-iron
meteorites. Of particular interest in the development of an
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extraterrestrial civilization is the fact that S-class asteroids
(especially the more readily accessible Earth-crossing ones)
may contain up to 30 percent free metals—that is, alloys of
iron, nickel, and cobalt, along with high concentrations of
precious metals in the platinum group.

The M-type, or metallic, asteroids are relatively bright,
with an albedo ranging from 0.10 to 0.18. These asteroids
are thought to be the remaining metallic cores of very small,
differentiated planetoids that have been stripped of their
crusts through collisions with other asteroids. M-type minor
planets are found in the middle region of the main belt.

To date there is no general scientific consensus on the
origin or nature of the various types of asteroids and their
relationship to different types of meteorites. The most com-
mon meteorites, known as ordinary chondrites, are composed
of small grains of rock and appear to be relatively unchanged
since the solar system formed. Stony-iron meteorites, on the
other hand, appear to be remnants of larger bodies that were
once melted so that the heavier metals and lighter rocks sepa-
rated into different layers. Space scientists have also hypothe-
sized that some of the dark (that is, low-albedo) asteroids
whose perihelia (orbital points nearest the Sun) fall within the
orbit of Mars may actually be extinct cometary nuclei.

Earth-approaching and Earth-crossing asteroids (ECAs)
are of special interest from both the perspective of extrater-
restrial resource opportunities as well the possibility that one
of these near-Earth objects (NEOs) could undergo a catas-
trophic collision with Earth. A “killer asteroid,” a kilometer
or greater in diameter, impacting Earth would contain
enough kinetic energy to trigger an extinction level event
(ELE) similar to the violent cosmic collision that appears to
have happened 65 million years ago, wiping out the
dinosaurs and many other forms of life.

These inner solar system asteroids, or near-Earth aster-
oids (NEAs), fall into three groups. Each group was named
for a prominent asteroid within it, namely Amor (after minor
planet 1,221 Amor), Apollo (after minor planet 1,862 Apol-
lo), and Aten (after minor planet 2,062 Aten).

Amor group asteroids have perihelia between 1.017
astronomical units (AU) (Earth’s aphelion) and 1.3 AU (an
arbitrarily chosen distance) and cross the orbit of Mars. Since
these asteroids approach Earth (but do not cross its orbit),
they are sometimes called Earth-approaching asteroids, or
Earth-grazing asteroids (Earth grazers). Minor planet 1,221
Amor was discovered in 1932 by the Belgian astronomer
EUGENE J. DELPORTE. This asteroid has a diameter of
approximately 1 kilometer and an orbital period of 2.66
years. Minor planet 433 Eros is a member of the Amor
group. It is an S-type asteroid with an orbital period of 1.76
years. Eros is irregularly shaped (33 by 13 by 13 km) and has
a rotation period of 5.270 hours. The semimajor axis of its
orbit around the Sun is 1.458 AU.

The Apollo group of asteroids have semimajor axes
greater than 1.0 AU and aphelion distances less than 1.017
AU—taking them across the orbit of Earth. Minor planet
1,862 Apollo (the group’s namesake) was discovered in 1932
by the German astronomer KARL REINMUTH. This S-type
Earth-crossing asteroid has a diameter of about 1.6 kilome-
ters and an orbital period of 1.81 years. After passing within
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0.07 AU (~10.5 million km) of Earth in 1932, this minor
became “lost in space” until 1973, when it was rediscovered.
The largest member of the Apollo group is minor planet
1,866 Sisyphus. This ECA has a diameter of about 8 kilome-
ters and an orbital period of 2.6 years.

The Aten group of asteroids also cross Earth’s orbit but
have semimajor axes less than 1.0 AU and aphelion distances
greater than 0.983 AU (Earth’s perihelion distance). Conse-
quently, members of this group have an average distance
from the Sun that is less than that of Earth. Minor planet
2,062 Aten was discovered in 1976 by the American
astronomer Eleanor Kay Helin. It is an S-type asteroid and
has a diameter of approximately 1 kilometer and an orbital
period of 0.95 years. The largest member of this Earth-cross-
ing group is called minor planet 3,753 (it has yet to be given
a formal name). It has a diameter of about 3 kilometers, an
orbital period of approximately 1 year, and travels in a com-
plex orbit around the Sun.

Near-Earth asteroids are a dynamically young population
of planetary bodies, whose orbits evolve on 100-million-year
time scales because of collisions and gravitational interactions
with the Sun and the terrestrial planets. The largest NEA dis-
covered to date is minor planet 1,036 Ganymed, an S-type
member of the Amor group. Ganymed has a diameter of
about 41 kilometers. While less than 300 NEAs have been
identified, current estimates suggest that there are more than
1,000 NEAs large enough (i.e., 1-kilometer diameter or more)
to threaten Earth in this century and beyond.

No discussion of the minor planets would be complete
without at least a brief mention of the Trojan asteroid group
and the interesting asteroid/comet object Chiron. The Trojan
asteroids form two groups of minor planets that are clustered
near the two stable Lagrangian points of Jupiter’s orbit, that
is, 60° leading [L, point] and 60° following [L;s] the giant
planet at a mean distance of 5.2 AU from the Sun. The first
Trojan asteroid, minor planet 588 Achilles was discovered in
1906 at the L4 Lagrangian point—60° ahead of Jupiter. More
than 200 Trojan asteroids are now known. As part of astro-
nomical tradition, major members of this group of asteroids
have been named after the mythical heros of the Trojan War.

Asteroid 2060 Chiron was discovered in 1977 by the
American astronomer Charles Kowal. With a perihelion dis-
tance of just 8.46 AU and an aphelion distance of about 18.9
AU, this unusual object lies well beyond the main asteroid belt
and follows a highly chaotic, eccentric orbit that goes from
within the orbit of Saturn out to the orbit of Uranus. Chiron’s
diameter is currently estimated at between 150 and 210 kilo-
meters, and it has a rotation rate of approximately 5.9 hours.
This enigmatic object has an orbital period of 50.7 years. Chi-
ron, which is also called Comet 95P, is especially unusual
because it has a detectable coma, indicating it is (or behaves
like) a cometary body. However, it is also more than 50,000
times the characteristic volume of a typical comet’s nucleus,
possessing a size more commensurate with a large asteroid—
which is what astronomers initially assumed it to be. Further-
more, its curious orbit is unstable (chaotic) on time scales of a
million years, indicating that it has not been in its present
orbit very long (from a cosmic time scale perspective). Chiron
is actually the first of several such objects with similar orbits

and properties discovered to date. In recognition of their dual
comet-asteroid nature, astronomers call these peculiar objects
Centaurs, after the race of half-human/half-horse beings
found in Greek mythology. In fact, Chiron is named after the
wisest of the Centaurs, the one who was the tutor of both
Achilles and Hercules. Astronomers currently believe that
Centaurs may be objects that have escaped from the Kuiper
Belt, a disk of distant, icy planetesimals, or frozen comet
nuclei, that orbit the Sun beyond Neptune. Kuiper Belt objects
are also referred to as trans-Neptunian objects, or TNOs.

See also ASTEROID DEFENSE SYSTEM; ASTEROID MINING;
EXTRATERRESTRIAL CATASTROPHE THEORY; EXTRATERRESTRI-
AL RESOURCES; GALILEO PROJECT; KUIPER BELT; NEAR EARTH
ASTEROID RENDEZVOUS MISSION; ROSETTA MISSION.

asteroid belt The region of outer space between the orbits
of Mars and Jupiter that contains the great majority of the
asteroids. These minor planets (or planetoids) have orbital
periods lying between three and six years and travel around
the Sun at distances of between 2.2 to 3.3 astronomical units.
Also called the main belt.

See also ASTEROID.

asteroid defense system Impacts by Earth-approaching
asteroids and comets, often collectively referred to as near-
Earth objects, or NEOs, pose a significant hazard to life and
to property. Although the annual probability of Earth being
struck by a large asteroid or comet (i.e., one with a diameter
greater than 1 kilometer) is extremely small, the conse-
quences of such a cosmic collision would be catastrophic on a
global scale.

Scientists recommend that we carefully assess the true
nature of this extraterrestrial threat and then prepare to use
advances in space technology to deal with it as necessary in
the 21st century and beyond. During the third United
Nations conference on the exploration and peaceful uses of
outer space held in Vienna, Austria, in July 1999, the Interna-
tional Astronomical Union (IAU) officially endorsed the Tori-
no Impact Hazard Scale. The table on page 57 presents this
risk assessment scale, which was developed to help the
experts communicate to the public the potential danger of a
threatening near-Earth object. On this scale a value 0 or 1
means virtually no chance of impact or hazard, while a value
of 10 means a certain global catastrophe. This particular risk
assessment scale was first introduced at an IAU workshop in
Torino and was subsequently named for that Italian city. Sim-
ilarly, in 2002 at another international meeting, risk assess-
ment specialists introduced a second, more sophisticated
impact hazard scale, subsequently called the Palermo Scale.

The Torino Scale is designed to communicate to the pub-
lic the risk associated with a future Earth approach by an
asteroid or comet. The Palermo Scale, which has integer val-
ues from 0 to 10, takes into consideration the predicted
impact energy of the event as well as its likelihood of actually
happening (that is, the event’s impact probability). The Paler-
mo Scale is used by specialists in the field to quantify in more
detail the level of concern warranted for a future potential
impact. Much of the utility of the more sophisticated Palermo
Scale lies in its ability to more carefully assess the risk posed
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(Assessing Asteroid and Comet Impact Hazard Predictions in the 21st Century)

Event Category Scale

Events Having No Likely Consequences 0
(White Zone on colored chart)

Events Meriting Careful Monitoring 1
(Green Zone)

Events Meriting Concern 2
(Yellow Zone)

3

4

Threatening Events 5

(Orange Zone)

6

7

Certain Collisions 8
(Red Zone)

9

10

Source: NASA (July 1999).

by less threatening Torino Scale 0 events—events that actual-
ly constitute nearly all the potential impact hazards detected
to date. Since the Palermo Scale is continuous and it depends
upon the number of years until the potential impact, there is
no convenient conversion between the two scales. In general,
however, if an event rises above the background level, it will
achieve a value greater than zero on both the Torino and
Palermo Impact Hazard Scales. For the purposes of this dis-
cussion, however, the Torino Scale is more than adequate and
far less cluttered with the mathematical details of probabilis-
tic risk assessment.

Earth resides in a swarm of comets and asteroids that
can and do impact its surface. In fact, the entire solar system
contains a long-lived population of asteroids and comets,
some fraction of which are perturbed into orbits that then

Significance and Potential Consequences

The likelihood of a collision is zero, or well below the
chance that a random object of the same size will strike
Earth within next few decades. This designation also
applies to any small object that, in the event of a collision,
is unlikely to reach Earth’s surface intact.

The chance of collision is extremely unlikely, about the
same as a random object of the same size striking Earth
within the next few decades.

A somewhat close, but not unusual encounter. Collision is
very unlikely.

A close encounter, with a 1% or greater chance of a collision
capable of causing localized destruction.

A close encounter, with 1% or greater chance of a collision
capable of causing regional devastation.

A close encounter, with a significant threat of a collision
capable of causing regional devastation.

A close encounter, with a significant threat of a collision
capable of causing a global catastrophe.

A close encounter, with an extremely significant threat of a
collision capable of causing a global catastrophe.

A collision capable of causing localized destruction. Such
events occur somewhere on Earth between once per 50 years
and once per 1000 years.

A collision capable of causing regional devastation. Such
events occur between once per 1000 years and once per
100,000 years.

A collision capable of causing a global climatic catastrophe.
Such events occur once per 100,000 years, or less often.

cross the orbits of Earth and other planets. Since the discov-
ery of the first Earth-crossing asteroid (called 1,862 Apollo)
in 1932, alarming evidence concerning the true population of
“killer asteroids” and “doomsday comets” in near-Earth
space has accumulated. Continued improvements in telescop-
ic search techniques over the past several decades have result-
ed in the discovery of dozens of near-Earth asteroids and
short-period comets each year. Here, by arbitrary convention,
a short-period comet refers to a comet that takes 20 years or
less to travel around the Sun; while a long-period comet takes
more than 20 years. Finally, the violent crash of Comet
Shoemaker-Levy 9 into Jupiter during the summer of 1994
helped move the issue of “asteroid defense” from one of mere
technical speculation to one of focused discussion within the
international scientific community.
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In general, an asteroid defense system would perform two
principal functions: surveillance and threat mitigation. The
surveillance function incorporates optical and radar tracking
systems to continuously monitor space for threatening NEOs.
Should a large potential impactor be detected, specific plane-
tary defense activities would be determined by the amount of
warning time given and the level of technology available.
With sufficient warning time a killer impactor might either be
deflected or sufficiently disrupted to save Earth.

Mitigation techniques greatly depend on the amount of
warning time and are usually divided into two basic cate-
gories: techniques that physically destroy the threatening
NEO by fragmenting it and techniques that deflect the threat-
ening NEO by changing its velocity a small amount. For the
first half of this century high-yield (megaton class) nuclear
explosives appear to be the tool of choice to achieve either
deflection or disruption of a large impactor. Interceptions far
from Earth, made possible by a good surveillance system, are
much more desirable than interceptions near the Earth-Moon
system, because fewer explosions would be needed.

For example, a 1 megaton nuclear charge exploded on
the surface of a 300-meter-diameter asteroid will most likely
deflect this object if the explosion occurs when the asteroid is
quite far away from Earth (say about 1 AU distant.) Howev-
er, it would take hundreds of gigatons (10°) of explosive yield
to change the velocity of a 10-km-diameter asteroid by about
10 meters per second when the object is only two weeks from
impacting Earth.

By the middle of this century a variety of advanced space
systems should be available to nudge threatening objects into
harmless orbits. Focused nuclear detonations, high-thrust
nuclear thermal rockets, low- (but continuous) thrust electric
propulsion vehicles, and even mass-driver propulsion systems
that use chunks of the object as reaction mass could be ready
to deflect a threatening NEO.

However, should deflection prove unsuccessful or per-
haps impractical (due to the warning time available), then
physical destruction or fragmentation of the impactor would
be required to save the planet. Numerous megaton-class
nuclear detonations could be used to shatter the approaching
object into smaller, less dangerous pieces. A small asteroid
(perhaps 10 to 100 meters in diameter) might also be maneu-
vered into the path of the killer impactor, causing a violent
collision that shatters both objects. If such impactor fragmen-
tation is attempted, it is essential that all the major debris
fragments miss Earth; otherwise, the defense system merely
changes a cosmic cannon ball into a celestial cluster bomb.

Contemporary studies suggest that the threshold diame-
ter for an “extinction-level” NEO lies between 1 and 2 kilo-
meters. Smaller impactors (with diameters from hundreds of
meters down to tens of meters) can cause severe regional or
local damage, but are not considered a global threat. Howev-
er, the impact of a 10- to 15-km-diameter asteroid would
most certainly cause massive extinctions. At the point of
impact there would be intense shock wave heating and fires,
tremendous earthquakes, giant tidal waves (if the killer
impactor crashed into a watery region), hurricane-force
winds, and hundreds of billions of tons of debris thrown into
the atmosphere. As a giant cloud of dust spread across the

planet, months of darkness and much cooler temperatures
would result. In addition to millions of immediate casualties
(depending on where the impactor hit), most global food
crops would eventually be destroyed, and modern civilization
would collapse.

The primary NEO threat is associated with Earth-cross-
ing asteroids. About 2,000 large asteroids are believed to
reside in near-Earth space, although less than 200 have been
detected so far. Between 25 percent and 50 percent of these
objects will eventually impact Earth, but the average time
interval between such impacts is quite long—typically more
than 100,000 years.

The largest currently known Earth-crossing asteroid is
1,866 Sisyphus. It has a diameter of approximately 8 km,
making it only slightly smaller than the 10-km-diameter
impactor believed to have hit Earth about 65 million years
ago. That event, sometimes called the Cretaceous/Tertiary
Impact, is thought to have caused the extinction of the
dinosaurs and up to 75 percent of the other prehistoric
species.

Short-period comets constitute only about 1 percent of
the asteroidal NEO hazard. However, long-period comets,
many of which are not detected until they enter the inner
solar system for the first time, represent the second-most-
important impact hazard. While their numbers amount to
only a few percent of the asteroid impacts, these long-period
comets approach Earth with greater speeds and therefore
higher kinetic energy in proportion to their mass. It is now
estimated that as many as 25 percent of the objects reaching
Earth with energies in excess of 100,000 megatons (of equiv-
alent trinitrotoluene [TNT] explosive yield) have been long-
period comets. On average, one such comet passes between
Earth and the Moon every century, and one strikes Earth
about every million years.

Since long-period comets do not pass near Earth fre-
quently, it is not really possible to obtain an accurate census
of such objects. Each must be detected on its initial approach
to the inner solar system. Fortunately, comets are much
brighter than asteroids of the same size as a result of the out-
gassing of volatile materials stimulated by solar heating.
Comets in the size range of interest (i.e., greater than 1 kilo-
meter in diameter) will generally be visible to the telescopes
of a planetary defense system by the time they reach the outer
asteroid belt (about 500 million kilometers distant), provid-
ing several months of warning before they approach Earth.
However, the short time span available for observation will
result in less well-determined orbits and, therefore, greater
uncertainty as to whether a planetary impact is likely. As a
result, we can expect a greater potential for “false alarms”
with threatening long-period comets than with Earth-crossing
asteroids.

At present no known NEO has an orbit that will lead to
a collision with Earth during the first half of this century. Sci-
entists further anticipate that the vast majority of “to be dis-
covered” NEOs (both asteroids and short-period comets) will
likewise pose no immediate threat to our planet. Even if an
Earth-crossing asteroid is discovered to be an impactor, it will
typically make hundreds or at least tens of moderately close
(near-miss) passes before it represents any real danger to our



planet. Under these circumstances, there would be ample time
(perhaps several decades) for developing an appropriate
response. However, the lead time to counter a threat from a
newly discovered long-period comet could be much less, per-
haps a year or so. As a “planetary insurance policy,” we might
decide to deploy the key components of the planetary defense
system in space by the middle of this century so these compo-
nents can respond promptly to any short-notice NEO threat.

See also ASTEROID; ASTEROID MINING; COMET; EXTRA-
TERRESTRIAL CATASTROPHE THEORY; IMPACT CRATER; METE-
OROIDS; TUNGUSKA EVENT.

asteroid mining The asteroids, especially Earth-crossing
asteroids (ECAs), can serve as “extraterrestrial warehouses”
from which future space workers may extract certain critical
materials needed in space-based industrial activities and in
the construction and operation of large space platforms and
habitats. On various types (or classes) of asteroids scientists
expect to find such important materials as water (trapped),
organic compounds, and essential metals, including iron,
nickel, cobalt, and the platinum group.

The “threat” of Earth-crossing asteroids has recently
been acknowledged in both the scientific literature and pop-
ular media. However, beyond deflecting or fragmenting an
Earth-threatening ECA there may be some great economic
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advantage in “capturing” such an asteroid and parking it in
a safe Earth-Moon system orbit. In addition to the scientific
and space technology “lessons learned” in such a capture
mission, many economic benefits would also be gained by
harvesting (mining) the asteroid’s natural resources. Contem-
porary studies suggest that large-scale mining operations
involving a single 1- to 2-kilometer-diameter S-type or M-
type ECA could net trillions (1012) of dollars in nickel,
cobalt, iron, and precious platinum group metals. These rev-
enues would help offset the overall cost of running a plane-
tary asteroid defense system and of conducting a special
mitigation (defense) mission against a particularly threaten-
ing ECA.

The stable Lagrangian libration points (L4 and Ls) with-
in cislunar space have been suggested as suitable “parking
locations” for a captured ECA. Once parked in such a
“safe” stable orbit, the captured ECA (see figure) might be
harvested not only for its minerals but could also serve as a
natural space platform from which to mount interplanetary
expeditions or on which to conduct large-scale space con-
struction operations (such as the development of satellite
power stations).

Therefore, with the evolution of visionary asteroid min-
ing strategies later in this century, threatening ECAs might
actually represent opportunistic resources that could play a

An artist's concept of an asteroid mining operation ca. 2025 (Artist's rendering courtesy of NASA)
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major role in the evolution of a permanent human civilization
in space.

See also ASTEROID; ASTEROID DEFENSE SYSTEM; EXTRATER-
RESTRIAL RESOURCES.

asteroid negation system (ANS) A proposed planetary
defense system capable of intercepting any (natural) space
object (i.e., an asteroid or comet) that was determined to be a
threat to Earth. The system would accomplish this negation
task in sufficient time to deflect the space object from its col-
lision course with Earth or else fragment it into smaller pieces
that would not pose a major planetary threat. Deflection
and/or fragmentation could be accomplished with a variety of
means, ranging from the detonation of nuclear explosives to
the use of high specific impulse thrusters, kinetic energy pro-
jectiles, or directed energy devices.
See also ASTEROID DEFENSE SYSTEM.

astro- A prefix that means “star” or (by extension) outer
space or celestial; for example, astronaut, astronautics, and
astrophysics.

astrobiology The search for and study of living organisms
found on celestial bodies beyond Earth.
See also EXOBIOLOGY.

astrobleme A geological structure (often eroded) produced
by the hypervelocity impact of a meteoroid, comet, or asteroid.

astrochimp(s) The nickname given to the primates used
during the early U.S. space program. In the Mercury Project
(the first U.S. crewed space program), these astrochimps were
used to test space capsule and launch vehicle system hard-
ware prior to its commitment to human flight. For example,
on January 31, 1961, a 17-kg chimpanzee named Ham was

Astrochimp Ham reaches out for an apple after his successful suborbital
rocket flight from Cape Canaveral on January 31, 1961. (Courtesy of
NASA)

launched from Cape Canaveral Air Force Station by a Red-
stone rocket on a suborbital flight test of the Mercury Project
spacecraft. During this mission the propulsion system devel-
oped more thrust than planned, and the simian space traveler
experienced overacceleration. After recovery Ham appeared
to be in good physical condition. (See figure.) However, when
shown another space capsule, his reactions made it quite
clear to his handlers that this particular astrochimp wanted
no further role in the space program.

On November 29, 1961, another astrochimp, a 17-kg
chimpanzee named Enos, was launched successfully from
Cape Canaveral by an Atlas rocket on the final orbital quali-
fication flight test of the Mercury Project spacecraft. During
the flight Enos performed psychomotor duties and upon
recovery was found to be in excellent physical condition.

See also MERCURY PROJECT.

astrodynamics The application of celestial mechanics,
propulsion system theory, and related fields of science and
engineering to the problem of carefully planning and direct-
ing the trajectory of a space vehicle.

See also ORBITS OF OBJECTS IN SPACE.

astroengineering Incredible feats of engineering and tech-
nology involving the energy and material resources of an
entire star system or several star systems. The detection of
such astroengineering projects would be a positive indication
of the presence of a Type II, or even Type III, extraterrestrial
civilization in our galaxy. On example of an astroengineering
project would be the creation of a Dyson sphere—a cluster of
structures and habitats made by an intelligent alien species to
encircle their native star and effectively intercept all of its
radiant energy. Compare with PLANETARY ENGINEERING.

See also DYSON SPHERE; EXTRATERRESTRIAL CIVILIZA-
TIONS.

astrolabe An ancient multipurpose astronomical instru-
ment that provided early astronomers with a two-dimensional
model of the celestial sphere with which to measure the posi-
tion of celestial objects, measure the time of night or the time
of year, and determine the altitude of any celestial object
above the horizon. Historically, the astrolabe was an elabo-
rately inscribed brass disk that functioned as the equivalent
of a mechanical “lap-top” astronomical computer. The earli-
est known astrolabes appeared around 300 to 200 B.C.E. and
were possibly used by the famous Greek astronomer Hip-
PARCHUS. From ancient Greece to the European Middle Ages,
astronomers continuously refined the astrolabe and gradually
transformed the device into a complex portable instrument
that became indispensable in the practice of pretelescope
astronomy. Arab astronomers contributed some of the most
important improvements to this instrument, turning it into
the most widely used multipurpose device of early astronomy.

The most important part of the traditional astrolabe was
a circular brass plate typically about 15 centimeters or so in
diameter with a convenient ring at the top by which the
instrument could be suspended and hang perfectly vertical.
Engraved upon the backside of the brass disk were several
circles hosting convenient gradations, such as 360 degrees,



365 days, 12 months, and so forth. In time these backside
engravings could also accommodate trigonometric calcula-
tions. The front of the brass disk also had several engraved
circles. The outer circle usually had 24 divisions, correspond-
ing to the hours in a day. Another circle was divided to serve
as a calendar, using the constellations of the zodiac as a con-
venient reference. The celestial pole (northern or southern)
was engraved in the central part of the brass front, as were
lines representing the tropics and the equator.

Astronomers would place another disk (called the sky
disk) on the front of the astrolabe in such a manner that they
could rotate this removable sky disk. The thin brass sky disk
had many opening cut into it. These cuts were precisely
arranged so an astronomer could see the engraved front of the
brass disk that made up the body of the astrolabe. By careful-
ly adjusting each sky disk, early astronomers could determine
the visible parts of the sky and the altitude of different celes-
tial bodies for various times of the year and for different lati-
tudes. The astrolabe also had a pivotal pointer or ruler
attached to the center of the backside of the central brass
plate. Early astronomers would suspend the astrolabe by its
ring. Once the device was hanging in a proper vertical posi-
tion, they would align the pointer with some target celestial
object and then read its altitude from an appropriate measure-
ment scale engraved on the backside of the instrument.

See also ANCIENT ASTRONOMICAL INSTRUMENTS.

astrology Attempt by many early astronomers to forecast
future events on Earth by observing and interpreting the rela-
tive positions of the fixed stars, the Sun, the known planets,
and the Moon. Such mystical stargazing was a common
activity in most ancient societies and was enthusiastically
practiced in western Europe up through the 17th century. For
example, at the dawn of the scientific revolution GALILEO
GALILEI taught a required university course on medical
astrology, and JOHANNES KEPLER earned a living as a court
astrologer. Astrology still lingers in modern society, especially
in the form of daily horoscopes found in many newspapers.
The popular pseudoscience of astrology is based on the
unfounded and unscientific hypothesis that the motion of
celestial bodies controls and influences human lives and ter-
restrial events. At the bare minimum, this erroneous hypothe-
sis denies the existence of human free will.
See also ZODIAC.

astrometric binary A binary star system in which irregu-
larities in the proper motion (wobbling) of a visible star
imply the presence of an undetected companion.

See also BINARY STAR SYSTEM.

astrometry The branch of astronomy that is concerned
with the very precise measurement of the motion and posi-
tion of celestical objects; a subset or branch of astronomy. It
is often divided into two major categories: global astrometry
(addressing positions and motions over large areas of the sky)
and small-field astrometry (dealing with relative positions
and motions that are measured within the area observed by a
telescope—that is, within the instantaneous field of view of
the telescope).

Astronomische Nederlandse Satellite 61

Scientists involved in the practice of astrometry are often
concerned with proper motion, nutation, and precession,
phenomena that can cause the positions of celestial bodies to
change over time. Astronomers participate in photographic
astrometry when they accurately determine the positions of
planets, stars, or other celestial objects with respect to the
positions of reference stars as seen on photographic plates or
high-resolution digital images.

Measuring the trigonometric parallax for a star provides
the only completely reliable way of measuring distances in
the local universe. Ground-based astrometric measurements
are limited by several factors, including fluctuations in the
atmosphere, limited sky coverage per observing site, and
instrument flexure. Space-based astrometry helps overcome
these disadvantages and supports global astrometry with
many inherent advantages versus pointed (small-field) obser-
vations from the ground. The European Space Agency’s Hip-
parcos satellite was the first space-based astrometry mission
and demonstrated that milliarcsecond accuracy is achievable
by means of a continuously scanning satellite that observes
two directions simultaneously.

See also HIPPARCOS SPACECRAFT; NUTATION; PRECES-
SION; PROPER MOTION.

astronaut Within the American space program, a person
who travels in outer space; a person who flies in an aerospace
vehicle to an altitude of more than 80 km. The word comes
from a combination of two ancient Greek words that literally
mean “star” (astro) and “sailor or traveler” (naut). Compare
with COSMONAUT.

astronautics The branch of engineering science dealing with
spaceflight and the design and operation of space vehicles.

Astronomer Royal The honorary title created in 1675 by
King Charles II and given to a prominent English astronomer.
Up until 1971 the Astronomer Royal also served as the direc-
tor of the Royal Greenwich Observatory. JOHN FLAMSTEED
was the first English astronomer to hold this position. He
served from 1675 until his death in 1719.

astronomical unit (AU) A convenient unit of distance
defined as the semimajor axis of Earth’s orbit around the Sun.
One AU, the average distance between Earth and the Sun, is
equal to approximately 149.6 x 106 km, 499.01 light-seconds.

Astronomische Nederlandse Satellite (ANS) The ANS
spacecraft was launched by an expendable Scout rocket from
the Western Test Range at Vandenberg Air Force Base in Cal-
ifornia on August 30, 1974. Following a successful launch
the scientific spacecraft entered a polar orbit around Earth
and operated until June 14, 1977. ANS was a collaborative
effort between the Netherlands and the United States. The
Universities of Groningen and Utrecht in the Netherlands
provided the ultraviolet and the soft X-ray experiments,
while NASA provided the hard X-ray experiment, the space-
craft, and the launch vehicle. The scientific instrument pack-
age on this satellite discovered X-ray bursts and made the
initial detection of X-ray flares from the flare star UV Ceti.
See also FLARE STAR; X-RAY ASTRONOMY.
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astronomy Branch of science that deals with celestial bod-
ies and studies their size, composition, position, origin, and
dynamic behavior. Astronomy dates back to antiquity and
represents one of humankind’s oldest forms of science. Prior
to the use of the telescope in the early 17th century, the prac-
tice of astronomy was generally limited to naked eye observa-
tions, the use of ancient instruments (such as the astrolabe
and the cross staff), and the application of progressively more
sophisticated forms of mathematics. The arrival of the tele-
scope gave birth to optical astronomy—an influential disci-
pline that greatly stimulated the scientific revolution and
accelerated the blossoming of modern science.

The arrival of the space age in 1957 allowed astronomers
to observe the universe across all portions of the electromag-
netic spectrum and to visit the previously unreachable, alien
worlds in our solar system. Today modern astronomy has
many branches and subdisciplines, including astrometry,
gamma-ray astronomy, X-ray astronomy, ultraviolet astrono-
my, visual (optical) astronomy, infrared astronomy, microwave
astronomy, radar astronomy, and radio astronomy. Closely
related scientific fields include high-energy astrophysics, cos-
mic-ray physics, neutrino physics, solar physics, condensed-
matter physics, space science, planetary geology, exobiology,
and cosmology.

See also ASTROPHYSICS; COSMOLOGY.

astrophotography The use of photographic techniques to
create images of celestial bodies. Astronomers are now replac-
ing light-sensitive photographic emulsions with charged-cou-
pled devices (CCDs) to create digital images in the visible,
infrared, and ultraviolet portions of the electromagnetic spec-
trum. The application of photography in observational

This is the oldest close-up picture of the Moon on record. The picture

was made in March 1851 and was originally a crystalotype print from a
dauguerrotype photograph. The words crystalotype and dauguerrotype
describe some of the early-19th-century photographic processes. The
crystalotype is a sunlight-formed picture on glass, while the dauguerrotype
photographic process involved the use of a mirrorlike polished silver
surface. Since the dauguerrotype photographic process was a positive-only
process, it did not support reproduction of the original image. (Courtesy

of NASA)

astronomy began in the middle part of the 19th century (see
figure) and has exerted great influence on the field ever since.

astrophysics Astronomy addressed fundamental questions
that have occupied humans since our primitive beginnings.
What is the nature of the universe? How did it begin, how is it
evolving, and what will be its eventual fate? As important as
these questions are, there is another motive for astronomical
studies. Since the 17th century, when SIR ISAAC NEWTON’s
studies of celestial mechanics helped him to formulate the
three basic laws of motion and the universal law of gravita-
tion, the sciences of astronomy and physics have become
intertwined. Astrophysics can be defined as the study of the
nature and physics of stars and star systems. It provides the
theoretical framework for understanding astronomical obser-
vations. At times astrophysics can be used to predict phenom-
ena before they have even been observed by astronomers, such
as black holes. The laboratory of outer space makes it possi-
ble to investigate large-scale physical processes that cannot be
duplicated in a terrestrial laboratory. Although the immediate,
tangible benefits to humankind from progress in astrophysics
cannot easily be measured or predicted, the opportunity to
extend our understanding of the workings of the universe is
really an integral part of the rise of our civilization.

Role of Modern Astrophysics

Today astrophysics has within its reach the ability to bring
about one of the greatest scientific achievements ever—a uni-
fied understanding of the total evolutionary scheme of the
universe. This remarkable revolution in astrophysics is hap-
pening now as a result of the confluence of two streams of
technical development: remote sensing and spaceflight.
Through the science of remote sensing we have acquired sen-
sitive instruments capable of detecting and analyzing radia-
tion across the whole range of the electromagnetic (EM)
spectrum. Spaceflight lets astrophysicists place sophisticated
remote sensing instruments above Earth’s atmosphere. The
wavelengths transmitted through the interstellar medium
and arriving in the vicinity of near-Earth space are spread
over approximately 24 decades of the spectrum. (A decade is
a group, series, or power of 10.) However, the majority of
this interesting EM radiation never reaches the surface of
Earth because the terrestrial atmosphere effectively blocks
such radiation across most of the spectrum. It should be
remembered that the visible and infrared atmospheric win-
dows occupy a spectral slice whose width is roughly one
decade. Ground-based radio observatories can detect stellar
radiation over a spectral range that adds about five more
decades to the range of observable frequencies, but the
remaining 18 decades of the spectrum are still blocked and
are effectively invisible to astrophysicists on Earth’s surface.
Consequently, information that can be gathered by observers
at the bottom of Earth’s atmosphere represents only a small
fraction of the total amount of information available con-
cerning extraterrestrial objects. Sophisticated remote sensing
instruments placed above Earth’s atmosphere are now capa-
ble of sensing electromagnetic radiation over nearly the
entire spectrum, and these instruments are rapidly changing
our picture of the cosmos.



For example, we previously thought that the interstellar
medium was a fairly uniform collection of gas and dust, but
space-borne ultraviolet telescopes have shown us that its
structure is very inhomogenous and complex. There are
newly discovered components of the interstellar medium,
such as extremely hot gas that is probably heated by shock
waves from exploding stars. In fact, there is a great deal of
interstellar pushing and shoving going on. Matter gathers
and cools in some places because matter elsewhere is heated
and dispersed. Besides discovering the existence of the very
hot gas, the orbiting astronomical observatories have discov-
ered two potential sources of the gas: the intense stellar winds
that boil off hot stars and the rarer but more violent blasts of
matter from exploding supernovas. In addition, X-ray and
gamma-ray astronomy have contributed substantially to the
discovery that the universe is not relatively serene and
unchanging as previously imagined, but is actually dominated
by the routine occurrence of incredibly violent events.

And this series of remarkable new discoveries is just
beginning. Future astrophysics missions will provide access to
the full range of the electromagnetic spectrum at increased
angular and spectral resolution. They will support experi-
mentation in key areas of physics, especially relativity and
gravitational physics. Out of these exciting discoveries, per-
haps, will emerge the scientific pillars for constructing a mid-
21st-century civilization based on technologies unimaginable
in the framework of contemporary physics.

The Tools of Astrophysics

Virtually all the information we receive about celestial objects
comes to us through observation of electromagnetic radia-
tion. Cosmic ray particles are an obvious and important
exception, as are extraterrestrial material samples that have
been returned to Earth (for example, lunar rocks). Each por-
tion of the electromagnetic spectrum carries unique informa-
tion about the physical conditions and processes in the
universe. Infrared radiation reveals the presence of thermal
emission from relatively cool objects; ultraviolet and extreme
ultraviolet radiation may indicate thermal emission from very
hot objects. Various types of violent events can lead to the
production of X-rays and gamma rays.

Although EM radiation varies over many decades of
energy and wavelength, the basic principles of measurement
are quite common to all regions of the spectrum. The funda-
mental techniques used in astrophysics can be classified as
imaging, spectrometry, photometry and polarimetry. Imaging
provides basic information about the distribution of material
in a celestial object, its overall structure, and, in some cases,
its physical nature. Spectrometry is a measure of radiation
intensity as a function of wavelength. It provides information
on nuclear, atomic, and molecular phenomena occurring in
and around the extraterrestrial object under observation.
Photometry involves measuring radiation intensity as a func-
tion of time. It provides information about the time varia-
tions of physical processes within and around celestial
objects, as well as their absolute intensities. Finally, polarime-
try is a measurement of radiation intensity as a function of
polarization angle. It provides information on ionized parti-
cles rotating in strong magnetic fields.
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An incredible look deep into the universe. This view of nearly 10,000
galaxies is the deepest visible-light image of the cosmos. Called the
Hubble Ultra Deep Field, this galaxy-studded view collected by the
Hubble Space Telescope in 2004 represents a deep core sample of the
universe, cutting across billions of light-years. The snapshot includes
galaxies of various ages, sizes, shapes, and colors. Some of the
galaxies shown here existed when the universe was just 800 million
years old and are among the most distant known. (Courtesy of
NASA/STScl)

High-Energy Astrophysics

High-energy astrophysics encompasses the study of extrater-
restrial X-rays, gamma rays, and energetic cosmic ray parti-
cles. Prior to space-based high-energy astrophysics,
scientists believed that violent processes involving high-
energy emissions were rare in stellar and galactic evolution.
Now, because of studies of extraterrestrial X-rays and
gamma rays, we know that such processes are quite com-
mon rather than exceptional. The observation of X-ray
emissions has been very valuable in the study of high-energy
events, such as mass transfer in binary star systems, interac-
tion of supernova remnants with interstellar gas, and
quasars (whose energy source is presently unknown but
believed to involve matter accreting to [falling into] a black
hole). It is thought that gamma rays might be the missing
link in understanding the physics of interesting high-energy
objects such as pulsars and black holes. The study of cosmic
ray particles provides important information about the
physics of nucleosynthesis and about the interactions of par-
ticles and strong magnetic fields. High-energy phenomena
that are suspected sources of cosmic rays include super-
novas, pulsars, radio galaxies, and quasars.
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X-Ray Astronomy

X-ray astronomy is the most advanced of the three high-energy
astrophysics disciplines. Space-based X-ray observatories, such
as NASA’s Chandra X-Ray Observatory, increase our under-
standing in the following areas: (1) stellar structure and evolu-
tion, including binary star systems, supernova remnants, pulsar
and plasma effects, and relativity effects in intense gravitational
fields; (2) large-scale galactic phenomena, including interstellar
media and soft X-ray mapping of local galaxies; (3) the nature
of active galaxies, including spectral characteristics and the time
variation of X-ray emissions from the nuclear or central regions
of such galaxies; and (4) rich clusters of galaxies, including X-
ray background radiation and cosmology modeling.

Gamma-Ray Astronomy
Gamma rays consist of extremely energetic photons (that is,
energies greater than 105 electron volts [eV]) and result from
physical processes different than those associated with X-rays.
The processes associated with gamma ray emissions in astro-
physics include: (1) the decay of radioactive nuclei; (2) cosmic
ray interactions; (3) curvature radiation in extremely strong
magnetic fields; and (4) matter-antimatter annihilation.
Gamma-ray astronomy reveals the explosive, high-energy pro-
cesses associated with such celestial phenomena as supernovas,
exploding galaxies and quasars, pulsars, and black holes.
Gamma-ray astronomy is especially significant because
the gamma rays being observed can travel across our entire
galaxy and even across most of the universe without suffering
appreciable alteration or absorption. Therefore, these ener-
getic gamma rays reach our solar system with the same char-
acteristics, including directional and temporal features, as
they started with at their sources, possibly many light-years
distant and deep within regions or celestial objects opaque to
other wavelengths. Consequently, gamma-ray astronomy pro-
vides information on extraterrestrial phenomena not observ-
able at any other wavelength in the electromagnetic spectrum
and on spectacularly energetic events that may have occurred
far back in the evolutionary history of the universe.

Cosmic-Ray Astronomy

Cosmic rays are extremely energetic particles that extend in
energy from one million (10¢) electron volts (eV) to more than
1020 €V and range in composition from hydrogen (atomic num-
ber Z = 1) to a predicted atomic number of Z = 114. This com-
position also includes small percentages of electrons, positrons,
and possibly antiprotons. Cosmic-ray astronomy provides
information on the origin of the elements (nucleosynthetic pro-
cesses) and the physics of particles at ultrahigh-energy levels.
Such information addresses astrophysical questions concerning
the nature of stellar explosions and the effects of cosmic rays on
star formation and galactic structure and stability.

Optical Astronomy (Hubble Space Telescope)

Astronomical work in a number of areas has greatly benefited
from large, high-resolution optical systems that have operated
or are now operating outside Earth’s atmosphere. Some of
these interesting areas include investigation of the interstellar
medium, detailed study of quasars and black holes, observa-
tion of binary X-ray sources and accretion disks, extragalactic

astronomy, and observational cosmology. The Hubble Space
Telescope (HST) constitutes the very heart of NASA’s space-
borne ultraviolet/optical astronomy program at the beginning
of the 21st century. Launched in 1990 and repaired and refur-
bished in orbit by space shuttle crews, the HST’s continued
ability to cover a wide range of wavelengths, to provide fine
angular resolution, and to detect faint sources makes it one of
the most powerful and important astronomical instruments
ever built. Within a decade the James Webb Space Telescope
(JWST) will begin operation and provide scientists with even
more amazing views of the universe.

Ultraviolet Astronomy

Another interesting area of astrophysics involves the extreme
ultraviolet (EUV) region of the electromagnetic spectrum.
The interstellar medium is highly absorbent at EUV wave-
lengths (100 to 1,000 angstroms [A]). EUV data gathered
from space-based instruments, such as those placed on
NASA’s Extreme Ultraviolet Explorer (EUVE), are being used
to confirm and refine contemporary theories of the late stages
of stellar evolution, to analyze the effects of EUV radiation
on the interstellar medium, and to map the distribution of
matter in our solar neighborhood.

Infrared Astronomy
Infrared (IR) astronomy involves studies of the electromag-
netic (EM) spectrum from 1 to 100 micrometers wavelength,
while radio astronomy involves wavelengths greater than 100
micrometers. (A micrometer is one millionth [10-6] of a
meter.) Infrared radiation is emitted by all classes of “cool”
objects (stars, planets, ionized gas and dust regions, and
galaxies) and the cosmic background radiation. Most emis-
sions from objects with temperatures ranging from about 3 to
2,000 kelvins are in the infrared region of the spectrum. In
order of decreasing wavelength, the sources of infrared and
microwave (radio) radiation are: (1) galactic synchrotron
radiation; (2) galactic thermal bremsstrahlung radiation in
regions of ionized hydrogen; (3) the cosmic background radi-
ation; (4) 15-kelvins cool galactic dust and 100-kelvins stel-
lar-heated galactic dust; (5) infrared galaxies and primeval
galaxies; (6) 300-kelvins interplanetary dust; and (7) 3,000-
kelvins starlight. Advanced space-based IR observatories,
such as NASA’s Spitzer Space Telescope, are revolutionizing
how astrophysicists and astronomers perceive the universe.
The Spitzer Space Telescope is the fourth and final ele-
ment in NASA’s family of orbiting great observatories, which
includes the Hubble Space Telescope, the Compton Gamma
Ray Observatory, and the Chandra X-Ray Observatory.
These great space-based observatories give astrophysicists and
astronomers an orbiting “toolbox™ that provides multiwave-
length studies of the universe. The Spitzer Space Telescope
joined this spectacular suite of orbiting instruments in August
2003. The sophisticated IR observatory provides a fresh van-
tage point on processes that up to now have remained mostly
in the dark, such as the formation of galaxies, stars, and plan-
ets. Within our Milky Way galaxy infrared astronomy helps
scientists discover and characterize dust discs around nearby
stars, thought to be the signposts of planetary system forma-
tion. The Spitzer Space Telescope, for example, is now provid-



In 2004 NASA's Spitzer Space Telescope imaged this cluster of about 130
newborn stars in a rosebud-shaped nebulosity known as NGC 7129. The
star cluster and its associated nebula are located at a distance of 3,300
light-years from Earth in the constellation Cepheus. Scientists believe
that our own Sun may have formed hillions of years ago in a cluster
similar to NGC 7129. Once radiation from new cluster stars destroys the
surrounding placental material, the stars begin to slowly drift apart.
(Courtesy of NASA/JPL-Caltech/T. Megeath [Harvard-Smithsonian CfA])

ing new insights into the birth processes of stars—an event
normally hidden behind veils of cosmic dust. (See figure.)
Outside our galaxy infrared astronomy helps astronomers and
astrophysicists uncover the “cosmic engines”—thought to be
galaxy collisions or black holes—powering ultraluminous
infrared galaxies. Infrared astronomy also probes the birth
and evolution of galaxies in the early and distant universe.

Gravitational Physics

Gravitation is the dominant long-range force in the universe.
It governs the large-scale evolution of the universe and plays
a major role in the violent events associated with star forma-
tion and collapse. Outer space provides the low acceleration
and low-noise environment needed for the careful measure-
ment of relativistic gravitational effects. A number of interest-
ing experiments have been identified for a space-based
experimental program in relativity and gravitational physics.
Data from these experiments could substantially revise con-
temporary physics and the fate astrophysicists and cosmolo-
gists now postulate for the universe.

Cosmic Origins
The ultimate aim of astrophysics is to understand the origin,
nature, and evolution of the universe. It has been said that
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the universe is not only stranger than we imagine, it is
stranger than we can imagine! Through the creative use of
modern space technology, we will continue to witness many
major discoveries in astrophysics in the exciting decades
ahead—each discovery helping us understand a little better
the magnificent universe in which we live and the place in
which we will build our extraterrestrial civilization.

See also BIG BANG; BLACK HOLES; CHANDRA X-RAy
OBSERVATORY; COMPTON GAMMA RAY OBSERVATORY; COS-
MOLOGY; HUBBLE SPACE TELESCOPE; ORIGIN PROGRAM;
RELATIVITY; SPITZER SPACE TELESCOPE.

Aten group A collection of near-Earth asteroids that cross

the orbit of Earth but whose average distances from the Sun

lie inside Earth’s orbit. This asteroid group acquired its name

from the 0.9-km-diameter asteroid Aten, discovered in 1976

by the American astronomer Eleanor Kay Helin (née Francis).
See also ASTEROID; NEAR-EARTH ASTEROID.

Athena (launch vehicle) The Lockheed-Martin Company’s
Athena launch vehicle program is based on that company’s
solid propellant rocket system experience, as well more than
four decades of space launch vehicle activity. The Lockheed-
Martin Company has launched more than 1,000 rocket vehi-
cles and produced more than 2,900 solid-propellant missile
systems—namely, six generations of highly reliable fleet bal-
listic missiles (Polaris, Poseidon, and Trident) for the U.S.
Navy. The Athena program started in January 1993 and
resulted in two new expendable launch vehicles: Athena I and
Athena II. The Athena I launch vehicle is a two-stage solid-
propellant rocket combination that can carry a payload of
approximately 800 kg into low-Earth orbit (LEO). The
Athena II is a three-stage, solid-propellant rocket vehicle
combination that can carry a payload of about 1,900 kg into
LEO. On its first operational mission the Athena I expend-
able launch vehicle successfully placed NASA’s Lewis satellite
into orbit from Vandenberg Air Force Base in California on
August 22, 1997. The first Athena II launch took place from
Cape Canaveral Air Force Station in Florida on January 6,
1998, and successfully sent NASA’s Lunar Prospector space-
craft on its mission to study the Moon.
See also LAUNCH VEHICLE; ROCKET.

Atlas (launch vehicle) A family of versatile liquid-fuel
rockets originally developed by General BERNARD SCHRIEVER
of the U.S. Air Force in the late 1950s as the first operational
American intercontinental ballistic missile (ICBM). Evolved
and improved Atlas launch vehicles now serve many govern-
ment and commercial space transportation needs. The mod-
ern Atlas rocket vehicle fleet, as developed and marketed
by the Lockheed-Martin Company, included three basic fami-
lies: the Atlas IT (ITA and IIAS), the Atlas III (IITA and IIIB),
and the Atlas V (400 and 500 series). The Atlas II family was
capable of lifting payloads ranging in mass from approxi-
mately 2,800 kg to 3,700 kg to a geostationary transfer orbit
(GTO). The Atlas III family of launch vehicles can lift pay-
loads of up to 4,500 kg to GTO, while the more powerful
Atlas V family can lift payloads of up to 8,650 kg to GTO.
The family of Atlas II vehicles evolved from the Atlas I
family of military missiles and cold war—era space launch
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The Atlas 1l expendable launch vehicle made its debut at Cape Canaveral
Air Force Station in Florida on May 24, 2000. The rocket's successful liftoff
was powered by a new Russian RD-180 engine. (Courtesy of U.S. Air
Force and Lockheed-Martin)

vehicles. The transformation was brought about by the
introduction of higher-thrust engines and longer propellant
tanks for both stages. The Atlas III family incorporated the
pressure-stabilized design of the Atlas II vehicle but used a
new single-stage Atlas engine built by NPO Energomash of
Russia. The RD-180 is a throttleable rocket engine that uses
liquid oxygen and kerosene propellants and provides
approximately 3,800 kilonewtons of thrust at sea level. (See
figure.) The Atlas V uses the RD-180 main engine in a
Common Core Booster first-stage configuration with up to
five strap-on solid-propellant rockets and a Centaur upper
stage. The first Atlas V vehicle successfully lifted off from
Cape Canaveral Air Force Station on August 21, 2002.
Later that year an important chapter in propulsion system
history closed, when the last Atlas II vehicle was successful-
ly launched from Cape Canaveral Air Force Station on
December 4, 2002.
See also LAUNCH VEHICLE; ROCKET.

Atlas (moon) Atlas is a tiny inner moon of Saturn, orbit-
ing the planet at a distance of 137,670 kilometers. This
irregularly shaped moon is about 37 km by 34 km by 27
km in diameter and has an orbital period of 0.60 days. Dis-
covered in 1980 from Voyager I spacecraft images,
astronomers now regard Atlas as a shepherd moon within
Saturn’s A-ring.
See also SATURN.

atmosphere 1. Gravitationally bound gaseous envelope
that forms an outer region around a planet or other celestial
body. 2. (cabin) Breathable environment inside a space cap-
sule, aerospace vehicle, spacecraft, or space station. 3.
(Earth’s) Life-sustaining gaseous envelope surrounding Earth.
Near sea level it contains the following composition of gases
(by volume): nitrogen, 78 percent; oxygen, 21 percent; argon,
0.9 percent; and carbon dioxide, 0.03 percent. There are also
lesser amounts of many other gases, including water vapor
and human-generated chemical pollutants. Earth’s electrically
neutral atmosphere is composed of four primary layers: tro-
posphere, stratosphere, mesosphere, and thermosphere. Life
occurs in the troposphere, the lowest region that extends up
to about 16 km of altitude. It is also the place within which
most of Earth’s weather occurs. Extending from about 16 km
of altitude to 48 km is the stratosphere. The vast majority
(some 99 percent) of the air in Earth’s atmosphere is located
in these two regions. Above the stratosphere, from approxi-
mately 48 km to 85 km, is the mesosphere. In this region
temperature decreases with altitude and reaches a minimum
of =90°C at about 85 km (the mesopause). The uppermost
layer of the atmosphere is called the thermosphere, and it
extends from the mesopause out to approximately 1,000 km.
In this region temperature rises with altitude as oxygen and
nitrogen molecules absorb ultraviolet radiation from the Sun.
This heating process creates ionized atoms and molecules and
forms the layers of the ionosphere, which actually starts at
about 60 km. Earth’s upper atmosphere is characterized by
the presence of electrically charged gases, or plasma. The
boundaries of and structure within the ionosphere vary con-
siderably according to solar activity. Finally, overlapping the
ionosphere is the magnetosphere, which extends from
approximately 80 km to 65,000 km on the side of Earth
toward the Sun and trails out more than 300,000 km on the
side of Earth away from the Sun. The geomagnetic field of
Earth plays a dominant role in the behavior of charged parti-
cles in the magnetosphere.

atmospheric braking The action of slowing down an
object entering the atmosphere of Earth or another planet
from space by using the aerodynamic drag exerted by the
atmosphere.

See also AEROBRAKING.

atmospheric compensation The physical distortion or
modification of the components of an optical system to com-
pensate for the distortion of light waves as they pass through
the atmosphere and the optical system.

See also ADAPTIVE OPTICS.



atmospheric drag With respect to Earth-orbiting space-
craft, the retarding force produced on a satellite, aerospace
vehicle, or spacecraft by its passage through upper regions of
Earth’s atmosphere. This retarding force drops off exponen-
tially with altitude and has only a small effect on spacecraft
whose perigee is higher than a few hundred kilometers. For
spacecraft with lower perigee values, the cumulative effect of
atmospheric drag eventually will cause them to reenter the
denser regions of Earth’s atmosphere (and be destroyed)
unless they are provided with an onboard propulsion system
that can accomplish periodic reboost.

atmospheric entry The penetration of any planetary
atmosphere by an object from outer space; specifically, the
penetration of Earth’s atmosphere by a crewed or uncrewed
space capsule, aerospace vehicle, or spacecraft. Also called
entry and sometimes reentry, although typically the object is
making its initial return or entry after a flight in space.

atmospheric heave In ballistic missile defense, raising a
large volume of the upper atmosphere to a substantially high-
er altitude (i.e., hundreds of kilometers) by means of a nucle-
ar detonation within the atmosphere. This could have several
different effects on the capability of a missile defense system.
For example, nuclear background radiation problems could
be worsened substantially for the defense, and some directed
energy weapons could be partially neutralized. On the other
hand, offensive decoys could become more detectable, and
offensive targeting could become more difficult.
See also BALLISTIC MISSILE DEFENSE.

atmospheric pressure The pressure (force per unit area) at
any point in a planet’s atmosphere due solely to the weight of
the atmospheric gases above that point.

See also PASCAL.

atmospheric probe The special collection of scientific
instruments (usually released by a mother spacecraft) for
determining the pressure, composition, and temperature of a
planet’s atmosphere at different altitudes. An example is the
probe released by NASA’s Galileo spacecraft in December
1995. As it plunged into the Jovian atmosphere the probe
successfully transmitted its scientific data to the Galileo
spacecraft (the mother spacecraft) for about 58 minutes.
See also CASSINI MISSION.

atmospheric refraction Refraction resulting when a ray of
radiant energy passes obliquely through an atmosphere.

atmospheric window A wavelength interval within which
a planet’s atmosphere is transparent, that is, easily transmits
electromagnetic radiation. (See figure.)

See also REMOTE SENSING.

atom A tiny particle of matter (the smallest part of an ele-
ment) indivisible by chemical means. It is the fundamental
building block of the chemical elements. The elements, such
as hydrogen (H), helium (He), carbon (C), iron (Fe), lead
(Pb), and uranium (U), differ from each other because they
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Earth’s atmosphere absorbs much of the electromagnetic radiation arriving
from sources in outer space. The atmosphere contains only a few
wavelength bands (called atmospheric windows) that transmit most of the
incident radiation within that band to a detector on the planet’s surface.

consist of different types of atoms. According to (much sim-
plified) modern atomic theory, an atom consists of a dense
inner core (the nucleus) that contains protons and neutrons,
and a cloud of orbiting electrons. Atoms are electrically neu-
tral, with the number of (positively charged) protons being
equal to the number of (negatively charged) electrons.

atomic clock A precise device for measuring or standardiz-
ing time that is based on periodic vibrations of certain atoms
(cesium) or molecules (ammonia). Widely used in military
and civilian spacecraft, as, for example, in the Global Posi-
tioning System (GPS).

atomic mass The MASS of a neutral ATOM of a particular
NUCLIDE usually expressed in ATOMIC MASS UNITs (amu).
See also MASS NUMBER.
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atomic mass unit (amu) One-twelfth (1/12) the mass of
a neutral atom of the most abundant isotope of carbon,
carbon-12.

atomic number (symbol: Z) The number of protons in
the nucleus of an atom and also its positive charge. Each
chemical element has its characteristic atomic number. For
example, the atomic number for carbon is 6, while the atomic
number for uranium is 92.

atomic weight The mass of an atom relative to other atoms.
At present, the most abundant isotope of the element carbon,
namely carbon-12, is assigned an atomic weight of exactly 12.
As a result, 1/12 the mass of a carbon-12 atom is called one
atomic mass unit, which is approximately the mass of one pro-
ton or one neutron. Also called relative atomic mass.

attached payload 1. With respect to the space shuttle,
any payload that is launched in the orbiter, remains struc-
turally and functionally attached throughout the flight, and
is landed in the orbiter. 2. With respect to a space station, a
payload located on the base truss outside the pressurized
modules.

attenuation The decrease in intensity (strength) of an elec-
tromagnetic wave as it passes through a transmitting medi-
um. This loss is due to absorption of the incident
electromagnetic radiation (EMR) by the transmitting medium
or to scattering of the EMR out of the path of the detector.
Attenuation does not include the reduction in EMR wave
strength due to geometric spreading as a consequence of the
inverse square law. The attenuation process can be described
by the equation

I=1eox

where I is the FLUX (photons or particles per unit area) at a
specified distance (x) into the attenuating medium, I, is the
initial flux, o is the attenuation coefficient (with units of
inverse length), and e is a special mathematical function, the
irrational number 2.71828. . . . The expression ex is called
the exponential function.

attitude The position of an object as defined by the inclina-
tion of its axes with respect to a frame of reference. The ori-
entation of a space vehicle (e.g., a spacecraft or aerospace
vehicle) that is either in motion or at rest, as established by
the relationship between the vehicle’s axes and a reference
line or plane. Attitude is often expressed in terms of pitch,
roll, and yaw.

attitude control system The onboard system of comput-
ers, low-thrust rockets (thrusters), and mechanical devices
(such as a momentum wheel) used to keep a spacecraft stabi-
lized during flight and to precisely point its instruments in
some desired direction. Stabilization is achieved by spinning
the spacecraft or by using a three-axis active approach that
maintains the spacecraft in a fixed reference attitude by firing
a selected combination of thrusters when necessary.

Stabilization can be achieved by spinning the spacecraft,
as was done on the Pioneer 10 and 11 spacecraft during their
missions to the outer solar system. In this approach the gyro-
scopic action of the rotating spacecraft mass is the stabilizing
mechanism. Propulsion system thrusters are fired to make any
desired changes in the spacecraft’s spin-stabilized attitude.

Spacecraft also can be designed for active three-axis sta-
bilization, as was done on the Voyager 1 and 2 spacecraft,
which explored the outer solar system and beyond. In this
method of stabilization, small propulsion system thrusters
gently nudge the spacecraft back and forth within a dead-
band of allowed attitude error. Another method of achieving
active three-axis stabilization is to use electrically powered
reaction wheels, which are also called momentum wheels.
These massive wheels are mounted in three orthogonal axes
onboard the spacecraft. To rotate the spacecraft in one direc-
tion, the proper wheel is spun in the opposite direction. To
rotate the vehicle back, the wheel is slowed down. Excessive
momentum, which builds up in the system due to internal
friction and external forces, occasionally must be removed
from the system; this usually is accomplished with propulsive
maneuvers.

Either general approach to spacecraft stabilization has
basic advantages and disadvantages. Spin stabilized vehicles
provide a continuous “sweeping motion” that is generally
desirable for fields and particle instruments. However, such
spacecraft may then require complicated systems to despin
antennas or optical instruments that must be pointed at tar-
gets in space. Three-axis controlled spacecraft can point
antennas and optical instruments precisely (without the
necessity for despinning), but these craft then may have to
perform rotation maneuvers to use their fields and particles
science instruments properly.

See also SPACECRAFT.

Aura (spacecraft) The mission of NASA’s Earth-observing
spacecraft Aura is to study Earth’s ozone, air quality, and cli-
mate. Aerospace engineers and scientists designed the mission
exclusively to conduct research on the composition, chem-
istry, and dynamics of Earth’s upper and lower atmosphere
using multiple instruments on a single spacecraft. A Delta II
expendable launch vehicle lifted off from Vandenberg Air
Force Base in California on July 15, 2004, and successfully
placed the spacecraft into a polar orbit around Earth.

Aura is the third in a series of major Earth-observing
spacecraft to study the environment and climate change. The
first and second missions, Terra and Aqua, are designed to
study the land, oceans, and Earth’s radiation budget. Aura’s
atmospheric chemistry measurements will also follow up on
measurements that began with NASA’s Upper Atmospheric
Research Satellite (UARS) and continue the record of satellite
ozone data collected from the total ozone mapping spectrom-
eters (TOMS) aboard the Nimbus-7 and other satellites.

The Aura spacecraft carries the following suite of instru-
ments: high-resolution dynamics limb sounder (HIRDLS),
microwave limb sounder (MLS), ozone-monitoring instru-
ment (OMI), and troposphere emission spectrometer (TES).
These instruments contain advanced technologies that
aerospace engineers have developed for use on environmental



satellites. Each instrument provides unique and complemen-
tary capabilities that support daily observations (on a global
basis) of Earth’s atmospheric ozone layer, air quality, and key
climate parameters.

Managed by the NASA Goddard Space Flight Center in
Greenbelt, Maryland, the Aura spacecraft caps off a 15-year
international effort to establish the world’s most comprehen-
sive Earth-observing system. The overarching goal of the
Earth-observing system is to determine the extent, causes,
and regional consequences of global change. Data from the
Aura satellite are helping scientists better forecast air quality,
ozone layer recovery, and climate changes that affect health,
the economy, and the environment.

See also AQUA; EARTH SYSTEM SCIENCE;
CHANGE; TERRA.

GLOBAL

aurora Visible glow in a planet’s upper atmosphere (iono-
sphere) caused by interaction of the planet’s magnetosphere
and particles from the Sun (solar wind). On Earth the aurora
borealis (or northern lights) and the aurora australis (or
southern lights) are visible manifestations of the magneto-
sphere’s dynamic behavior. At high latitudes disturbances in
Earth’s geomagnetic field accelerate trapped particles into the
upper atmosphere where they excite nitrogen molecules (red
emissions) and oxygen atoms (red and green emissions) (see
figure). Auroras also occur on Jupiter, Saturn, Uranus, and
Neptune. Early in the 20th century the Norwegian physicist
KRISTIAN OLAF BERNHARD BIRKELAND deployed instruments
during polar region expeditions and then suggested that auro-
ra were electromagnetic in nature and were created by an
interaction of Earth’s magnetosphere with a flow of charged
particles from the Sun. In the 1960s instruments onboard
early Earth-orbiting satellites confirmed his hypothesis.

See also EARTH’S TRAPPED RADIATION BELTS; MAGNETO-
SPHERE.

auxiliary power unit (APU) A power unit carried on a
spacecraft or aerospace vehicle that supplements the main
source of electric power on the craft.

auxiliary stage 1. A small propulsion unit that may be
used with a payload. One or more of these units may be used
to provide the additional velocity required to place a payload
in the desired orbit or trajectory. 2. A propulsion system used
to provide midcourse trajectory corrections, braking maneu-
vers, and/or orbital adjustments.

avionics The contraction of aviation and electronics. The
term refers to the application of electronics to systems and
equipment used in aeronautics and astronautics.

Avogadro’s hypothesis The volume occupied by a mole of
gas at a given pressure and temperature is the same for all
gases. This hypothesis also can be expressed as: Equal vol-
umes of all gases measured at the same temperature and pres-
sure contain the same number of molecules. The Italian
physicist Count Amedeo Avogadro (1776-1856) first pro-
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The cause of the aurora
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Fast electrons from space travel along the magnetic field and strike
oxygen or nitrogen molecules in Earth’s atmosphere. Energy from an
atom or molecule excited by fast electrons is released as different colors
of light. (Courtesy of NOAA)

posed this hypothesis in 1811. In a strict sense, it is valid only
for ideal gases.
See also IDEAL GAS; MOLE.

Avogadro’s number (symbol: NA) The number of mole-
cules per mole of any substance.
N, = 6.022 x 1023 molecules/mole

Also called the Avogadro constant.
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axis (plural: axes) Straight line about which a body
rotates (axis of rotation) or along which its center of gravity
moves (axis of translation). Also, one of a set of reference
lines for a coordinate system, such as the x-axis, y-axis, and
z-axis in Cartesian coordinates.

See also CARTESIAN COORDINATES.

azimuth The horizontal direction or bearing to a celestial
body measured in degrees clockwise from north around a ter-

restrial observer’s horizon. On Earth azimuth is 0° for an
object that is due north, 90° for an object due east, 180° for
an object due south, and 270° for an object due west.

See also ALTITUDE.

azimuthal mounting See ALTAZIMUTH MOUNTING.



Baade, (Wilhelm Heinrich) Walter (1893-1960) German-
American Astronomer Walter Baade was the astronomer
who carefully studied Cepheid variables, enabling him to dou-
ble the estimated distance, age, and scale of the universe. In
1942 he showed that the Andromeda galaxy was more than 2
million light-years away—more than twice the previously
accepted distance. He also discovered that stars occupy two
basic populations, or groups: Population I stars that are
younger, bluish stars found in the outer regions of a galaxy
and Population II stars, which are older, reddish stars found in
the central regions of a galaxy. This categorization significant-
ly advanced stellar evolution theory.

See also CEPHEID VARIABLE; POPULATION I STARS; POPU-
LATION II STARS.

Babcock, Harold Delos (1882-1968) American Astro-
nomer, Physicist Harold Delos Babcock, in collaboration
with his son Horace (1912-2003), invented the solar magne-
tograph in 1951. This instrument allowed them and other
solar physicists to make detailed (pre-space age) investiga-
tions of the Sun’s magnetic field.

See also SUN.

background radiation The nuclear radiation that occurs
in the natural environment, including cosmic rays and radia-
tion from naturally radioactive elements found the air, the
soil, and the human body. Sometimes referred to as natural
radiation background. The term also may mean ionizing radi-
ation (natural and human-made) that is unrelated to a partic-
ular experiment or series of measurements.

See also TONIZING RADIATION; SPACE RADIATION ENVI-
RONMENT.

backout The process of undoing tasks that have already
been completed during the countdown of a launch vehicle,
usually in reverse order.

See also COUNTDOWN; LAUNCH VEHICLE.

backup crew A crew of astronauts or cosmonauts trained
to replace the prime crew, if necessary, on a particular space
mission.

n

baffle 1. In the combustion chamber of a liquid rocket
engine, an obstruction used to prevent combustion instability
by maintaining uniform propellant mixtures and equalizing
pressures. 2. In the fuel tank of a liquid rocket system, an
obstruction used to prevent sloshing of the propellant. 3. In
an optical or multispectral sensing system, a barrier or
obstruction used to prevent stray (unwanted) radiation from
reaching a sensitive detector element.

Baikonur Cosmodrome A major launch site for the space
program of the former Soviet Union and later the Russian Fed-
eration. The complex is located just east of the Aral Sea on the
barren steppes of Kazakhstan (now an independent republic).
Constructed in 1955, when Kazakhstan was an integral part of
the former Soviet Union, this historic cosmodrome covers more
than 6,700 square kilometers and extends some 75 km from
north to south and 90 km east to west. The sprawling rocket
base includes numerous launch sites, nine tracking stations, five
tracking control centers, and a companion 1,500-km-long rock-
et test range. Also known as the Tyuratam launch site during
the cold war, the Soviets launched Sputnik 1 (1957), the first
artificial satellite, and cosmonaut YURI GAGARIN, the first
human to travel into outer space (1961), from this location.
The Russians have used Baikonur Cosmodrome for all their
human-crewed launches and for the vast majority of their lunar,
planetary, and geostationary Earth orbit missions. Since 1993
the Russian Federation has rented Baikonur from Kazakhstan.
See also KOROLEV, SERGEI; SPUTNIK 1.

Baily, Francis (1774-1844) British Amateur Astronomer,
Stockbroker An avid amateur astronomer, Francis Baily
discovered the “beads of light” phenomenon (now called
BAILY’S BEADS) that occurs around the lunar disk during a
total eclipse of the Sun. He made this discovery on May 15,
1836, and his work stimulated a great deal of interest in
eclipses.
See also ECLIPSE; MOON.

Baily’s beads An optical phenomenon that appears just
before or immediately after totality in a solar eclipse, when
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sunlight bursts through gaps in the mountains on the Moon
and a string of light beads appears along the lunar disk. The
British amateur astronomer FRANCIS BAILY first described this
phenomenon in 1836. His observation stimulated a great deal
of interest in eclipses for the remainder of the 19th century by
both professional astronomers and the general public.

ballistic flyby Unpowered flight similar to a bullet’s trajec-
tory, governed by gravity and by the body’s previously
acquired velocity.

See also FLYBY.

ballistic missile A missile that is propelled by rocket
engines and guided only during the initial (thrust producing)
phase of its flight. In the nonpowered and nonguided phase
of its flight, it assumes a ballistic trajectory similar to that of
an artillery shell. After thrust termination, reentry vehicles
(RVs) can be released, and these RVs also follow free-falling
(ballistic) trajectories toward their targets. Aerospace analysts
within the U.S. Department of Defense (DOD) often classify
ballistic missiles by their maximum operational ranges, using
the following scale: Short-range ballistic missiles (SRBMs) are
those that have a maximum operational range of about 1,100
km; medium-range ballistic missiles (MRBMs) have an opera-
tional range between 1,100 and 2,750 km; intermediate-
range ballistic missiles (IRBMs) have an operational range
between 2,750 and 5,500 km; and intercontinental ballistic
missiles (ICBMs) have operational ranges in excess of 5,500
km. While somewhat arbitrary from an aerospace engineer-
ing perspective, this widely recognized classification scheme
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has proven quite useful in arms-control negotiations, ballistic

missile treaty discussions, and international initiatives

focused on limiting regional arms races and preventing the

emergence of far-reaching ballistic missile threats from rogue

nations. Compare with CRUISE MISSILE and GUIDED MISSILE.
See also BALLISTIC MISSILE DEFENSE.

ballistic missile defense (BMD) A defense system that is
designed to protect a territory from incoming ballistic mis-
siles in both strategic and theater tactical roles. A BMD sys-
tem usually is conceived of as having several independent
layers designed to destroy attacking ballistic missiles or their
warheads at any or all points in their trajectories—from
launch until just before impact at the targets.

The phases of a typical missile trajectory are shown in
the figure below. During the boost phase the rocket engines
accelerate the missile and its warhead payload through and
out of the atmosphere and provide intense, highly specific
observables. The booster rocket and sustainer engines of a
modern ICBM (like the MINUTEMAN III) usually operate for
between three and five minutes. When the boost phase ends
the missile has typically reached an altitude of about 200 km.

A post-boost phase, or bus deployment phase, occurs
next, during which multiple warheads (or perhaps a single
warhead) and penetration aids are released from a post-
boost vehicle (PVB). The post-boost vehicle, or reentry vehi-
cle bus, is the rocket propelled final stage of an ICBM that,
after booster burnout, places individual warheads and (pos-
sibly) decoys on ballistic paths toward their targets. In the
midcourse phase the warheads and penetration aids travel on
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Major phases of a typical ballistic missile flight trajectory




The Ballistic Missile—A Revolution in Warfare

In the middle of the 20th century developments in space technology
revolutionized warfare, transformed international politics, and changed
forever our planetary civilization. One of the earliest and perhaps most
significant of these developments involved the combination of two pow-
erful World War ll-era weapon systems, the American nuclear bomb
and the German V-2 ballistic missile. Cold war politics encouraged a
hasty marriage of these emerging military technologies. The union ulti-
mately produced an offspring called the intercontinental ballistic mis-
sile (ICBM), a weapon system that most military experts regard as the
single most influential weapon in all history. The ICBM and its technical
cousin, the submarine-launched ballistic missile (SLBM), were the first
weapon systems designed to attack a distant target by traveling into
and through outer space. In the late 1950s the first generation of such
operational “space weapons” completely transformed the nature of
strategic warfare and altered the practice of geopolitics.

For the United States the development of the ICBM created a
fundamental shift in national security policy. Before the ICBM the
major purpose of the American military establishment was to fight
and win wars. With operational nuclear weapon—armed ballistic
missile forces, both the United States and the Soviet Union pos-
sessed an unstoppable weapon system capable of delivering mega-
tons of destruction to any point on the globe within about 30
minutes. Once fired, these weapons would fly to their targets with
little or no chance of being stopped. To make matters worse, nation-
al leaders could not recall a destructive ICBM strike after the mis-
siles were launched. So from the moment on, the chief purpose of
the U.S. military establishment became how to avoid strategic
nuclear warfare. American and Soviet national leaders quickly real-
ized that any major exchanged of unstoppable nuclear-armed ballis-
tic missiles would completely destroy both adversaries and leave
Earth’s biosphere in total devastation.

In the era of the ICBM there are no winners, only losers—should
adversaries resort to strategic nuclear conflict. For the first time in
human history national leaders controlled a weapon system that could
end civilization in less than a few hours. The modern ballistic missile
made deterrence of nuclear war the centerpiece of American national
security policy, a policy often appropriately referred to as mutually
assured destruction (MAD). Some military analysts like to refer to the
ICBM as an unusable weapon. For example, the United States and Rus-
sia designed their strategic nuclear forces to survive a surprise enemy
first strike and still deliver a devastating second strike. Consequently,
no matter which side fired their nuclear-armed ICBMs first, the other
side would still be capable of firing a totally destructive retaliatory
salvo, and everybody would die. In this perspective the ICBM is quite
analogous to a societal suicide weapon. One cold war military analyst
summarized MAD as; “He who shoots first, dies second.” Such grim,
gallows humor only serves to highlight the often overlooked paradox.
The most destructive weapon system in history is also its most unus-
able weapon system. Up until now rational governments have tightly
guarded the use of their nuclear-armed ICBM forces with elaborate
control systems that restrict access to launch codes and nuclear
weapon arming signals.

The arrival of the nuclear-armed ballistic missile is a milestone in
human development. From a planetary culture perspective, this techni-
cal event brings about the end of “childhood” and the end of social
innocence. Will the family of nations mature into a global society capa-
ble of avoiding strategic nuclear warfare as a means of settling politi-

ballistic missile defense

cal, social, and ethnic differences, or will we perish as a technically
advanced but socially immature species?

Since the laws of physics that allowed the development of the
nuclear-armed ICBM apply throughout the universe, it is interesting to
speculate here whether other technically advancing species in the
Milky Way galaxy reached the same crossroads. Did such a society
survive the “ICBM technology” test, or did it perish by its own hand?

An alternate technology pathway also appeared with the arrival
of the operational ICBM. Cold war politics encouraged the pioneering
use of powerful ballistic missiles as space launch vehicles. So during
the macabre superpower nuclear standoff that dominated geopolitics
during the second half of the 20th century, the human race also
acquired the very tools it needed to expand into the solar system and
mature as a planetary civilization. Will tribal barbarism finally give
way to the rise of a mature, conflict-free global society? The ICBM is
the social and technical catalyst capable of causing great harm or
positive long-term good. It is up to us to take the pathway that leads to
the stars and not the one that leads to extinction.

Perhaps as a species we are beginning to go down the right road.
Itis interesting to observe, for example, that the threat of instant nuclear
Armageddon has helped restrain those nations with announced nuclear
weapon capabilities (such as the United States, the former Soviet Union,
the United Kingdom, France, and the People’s Republic of China) from
actually using such devastating weapons in resolving a small-scale
regional conflict. Because of the “no winner” standoff between unstop-
pable offensive ballistic missile forces against unstoppable offensive
ballistic missile forces, political scientists assert that the ICBM has
caused a revolution in warfare and international relations. Some military
analysts even go so far as to suggest that the ICBM makes strategic
warfare between rational, nuclear-armed nations impossible.

The operative term here is rational. Today, as nuclear weapon
and ballistic missile technologies spread throughout the world, the
specter of a regional nuclear conflict (such as between India and
Pakistan), nuclear blackmail (as threatened by the leadership of North
Korea), and nuclear terrorism (at the hands of a technically compe-
tent, financially capable subnational political group) haunt the global
community. The heat of long-standing, culturally and religiously root-
ed regional animosities could overcome the positive example of
decades of self-imposed superpower restraint on the use of nuclear-
armed ballistic missiles. Today's expanding regional missile threat is
encouraging some American strategic planners to revisit ballistic mis-
sile defense technologies, including concepts requiring the deploy-
ment of antimissile weapon systems in outer space.

For more than four decades the intercontinental ballistic missile
has served as the backbone of U.S. nuclear deterrent forces. Through-
out the cold war and up to the present day, deterring nuclear war
remains the top American defense priority, but this policy produces only
a meta-stable political equilibrium based on the concept of deterrence,
which depends on an inherent lose-lose outcome for its efficacy. What
happens to the deterrence equation if an adversary who possesses
nuclear-armed ballistic missiles does not care if they lose (for whatever
inconceivable reason)? Before the human race can enjoy the prosperity
of a solar system civilization, we must learn how to guarantee absolute
control of the powerful ballistic missile weapon systems we now pos-
sess. Our childhood has ended, and we must face future political dis-
agreements with unprecedented maturity or perish as a result of social
immaturity and foolhardiness. The expanding global presence of nuclear-
armed ballistic missiles offers no other alternatives for our future global
civilization.

3
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trajectories above the atmosphere; they reenter the atmosphere
in the terminal phase, where atmospheric drag affects them.
An effective ballistic missile defense system capable of
engaging the missile attack all along its flight path must per-
form certain key functions, including: (1) promptly and reli-
ably warning of an attack and initiating the defense; (2)
continuously tracking all threatening objects from the begin-
ning to the end of their trajectories; (3) efficiently intercepting
and destroying the booster rocket or post-boost vehicle; (4)
efficiently discriminating between enemy warheads and decoys
through filtering of lightweight penetration aids; (5) efficiently
and economically intercepting and destroying enemy warheads
(reentry vehicles) in the midcourse phase of their flight; (6)
intercepting and destroying the enemy warheads (reentry vehi-
cles) at the outer reaches of the atmosphere during the terminal
phase of their flight; and (7) effectively coordinating all of the
defensive system’s components through battle management,

communications, and data processing. Battle management is
the timely and accurate analysis of data on the state of a battle
and the subsequent process of making decisions regarding
which weapons to use and where to aim them. Subtasks
include command and communication, kill assessment, main-
taining knowledge of the state and positions of all elements of
the defense system, and calculation of target track files. With
respect to ballistic missile defense (BMD), battle management
includes the set of instructions and rules and the corresponding
hardware controlling the operation of a BMD system. Sensors
and interceptors are allocated by the BMD system, and updat-
ed battle results are presented to the individuals in command
for analysis and (as necessary) human intervention.

The figure below presents a more generalized concept for
ballistic missile defense during the boost phase of the enemy’s
ballistic missile flight. An essential requirement is a global,
full-time surveillance capability to detect a ballistic missile
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General scenario for ballistic missile defense during the boost phase of a ballistic missile’s flight
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General scenario for ballistic missile defense during the midcourse phase of a ballistic missile’s flight

attack, to define its destination and intensity, to determine
targeted areas, and to provide data to guide boost-phase
interceptors and post-boost vehicle tracking systems. Attacks
may range from a single or perhaps a few missiles to a mas-
sive simultaneous launch. For every enemy booster destroyed
during this phase, the number of potentially hostile objects to
be identified and sorted out by the remaining elements of a
multilayered (or multitiered) ballistic missile defense system
will be significantly reduced. An early defensive response also
will minimize the numbers of deployed penetration aids.
Space-based SENSORs would be used to detect and define the
ballistic missile attack. SPACE-BASED INTERCEPTORs would
protect these sensor systems from enemy antisatellite (ASAT)
weapons and, as a secondary mission, also would be used to
attack the enemy ballistic missiles. For the boost phase
defense scenario depicted in the figure, nonnuclear, direct-
impact projectiles (i.e., kinetic energy weapons) are being
used against the enemy’s offensive weapons (i.e., ASAT
weapons and warheads) while directed energy weapons (e.g.,
high-energy lasers) are being used to destroy the enemy’s
boosters early in the flight trajectory.

Similarly, the figure above illustrates a generalized ballis-
tic missile defense scenario that might occur during the mid-
course phase. Intercept outside the atmosphere during the

midcourse phase of a missile attack would require the defense
to cope with decoys designed to attract interceptors and to
exhaust the defensive forces. However, continuing discrimina-
tion of nonthreatening objects and continuing attrition of
reentry vehicles would reduce the pressure on the terminal
phase missile defense system. Engagement times are longer
during the midcourse phase than during other phases of a
ballistic missile trajectory. The figure depicts space-based sen-
sors that can discriminate among warheads, decoys, and
debris and the interceptors that the defense has committed to
the battle. The nonnuclear, direct-impact (hit-to-kill) projec-
tiles race toward warheads that the space-based sensors have
identified as credible targets.

Finally, the figure on the following page illustrates a bal-
listic missile defense scenario during the terminal phase of
the attack. This phase is essentially the final line of defense.
Threatening objects include warheads shot at but not
destroyed, objects not previously detected, and decoys that
have neither been discriminated against nor destroyed. The
interceptors of the terminal phase defensive system must
now deal with all of these threatening objects. An airborne
optical adjunct (i.e., airborne sensor platform) is shown
here. Surviving enemy reentry vehicles are detected in the
late exoatmospheric portion of their flight with sensors
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General scenario for ballistic missile defense during the terminal phase of a ballistic missile’s flight

onboard the long-endurance (crewed or robotic) aerial plat-
forms. Then terminal defense interceptors, illustrated here as
nonnuclear, direct-impact projectiles, are guided to these
remaining warheads and destroy them as they travel through
the upper portions of the atmosphere.

Since the end of the cold war (1989), the increased pro-
liferation of ballistic missile systems and weapons of mass
destruction throughout the world has forced the United
States to consider timely development of a ballistic missile
defense system that can engage all classes of ballistic missile
threats, including and especially the growing threat from
rogue nations working in concert with terrorist groups. Con-
sequently, in January 2003 President George W. Bush direct-
ed the U.S. Department of Defense (DOD) to begin fielding
initial missile defense capabilities in the 2004-035 period to
meet the near-term ballistic missile threat to the American
homeland, deployed military forces, and territories of friendly
and allied nations. As planned by the Missile Defense Agency,
up to 20 ground-based interceptors, capable of destroying
attacking intercontinental ballistic missiles during the mid-
course phase of their trajectories, will be located at Fort
Greely, Alaska (16 interceptors) and Vandenberg Air Force
Base, California (4 interceptors). In addition, up to 20 sea-
based interceptors will be deployed on existing Aegis ships.
Their mission is to intercept short- and medium-range ballis-

tic missiles in the midcourse phase of flight. These systems
are being complemented by the deployment of air-trans-
portable Patriot Advanced Capability-3 (PAC-3) systems to
intercept short- and medium-range ballistic missiles.

The evolutionary American approach to missile defense
includes development of the Theater High Altitude Air Defense
(THAAD) system to intercept short- and medium-range mis-
siles at high altitude and an airborne laser (ABL) aircraft to
destroy a ballistic missile in the boost phase. Finally, the pro-
gram includes the development and testing of space-based
defenses, particularly space-based kinetic energy (hit-to-kill)
interceptors and advanced target tracking satellites. However,
BMD is a technically challenging and politically volatile under-
taking. From a technical perspective the process is like stop-
ping an incoming high-velocity rifle bullet with another rifle
bullet—missing the threatening bullet is not a viable option.

ballistic missile submarine (SSBN) A nuclear-powered
submarine armed with long-range strategic or intercontinental
ballistic missiles. The U.S. Navy currently operates 18 Ohio-
class/Trident ballistic missile submarines. Each nuclear-
powered submarine carries 18 nuclear-armed Trident missiles.

ballistic trajectory The path an object (that does not have
lifting surfaces) follows while being acted upon by only the



force of gravity and any resistive aerodynamic forces of the
medium through which it passes. A stone tossed into the air
follows a ballistic trajectory. Similarly, after its propulsive unit
stops operating, a rocket vehicle describes a ballistic trajectory.

band A range of (radio wave) frequencies. Alternatively, a
closely spaced set of spectral lines that is associated with the
electromagnetic radiation (EMR) characteristic of some par-
ticular atomic or molecular energy levels. In radiometry, a
relatively narrow region of the electromagnetic spectrum to
which a sensor element in a remote sensing system
responds. A multispectral sensing system makes simultane-
ous measurements in a number of spectral bands. In spec-
troscopy, those spectral regions where atmospheric gases
absorb (and emit) electromagnetic radiation; for example,
the 15 micrometer (wm) carbon dioxide (CO,) absorption
band; the 6.3 micrometer (um) water vapor (H,O) absorp-
tion band, and the 9.6 micrometer (wm) ozone (Oj3) absorp-
tion band.

bandwidth In general, the number of hertz (cycles per sec-
ond) between the upper and lower limits of a frequency band.
With respect to radio waves, the total range of frequency
required to pass a specific modulated signal without distor-
tion or loss of data. An ideal bandwidth allows the radio
wave signal to pass under conditions of maximum amplitude
modulation (AM) or frequency modulation (FM) adjustment.
If the bandwidth is too narrow, it will cause a loss of data
during modulation peaks. If the bandwidth is too wide, it will
cause excessive noise to pass along with the signal. In fre-
quency modulation, radio frequency (RF) signal bandwidth is
determined by the frequency deviation of the signal.

bar A unit of pressure in the centimeter-gram-second (cgs)
system equal to 105 pascal.

1 bar = 106 dynes/cm? = 105 newtons/m?2 (pascals) =
750 mm Hg

The term millibar (symbol: mb) is encountered often in mete-
orology.

1 millibar (mb) = 10-3 bar = 100 pascals

barbecue mode The slow roll of an orbiting aerospace
vehicle or spacecraft to help equalize its external temperature
and to promote a more favorable heat (thermal energy) bal-
ance. This maneuver is performed during certain missions. In
outer space solar radiation is intense on one side of a space
vehicle while the side opposite the Sun can become extremely

cold.

barium star A red giant star, typically of G or K spectral
type, characterized by the unusually high abundance of heav-
ier elements, such as barium. Sometimes called a heavy metal
star.

Barnard, Edward Emerson (1857-1923) American Astro-
nomer In 1892 Edward Emerson Barnard discovered
Jupiter’s fifth moon, Amalthea. He also pioneered astropho-
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tography—the use of photography in astronomy. For exam-
ple, he was the first astronomer to find a comet by photo-
graphic means. An accomplished visual observer, he also
discovered Barnard’s star, a faint red dwarf with a large prop-
er motion situated about six light-years from the Sun.

See also AMALTHEA.

Barnard’s star A red dwarf star in the constellation Ophi-
uchus approximately six light-years from the Sun, making it
the fourth-nearest star to the solar system. Discovered in
1916 by the American astronomer EDWARD E. BARNARD
(1857-1923), it has the largest proper motion of any known
star—some 10.3” (arc-seconds) per year. Due to its large
proper motion, when viewed by an observer on Earth this so-
called fixed star appears to move across the night sky
through a distance equivalent to the diameter of the Moon
every 180 years. The absolute magnitude of Barnard’s star is
13.2, and its spectral classification is M5 V.

barred spiral galaxy A type of spiral galaxy that has a
bright bar or elongated ellipsoid of stars across the central
regions of the galactic nucleus. A barred spiral galaxy is
denoted as “SB” in EDWIN HUBBLE’s classification of galaxies.

barrier cooling In rocket engineering, the use of a con-
trolled mixture ratio near the wall of a combustion chamber
to provide a film of low-temperature gases to reduce the
severity of gas-side heating of the chamber.

Barringer crater See ARIZONA METEORITE CRATER.

barycenter The center of mass of a system of masses at
which point the total mass of the system is assumed to be
concentrated. In a system of two particles or two celestial
bodies (that is, a binary system), the barycenter is located
somewhere on a straight line connecting the geometric center
of each object, but closer to the more massive object. For
example, the barycenter for the Earth-Moon system is located
about 4,700 km from the center of Earth—a point actually
inside Earth, since our home planet has a radius of about
6,400 km.

baryon A member of the class of heavy elementary parti-
cles that contains three quarks and participates in strong
interaction. Protons and neutrons, which make up the nuclei
of atoms, are baryons.

See also FUNDAMENTAL FORCES IN NATURE.

basalt Fine-grained, dark-colored igneous rock composed
primarily of plagioclase feldspar and pyroxene; other miner-
als such as olivine and ilmenite are usually present. Plagio-
clase feldspar is a common mineral, ranging from NaAlSi;Og
to CaAl,Si,Og. Olivine is another mineral found in basalt,
ranging from Mg,SiO4 to Fe,SiO,. Ilmenite is an opaque
mineral consisting of nearly pure iron-titanium oxide
(FeTiO3). Basalt is the most common extrusive igneous rock,
solidified from molten magma or volcanic fragments erupted
on the surface of Earth, the Moon, or other solid-surface
planetary bodies in the solar system. Basalt makes up the
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large smooth dark areas of the Moon called maria—since
GALILEO GALILEI (1564-1642) and other 17th-century tele-
scopic astronomers originally though these dark basaltic
regions were lunar seas or oceans. NASA’s APOLLO PROJECT
MOON landing missions brought back many samples of lunar
basalt.

baseline In general, any line that serves as the basis for
measurement of other lines. Often in aerospace usage, a refer-
ence case, such as a baseline design, a baseline schedule, or a
baseline budget.

basin (impact) A large, shallow, lowland area in the crust
of a terrestrial planet formed by the impact of an asteroid or
comet.

See also CRATER; IMPACT CRATER.

al-Battani (Latinized: Albategnius) (ca. 858-929) Arab
Astronomer, Mathematician Al-Battani is regarded as the
best and most famous astronomer of medieval Islam. As a
very skilled naked eye observer he refined the sets of solar,
lunar, and planetary motion data found in PTOLEMY’s great
work, The Almagest, with more accurate measurements. Cen-
turies after his death these improved observations, as con-
tained in his compendium, Kitab al-Zij, worked their way
into the Renaissance and exerted influence on many western
European astronomers and astrologers alike.

Al-Battani and his fellow Muslim stargazers preserved
and refined the geocentric cosmology of the early Greeks.
Though al-Battani was a devout follower of Ptolemy’s geo-
centric cosmology, his precise observational data encouraged
NICHOLAS COPERNICUS to pursue heliocentric cosmology—
the stimulus for the great scientific revolution of the 16th and
17th centuries. Al-Battani was also an innovative mathemati-
cian who introduced the use of trigonometry in observational
astronomy. In 880 he produced a major star catalog, called
the Kitab al-Zij, and refined the length of the year to approx-
imately 365.24 days.

Al-Battani was born in about 858 in the ancient town
of Harran, located in northern Mesopotamia some 44 kilo-
meters southeast of the modern Turkish city of Sanliufra.
His full Arab name is Abu Abdullah Muhammad ibn Jabir
ibn Sinan al-Raqqi al-Harrani al-Sabi al-Battani, which later
European medieval scholars who wrote exclusively in Latin
changed to Albategnius. His father, Jabir ibn Sinan al-Harrani,
was an astronomical instrument maker and a member of the
Sabian sect, a religious group of star worshippers in Harran.
So al-Battani’s lifelong interest in astronomy probably start-
ed at his father’s knee in early childhood. Al-Battani’s contri-
butions to astronomy are best appreciated within the context
of history. At this time Islamic armies were spreading
through Egypt and Syria and westward along the shores of
the Mediterranean Sea. Muslim conquests in the eastern
Mediterranean resulted in the capture of ancient libraries,
including the famous one in Alexandria, Egypt. Ruling
caliphs began to recognize the value of many of these ancient
manuscripts, and so they ordered Arabs scribes to translate
any ancient document that came into their possession.

By fortunate circumstance, while the Roman Empire
was starting to collapse in western Europe, Nestorian Chris-
tians busied themselves preserving and archiving Syrian-
language translations of many early Greek books. Caliph
Harun al Rashid ordered his scribes to purchase all available
translations of these Greek manuscripts. His son and succes-
sor, Caliph al-Ma’mun, who ruled between 813 and 833,
went a step beyond. As part of his peace treaty with the
Byzantine emperor, Caliph al-Ma’mun was to receive a num-
ber of early Greek manuscripts annually. One of these trib-
ute books turned out to be Ptolemy’s great synthesis of
ancient Greek astronomical learning. When translated it
became widely known by its Arabic name, The Almagest (or
“the greatness”). So the legacy of geocentric cosmology from
ancient Greece narrowly survived the collapse of the Roman
Empire and the ensuing Dark Ages in western Europe by
taking refuge in the great astronomical observatories of
medieval Islam as found in Baghdad, Damascus, and else-
where.

But Arab astronomers did not just accept the astronomi-
cal data presented by Ptolemy. They busied themselves check-
ing these earlier observations and often made important
refinements using improved instruments, including the astro-
labe and more sophisticated mathematics. History indicates
that al-Battani was a far better observer than any of his con-
temporaries. Yet, collectively, these Arab astronomers partici-
pated in a golden era of naked eye astronomy enhanced by
the influx of ancient Greek knowledge, mathematical con-
cepts from India, and religious needs. For example, Arab
astronomers refined solar methods of time keeping so Islamic
clergymen would know precisely when to call the Muslim
faithful to daily prayer.

Al-Battani worked mainly in ar-Raqqah and also in
Antioch (both now located in modern Syria). Ar-Raqqah
was an ancient Roman city along the Euphrates River just
west of where it joins the Balikh River at Harran. Like other
Arab astronomers, he essentially followed the writings of
Ptolemy and devoted himself to refining and improving the
data contained in The Almagest. While following this
approach, he made a very important discovery concerning
the motion of the aphelion point—that is, the point at
which Earth is farthest from the Sun in its annual orbit. He
noticed that the position at which the apparent diameter of
the Sun appeared smallest was no longer located where
Ptolemy said it should be with respect to the fixed stars of
the ancient Greek zodiac. Al-Battani’s data were precise, so
he encountered a significant discrepancy with the observa-
tions of Ptolemy and early Greek astronomers. But neither
al-Battani nor any other astronomer who adhered to Ptole-
my’s geocentric cosmology could explain the physics behind
this discrepancy.

They would first need to use heliocentric cosmology to
appreciate why the Sun’s apparent (measured) diameter kept
changing throughout the year as Earth traveled along its
slightly eccentric orbit around the Sun. Second, the Sun’s
annual apparent journey through the signs of the zodiac cor-
responded to positions noted by the early Greek astronomers.
But, because of the phenomenon of precession (the subtle
wobbling of Earth’s spin axis), this correspondence no longer



took place in al-Battani’s time—nor does it today. Without
the benefit of a wobbling Earth model (to explain precession)
and heliocentric cosmology (to explain the variation in the
Sun’s apparent diameter), it was clearly impossible for him,
or any other follower of Ptolemy, to appreciate the true scien-
tific significance of what he discovered.

Al-Battani’s precise observations also allowed him to
improve Ptolemy’s measurement of the obliquity of the eclip-
tic—that is, the angle between Earth’s equator and the plane
defined by the apparent annual path of the Sun against the
fixed star background. He also made careful measurements
of when the vernal and autumnal equinoxes took place.
These observations allowed him to determine the length of a
year to be about 365.24 days. The accuracy of al-Battani’s
work helped the German Jesuit mathematician CHRISTOPHER
CravIus reform the Julian calendar and allowed Pope Grego-
ry XIII to replace it in 1582 with the new “Gregorian” calen-
dar that now serves much of the world as the international
civil calendar.

While al-Battani was making his astronomical observa-
tions between the years 878 and 918, he became interested in
some of the new mathematical concepts other Arab scholars
were discovering in India. Perhaps al-Battani’s greatest contri-
bution to Arab astronomy was his introduction of the use of
trigonometry, especially spherical trigonometric functions, to
replace Ptolemy’s geometrical methods of calculating celestial
positions. This contribution gave Muslim astronomers use of
some of the most complicated mathematics known in the
world up to that time.

He died in 929 in Qar al-Jiss (now in modern Iraq) on a
homeward journey from Baghdad, where he had presented an
unfair taxation grievance from the people of ar-Ragqah to
officials of the ruling caliph. His contributions to astronomy
continued for many centuries after his death. Medieval
astronomers became quite familiar with Albategnius, primari-
ly through a 12th-century Latin translation of his Kitab al-Zij,
renamed De motu stellarum (On stellar motion). The inven-
tion of the printing press in 1436 by Johannes Gutenberg
soon made it practical to publish and widely circulate the
handwritten Latin translation. This occurred in 1537 in
Nuremberg, Germany—just in time for the centuries-old pre-
cise observations of al-Battani to spark interest in some of the
puzzling astronomical questions that spawned the scientific
revolution.

battery An electrochemical energy storage device that
serves as a source of direct current or voltage, usually consist-
ing of two or more electrolytic cells that are joined together
and function as a single unit. The earliest Russian and Ameri-
can Earth-orbiting spacecraft (e.g., Sputnik 1 and Explorer 1)
depended on batteries for all their electric power. In general,
however, batteries are acceptable as the sole source of electric
power only on spacecraft or planetary probes with missions
of very short duration—hours, perhaps day, or at the most
weeks in length. Solar photovoltaic conversion is used in
combination with rechargeable batteries on the vast majority
of today’s spacecraft. The rechargeable batteries provide elec-
trical power during “dark times” when the solar arrays can-
not view the Sun. For example, the nickel-cadmium battery
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Diagram of a typical high-temperature battery with a service life of about
five minutes and an operating temperature of 430°C

has been the common energy storage companion for solar cell
power supply systems on many spacecraft. Specific energy
densities (that is, the energy per unit mass) of about 10 watt-
hours per kilogram are common at the 10 to 20 percent
depths of discharge used to provide cycle life. The energy
storage subsystem is usually the largest and heaviest part of a
solar cell-rechargeable battery space power system.

Storable batteries can be used as the sole power supply
for expendable planetary probes required to operate in harsh
environments. For example, the figure shows a typical high-
temperature battery with a service life of about five minutes
that can operate at a temperature of 430°C. Activated when
needed by a pyrotechnic device, this type of high-temperature
battery could power a probe that briefly functioned in the
high-temperature surface environment of Mercury or Venus.
Unless extraordinary design features were built into a probe,
its instruments and supporting subsystems most likely would
succumb to the elevated temperature environment within a
short time.

baud (rate) A unit of signaling speed. The baud rate is the
number of electronic signal changes or data symbols that can
be transmitted by a communications channel per second.
Named after J. M. Baudot (1845-1903), a French telegraph
engineer.

Bayer, Johann (1572-1625) German Astronomer In 1603
Johann Bayer published Uranometria, the first major star cata-
log for the entire celestial sphere. He charted more than 2,000
stars visible to the naked eye and introduced the practice of
assigning Greek letters (such as o, B, and y) to the main stars in
each constellation, usually in an approximate descending order
of their brightness.
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beacon A light, group of lights, electronic apparatus, or
other type of signaling device that guides, orients, or warns
aircraft, spacecraft, or aerospace vehicles in flight. For exam-
ple, a crash locator beacon emits a distinctive, characteristic
signal that allows search-and-rescue (SAR) teams to locate a
downed aircraft, aerospace vehicle, or aborted or reentered
spacecraft of probe.

beam A narrow, well-collimated stream of particles (such
as electrons or protons) or electromagnetic radiation (such as
gamma ray photons) that are traveling in a single direction.

beamed energy propulsion An advanced propulsion sys-
tem concept in which a remote power source (such as the Sun
or a high-powered laser) supplies thermal energy to an orbital
transfer vehicle (OTV). Two beamed energy concepts that
have been suggested are solar thermal propulsion and laser
thermal propulsion. Solar thermal propulsion makes use of
the Sun and does not require an onboard energy source. The
solar thermal rocket would harvest raw sunlight with concen-
trators or mirrors. Then the collected solar radiation would
be focused to heat a propellant, such as hydrogen. Once at
high temperature, the gaseous propellant would flow through
a conventional converging-diverging nozzle to produce
thrust. Similarly, laser thermal propulsion would use a
remotely located high-power laser to beam energy to an
orbital transfer vehicle to heat a propellant, such as hydro-
gen. The resultant high-temperature gas would then be dis-
charged through a thrust-producing nozzle. Such advanced
propulsion systems might eventually support the transport of
cargo between various destinations in cislunar space and pos-
sibly even from the surface of the Moon to low lunar orbit.

beam rider A missile guided to its target by a beam of elec-
tromagnetic radiation, such as a radar beam or a laser beam.

Bean, Alan L. (1932- ) American Astronaut, U.S. Navy
Officer Astronaut Alan Bean commanded the lunar excur-
sion module (LEM) during NASA’s Apollo 12 mission. Along
with CHARLES (PETE) CONRAD, JR., he walked on the Moon’s
surface and deployed instruments in November 1969 as part
of the second lunar landing mission of the Apollo Project.
Bean also served as spacecraft commander for the Skylab 2
space station mission in 1973. These spaceflight experiences
inspired his work as a space artist.
See also APOLLO PROJECT; SKYLAB.

becquerel (symbol: Bq) The SI unit of radioactivity. One
becquerel corresponds to one nuclear transformation (disinte-
gration) per second. Named after the French physicist A.
Henri Becquerel (1852-1908), who discovered radioactivity
in 1896. This unit is related to the curie (the traditional unit
for radioactivity) as follows: 1 curie (Ci) = 3.7 x 1010 bec-
querels (Bq).

bel (symbol: B) A logarithmic unit (n) used to express the
ratio of two power levels, Py and P,. Therefore, n (bels) =
logqy (P»/P;). The decibel (symbol: dB) is encountered more
frequently in physics, acoustics, telecommunications, and
electronics, where 10 decibels = 1 bel. This unit honors the

American inventor Alexander Graham Bell (1847-1922).
Compare with NEPER.

Belinda The ninth-closest moon to Uranus. Discovered as a
result of the Voyager 2 flyby in 1986, Belinda gets its name
from the heroine in Alexander Pope’s (1688-1744) The Rape
of the Lock, an elegant satire about a vain young woman in
English high society who has a lock of her hair stolen by an
ardent young man. This small, 66-km-diameter satellite
orbits Uranus every 0.6235 days at a distance of 75,260 km
and with an orbital inclination of 0.03°.

Bell-Burnell, (Susan) Jocelyn (1943— ) British Astro-
nomer In August 1967, while still a doctoral student at
Cambridge University under the supervision of Professor
ANTONY HEWISH, Jocelyn Bell-Burnell discovered an unusual,
repetitive radio signal that proved to be the first pulsar. She
received a Ph.D. for her pioneering work on pulsars, while
Hewish and a Cambridge colleague (MARTIN RYLE) eventual-
ly shared the 1974 Nobel Prize in physics for their work on
pulsars. Possibly because she was a student at the time of the
discovery, the Nobel Committee rather unjustly ignored her
observational contribution to the discovery of the pulsar.

bell nozzle A nozzle with a circular opening for a throat
and an axisymmetric contoured wall downstream of the
throat that gives this type of nozzle a characteristic bell
shape.

See also NOZZLE.

Belt of Orion The line of three bright stars (Alnilam,
Alnitak, and Mintaka) that form the Belt of Orion, a very
conspicuous constellation on the equator of the celestial
sphere. The constellation honors the great hunter in Greek
mythology.

bent-pipe communications An aerospace industry term
(jargon) for the use of relay stations to achieve non-line-of-
sight (LOS) transmission links.

Bernal, John Desmond (1910-1971) Irish Physicist, Writer
John Desmond Bernal speculated about the colonization of
space and the construction of very large spherical space settle-
ments (now called BERNAL SPHEREs) in his futuristic 1929
work The World, the Flesh and the Deuvil.

Bernal sphere Long before the space age began, the Irish
physicist and writer JOHN DESMOND BERNAL predicted that
the majority of the human race would someday live in “artifi-
cial globes” orbiting around the Sun. In particular, Bernal’s
famous 1929 work The World, the Flesh and the Devil con-
veys his bold speculation about large-scale human migration
into outer space. Bernal’s concept of spherical space habitats
influenced both early space station designs and concepts for
very large space settlements.

berthing The joining of two orbiting spacecraft using a
manipulator or other mechanical device to move one into
contact (or very close proximity) with the other at a selected
interface. For example, NASA astronauts have used the space
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external agricultural toruses
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mirrors

Large space settlement concept based on the Bernal sphere (Courtesy of
NASA)

shuttle’s remote manipulator system to carefully berth a large

free-flying spacecraft (such as the Hubble Space Telescope)

onto a special support fixture located in the orbiter’s pAY-

LOAD BAY during an on-orbit servicing and repair mission.
See also DOCKING; RENDEZVOUS.

Bessel, Friedrich Wilhelm (1784-1846) German Astro-
nomer, Mathematician Friedrich Wilhelm Bessel pioneered
precision astronomy and was the first to accurately measure
the distance to a star (other than the Sun). In 1818 he pub-
lished Fundamenta Astronomiae, a catalog of more than
3,000 stars. By 1833 he completed a detailed study from the
Konigsberg Observatory of 50,000 stars. His greatest accom-
plishment occurred in 1838, when he carefully observed the
binary star system 61 Cygni and used its parallax (annual
angular displacement) to estimate its distance at about 10.3
light-years from the Sun (current value is 11.3 light-years).
His mathematical innovations and rigorous observations
greatly expanded the scale of the universe and helped shift
astronomical interest beyond the solar system.

beta decay Radioactivity in which an atomic nucleus
spontaneously decays and emits two subatomic particles: a
beta particle (B) and a neutrino (v). In beta-minus (B-)
decay a neutron in the transforming (parent) nucleus
becomes a proton, and a negative beta particle and an
antineutrino are emitted. The resultant (daughter) nucleus
has its atomic number (Z) increased by one (thereby chang-
ing its chemical properties), while the total atomic mass (A)
remains the same as that of the parent nucleus. In beta-plus
(B*) decay a proton is converted into a neutron, and a posi-
tive beta particle (positron) is emitted along with a neutri-
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no. The atomic number of the resultant (daughter) nucleus
is decreased by one, a process that also changes its chemi-
cal properties.

beta particle () The negatively charged subatomic parti-
cle emitted from the atomic nucleus during the process of
beta decay. It is identical to the electron.

See also ELECTRON; POSITRON.

Beta Regio A prominent and young upland region on
Venus, situated to the north of the planet’s equator. At the
widest it is about 2,900 km across. This region contains a
long (about 1,600-km) rift valley called Devana Chasma and
also has two huge volcanoes, Rhea Mons (about 6.7 km in
altitude) and Theia Mons (about 5.2 km in altitude).

See also APHRODITE TERRA; ISHTAR TERRA.

beta (B) star Within the system of stellar nomenclature
introduced in 1603 by the German astronomer JOHANN
BAYER, the second-brightest star in a constellation.

Betelgeuse The red supergiant star, alpha Orinois (o Ori),
that marks the right shoulder in the constellation Orion, the
great hunter from Greek mythology. Betelgeuse has a spectral
classification of M2Ia and is a semiregular variable with a
period of about 5.8 years. It has a normal apparent magni-
tude (visual) range between 0.3 and 0.9 (about +0.41 aver-
age), but can vary between 0.15 and 1.3. This huge star
(about 500 times the diameter of the Sun) is approximately
490 light-years way from Earth. The two brightest stars in
the constellation Orion were designated o Ori (Betelgeuse)
and B Ori (Rigel) in order of their apparent brightness using
the notation introduced by JOHANN BAYER (1572-1625) in
the 17th century. However, more precise recent observations
indicate that Rigel is actually brighter than Betelgeuse. Never-
theless, to avoid confusion astronomers retain the previous
stellar nomenclature.

Bethe, Hans Albrecht (1906-2005) German-American
Physicist Hans Bethe is the physicist and Nobel laureate who
proposed the mechanisms by which stars generate their vast
quantities for energy through the nuclear fusion of hydrogen
into helium. In 1938 he worked out the sequence of nuclear
fusion reactions, called the carbon cycle, that dominate energy
liberation in stars more massive than the Sun. Then, working
with a Cornell University colleague (Charles Critchfield), he
proposed the proton-proton reaction as the nuclear fusion pro-
cess for stars up to the size of the Sun. For this astrophysical
work he received the 1967 Nobel Prize in physics.

Bethe was born on July 2, 1906, in Strassburg, Germany
(now Strasbourg, Alsace-Lorraine, France). Starting in 1924
he studied at universities in Frankfurt and then in Munich.
He received a Ph.D. in theoretical physics in July 1928 from
at the University of Munich. His doctoral thesis on electron
diffraction still serves as an excellent example of how a physi-
cist should use observational data to understand the physical
universe. From 1929 to 1933 he held positions as a visiting
researcher or physics lecturer at various universities in
Europe, including work with ENRICO FERMI at the University
of Rome in 1931. With the rise of the Nazi Party in Germany,
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This is the first direct image of a star other than the Sun. Called Alpha Orionis, or Betelgeuse, the star is a red supergiant—a Sun-like star near the end of
its life. The Hubble Space Telescope (HST) picture reveals a huge ultraviolet atmosphere with a mysterious hot spot on the stellar behemoth’s surface.
The enormous bright spot, more than ten times the diameter of Earth, is at least 2,000 kelvins hotter than the rest of the star's surface. (Courtesy of Andrea

Dupree [Harvard-Smithsonian CfA], Ronald Gilliland [STScl], NASA, and ESA)

Bethe lost his position as a physics lecturer at the University
of Tiibingen. In 1933 he became a refugee from fascism. He
left Germany and immigrated to the United States after
spending a year (1934) working as a physicist in the United
Kingdom.

In February 1935 Cornell University in Ithaca, New
York, offered Bethe a position as an assistant professor of
physics. By the summer of 1937 the university promoted him
to the rank of full professor. Except for sabbatical leaves and
an absence during World War II, he remained affiliated with
Cornell as a professor of physics until 1975. At that point
Bethe retired to the rank of professor emeritus. His long and
very productive scientific career was primarily concerned
with the theory of atomic nuclei.

In 1939 he helped solve the long-standing mystery in
astrophysics and astronomy by explaining energy production
processes in stars like the Sun. Bethe proposed that the Sun’s
energy production results from the nuclear fusion of four
protons (that is, four hydrogen nuclei) into one helium-4
nucleus. The slight difference in the relative atomic masses of
reactants and product of this thermonuclear reaction mani-
fests itself as energy in the interior of stars. This hypothesis
became known as the proton-proton cycle—the series of

nuclear fusion reactions by which energy can be released in
the dense cores of stars. Bethe received the 1967 Nobel Prize
in physics for his “contributions to the theory of nuclear
reactions, especially his discoveries concerning the energy
production in stars.”

In 1941 Bethe became an American citizen and took a
leave of absence from Cornell University so he could con-
tribute his scientific talents to the war effort of his new coun-
try. His wartime activities took him first to the Radiation
Laboratory at the Massachusetts Institute of Technology,
where he worked on microwave radar systems. He then went
to the Los Alamos National Laboratory, New Mexico, where
he played a major role in the development of the American
atomic bomb under the Manhattan Project. Specifically, from
1943 to 1946 Bethe served as head of the theoretical group at
Los Alamos and was responsible for providing the technical
leadership needed to take nuclear physics theory and trans-
form it into successfully functioning nuclear fission weapons.

Throughout the cold war Bethe continued to serve the
defense needs of the United States, primarily as a senior scien-
tific adviser to presidents and high-ranking government lead-
ers. In 1952 he returned briefly to Los Alamos to provide his
theoretical physics expertise as the laboratory prepared to



test the first American hydrogen bomb. The following year,
after the surprisingly successful atmospheric test of Andrei
Sakharov’s (1921-89) hydrogen bomb, Bethe provided scien-
tific guidance to senior U.S. government officials concerning
the technical significance of the emerging Soviet thermonucle-
ar weapons program. In 1961 the U.S. Department of Energy
presented him with the Enrico Fermi award in recognition of
his many contributions to nuclear energy science and technol-
ogy. Yet, despite the important role he played in developing
the powerful arsenal of American nuclear weapons, Bethe
was also a strong advocate for nuclear disarmament and the
peaceful applications of nuclear energy. Bethe died on March
6, 2005, in Ithaca, New York.

Bianca The third-closest moon of Uranus, discovered in
1986 by the Voyager 2 spacecraft. This satellite orbits Uranus
at a distance of 59,170 km and an inclination of 0.19°. It has
a diameter of 42 km and an orbital period of 0.43458 day.
Bianca was named after the sister of Katherine in William
Shakespeare’s comical play The Taming of the Shrew.

Biela, Wilhelm von (1782-1856) Austrian Military Offi-
cer Wilhelm von Biela was an Austrian military officer and
amateur astronomer who “rediscovered” a short-period
comet in 1826 and then calculated its orbital period (about
6.6 years). During the predicted 1846 perihelion passage of
Biela’s comet, its nucleus split in two. Following the 1852
return of Biela’s double comet, the object disappeared, appar-
ently disintegrating into an intense meteor shower now called
the Andromedid meteors or Bielids. Last seen in 1904, the
Bielids are no longer observed due to gravitational perturba-
tion of the meteor stream. However, according to some
astronomers, the Bielids may return in the early part of the
22nd century. The dynamics and disappearance of Biela’s
comet demonstrated to 19th-century astronomers that comets
were transitory, finite objects.
See also COMET.

Biela’s comet See BIELA, WILHELM VON.

big bang (theory) A widely accepted theory in contempo-
rary cosmology concerning the origin of the universe.
According to the big bang cosmological model, there was a
very large ancient explosion called the initial singularity that
started the space and time of the current universe. The uni-
verse itself has been expanding ever since, and scientists have
recently observed that the rate of this expansion is increasing
as well. It is presently thought that the big bang event
occurred between 12 and 20 billion years ago, with 15 billion
years frequently taken as the nominal value. Astrophysical
observations and discoveries lend support to the big bang
model, especially the discovery of the cosmic microwave
background (CMB) radiation in the mid-1960s by ARNO
ALLEN PENZIAS (b. 1933) and ROBERT WOODROW WILSON
(b. 1936).

There are three general outcomes (or destinies) within
big bang cosmology: the open universe, the closed universe,
and the flat universe. In the first, the open universe model,
scientists hypothesize that once created by this primordial
explosion, the universe will continue to expand forever. The
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second outcome, called the closed universe model, assumes
that the universe (under the influence of gravitational
forces) will eventually stop expanding and then collapse
back into another incredibly dense singularity. The end-
point of this collapse is sometimes referred to as the BIG
CRUNCH. If, after the big crunch, a new cycle of explosion,
cosmic expansion, and eventual collapse occurs, then the
model is called the oscillating universe (or pulsating uni-
verse) model.

The third outcome, called the flat universe model, actually
falls between the first two. This model assumes that the uni-
verse expands after the big bang up to a point and then gently
halts when the forces driving the expansion and the forces of
matter-induced gravitational attraction reach a state of equilib-
rium. Beyond this point there will be no further expansion, nor
will the universe begin to contract and close itself into a com-
pact, incredibly dense object. To make this third outcome pos-
sible, the universe must contain just the right amount of
matter—a precise critical mass density described by the density
parameter (symbol: Q, or omega).

Big bang cosmologists suggest that if omega is unity
(that is, Q = 1), then the universe is flat; if omega is less than
unity (i.e., Q < 1), then the universe is open; and if omega is
greater than unity (i.e., Q > 1), then the universe is closed.
There are, of course, competing cosmological models, sever-
al of which involve the use of the COSMOLOGICAL CONSTANT
(A, or lamda), a concept originally suggested by ALBERT EIN-
STEIN as he formed general relativity in 1915 and then
applied it to cosmology in 1917. Briefly summarized here,
the cosmological constant implies that the shape and empti-
ness of space gives rise to a property in the universe that
somehow balances the relentless attraction of gravity. When
EDpWIN HUBBLE announced his observation of an expanding
universe in the late 1920s, Einstein abandoned this concept
and regarded it as his greatest failure. However, some mod-
ern cosmologists are again embracing the notion of a cosmo-
logical constant as part of their ongoing attempts to describe
the fate of a universe that appears by more recent observa-
tions (in the late 1990s) to be expanding at an ever-increas-
ing rate.

A very short time after the big bang explosion the con-
cepts of space and time as we understand them today came
into existence. Physicists sometimes call this incredibly tiny
time interval (about 1043 second) between the big bang event
and the start of space and time the Planck time or the Planck
era. The limitations imposed by the uncertainty principle of
quantum mechanics prevent scientists from developing a
model of the universe between the big bang and the end of
Planck time. However, an interesting intellectual alliance has
formed between astrophysicists (who study the behavior of
matter and energy in the large-scale universe) and high-energy
nuclear particle physicists (who investigate the behavior of
matter and energy in the subatomic world).

In an important application of experimental and theo-
retical research from modern high-energy physics, particle
physicists currently postulate that the early universe experi-
enced a specific sequence of phenomena and phases follow-
ing the big bang explosion. They generally refer to this
sequence as the standard cosmological model. Right after
the big bang, the present universe reached an incredibly



84 big bang (theory)

high temperature—physicists suggest the unimaginably high
value of about 1032 K. During this period, called the quan-
tum gravity epoch, the force of gravity, the strong (nuclear)
force, and a composite electroweak force all behaved as a
single unified force. Scientists postulate that during this
period the physics of elementary particles and the physics of
space and time were one and the same. They now search for
a theory of everything (TOE) to adequately describe quan-
tum gravity.

At Planck time (about 1043 second after the big bang)
the force of gravity assumed its own identity. Scientists call
the ensuing period the grand unified epoch. While the force
of gravity functioned independently during this period, the
strong nuclear force and the composite electroweak force
remained together and continued to act like a single force.
Today, physicists apply various grand unified theories (GUTs)
in their efforts to model and explain how the strong nuclear
force and the electroweak force functioned as one during this
particular period in the early universe.

Then, about 10-3% second after the big bang the strong
nuclear force separated from the electroweak force. By this
time the expanding universe had “cooled” to about 1028 K.
Physicists call the period between about 10-35 s and 10-10 s
the electroweak force epoch. During this epoch the weak
nuclear force and the electromagnetic force became separate
entities, as the composite electroweak force disappeared.
From this time forward the universe contained the four fun-
damental forces in nature known to physicists today—name-
ly, the force of gravity, the strong nuclear force, the weak
nuclear force, and the electromagnetic force.

Following the big bang and lasting up to about 10-35 s,
there was no distinction between quarks and leptons. All the
minute particles of matter were similar. However, during the
electroweak epoch quarks and leptons became distinguish-
able. This transition allowed quarks and antiquarks to eventu-
ally become hadrons, such as neutrons and protons, as well as
their antiparticles. At 10-* s after the big bang, in the radia-
tion-dominated era, the temperature of the universe cooled to
1012 K. By this time most of the hadrons disappeared because
of matter-antimatter annihilations. The surviving protons and
neutrons represented only a small fraction of the total number
of particles in the universe, the majority of which were lep-
tons, such as electrons, positrons, and neutrinos. However,
like most of the hadrons before them, the majority of the lep-
tons also soon disappeared as a result of matter-antimatter
interactions.

At the beginning of the matter-dominated era, some
three minutes (or 180 s) following the big bang, the
expanding universe cooled to a temperature of 10° K, and
small nuclei, such as helium, began to form. Later, when
the expanding universe reached about 300,000 years old,
the temperature dropped to 3,000 K, allowing the forma-
tion of hydrogen and helium atoms. Interstellar space is
still filled with the remnants of this primordial hydrogen
and helium.

Eventually, density inhomogeneities allowed the attrac-
tive force of gravity to form great clouds of hydrogen and
helium. Because these clouds also experienced local density
inhomogeneities, gravitational attraction formed stars and

then slowly gathered groups of these stars into galaxies
(about 1 billion years ago). As gravitational attraction con-
densed the primordial (big bang) hydrogen and helium into
stars, nuclear reactions at the cores of the more massive stars
created heavier nuclei up to and including iron. Supernova
explosions then occurred at the end of the lives of many of
these early, massive stars. These spectacular explosions pro-
duced all atomic nuclei with masses beyond iron and then
scattered these heavier elements into space. The expelled
“stardust” would eventually combine with interstellar gas
and create new stars along with their planets, including our
solar system (about 4.6 billion years ago). All things animate
and inanimate here on Earth are the natural byproducts of
these ancient astrophysical processes. In a very real sense,
each one of us is made of stardust.

In big bang cosmology, before the galaxies and stars
formed the universe was filled with hot glowing plasma that
was opaque. When the expanding plasma cooled to about
10,000 K (some 10,000 years after the big bang), the era of
matter began. At first, matter consisted primarily of an ion-
ized gas of protons, electrons, and helium nuclei. Then, as
this gaseous matter continued to expand, it cooled further.
When it reached about 3,000 K the electrons could recom-
bine with protons to form neutral hydrogen. Within this peri-
od of recombination (which started about 300,000 years
after the big bang), the ancient fireball became transparent
and continued to cool from 3,000 K to 2.7 K—the current
value of the cosmic microwave background (CMB). As time
passed matter condensed into galactic nebulae, which in turn
gave rise to stars and eventually other celestial objects such as
planets, asteroids, and comets.

Today, when scientists look deep into space with their
most advanced instruments, they can see back into time only
until they reach that very distant region where the early uni-
verse transitioned from an opaque gas to a transparent gas.
Beyond that transition point the view of the universe is
opaque, and all we can now observe is the remnant glow of
that primordial hot gas. This glow was originally emitted as
ultraviolet radiation (UV) but has now experienced Doppler
shift to longer wavelengths by the expansion of the universe.
It currently resembles emission from a cool dense gas at a
temperature of only 2.73 K. Scientists, using sensitive space-
based instruments (such as are found on NASA’s Cosmic
Background Explorer [COBE] spacecraft), have observed and
carefully measured this fossil radiation from the ancient big
bang explosion. This cosmic microwave background is the
very distant spherical “wall” that surrounds and delimits the
edges of the observable universe.

However, very subtle observed variations in the cosmic
microwave background are challenging big bang cosmolo-
gists. They must now explain, for example, how clumpy
structures of galaxies could have evolved from a previously
assumed smooth (that is, uniform and homogeneous) big
bang event and how large organized clusters of quasars
formed. Launched on June 30, 2001, NASAs Wilkinson
Microwave Anisotropy Probe (WMAP) spacecraft made the
first detailed full-sky map of the cosmic microwave back-
ground—including data (subtle CMB fluctuations) that bring
into high resolution the seeds that generated the cosmic struc-



ture scientists see today. The patterns detected by WMAP
represent tiny temperature differences within an extraordi-
narily evenly dispersed microwave light bathing the universe,
which now averages a frigid 2.73 K. These subtle fluctuations
have encouraged physicists to suggest modifications in the
original big bang hypothesis, and they invoke the concept of
an inflationary universe. Scientists now postulate that just
after the big bang explosion a special process (called
inflation) occurred. During this process vacuum state fluctua-
tions gave rise to the very rapid (exponential), nonuniform
expansion of the early universe.

American physicist Alan Harvey Guth (b. 1947) was the
first scientist to propose the concept of inflation. He did this
in 1980 in order to help solve some of the lingering prob-
lems in cosmology that were not adequately resolved in stan-
dard big bang cosmology. As Guth and then other scientists
proposed, between 10-35 and 10-33 second after the big
bang, the universe actually expanded at an incredible rate—
far in excess of the speed of light. In this very brief period
the universe increased in size by at least a factor of 1039,
from an infinitesimally small subnuclear-sized dot to a
region about 3 meters across. By analogy, imagine a grain of
very fine sand becoming the size of the presently observable
universe in 1-billionth (10-°) the time it takes light to cross
the nucleus of an atom. During inflation space itself expand-
ed so rapidly that the distances between points in space
increased faster than the speed of light. Scientists suggest the
slight irregularities they now observe in the cosmic
microwave background are evidence (the fossil remnants, or
faint ghosts) of the quantum fluctuations that took place as
the early universe inflated.

Astrophysicists and cosmologists have three measur-
able signatures that strongly support the notion that the
present universe evolved from a dense, nearly featureless
hot gas, just as big bang theory suggests. These scientifical-
ly measurable signatures are the expansion of the universe,
the abundance of the light elements (hydrogen, helium,
and lithium), and the cosmic microwave background
(CMB) radiation. Edwin Hubble’s 1929 observation that
galaxies were generally receding (when viewed from Earth)
provided scientist their first tangible clue that the big bang
theory might be correct. The big bang model also suggests
that hydrogen, helium, and lithium nuclei should have
fused from the very energetic collisions of protons and
neutrons in the first few minutes after the big bang. The
universe has an incredible abundance of hydrogen and
helium. Finally, within the big bang model the early uni-
verse should have been very, very hot. Scientists regard the
cosmic microwave background (first detected in 1964) as
the remnant heat left over from an ancient primeval fire-
ball. But there are limitations in the basic big bang model.
Perhaps most importantly, the big bang theory makes no
attempt to explain how structures like stars and galaxies
came into existence in the universe. Observing very subtle
fluctuations in the cosmic microwave background, scien-
tists introduced inflation theory to try to explain these
puzzles while still retaining the overall framework of the
hypothesis.
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See also ABUNDANCE OF ELEMENTS (IN THE UNIVERSE);
AGE OF THE UNIVERSE; COSMOLOGY; UNIVERSE.

big crunch Within the closed universe model of cosmology,
the postulated end state that occurs after the present universe
expands to its maximum physical dimensions and then col-
lapses in on itself under the influence of gravity, eventually
reaching an infinitely dense end point, or singularity. Com-
pare with BIG BANG.

See also COSMOLOGY; UNIVERSE.

Big Dipper The popular name for the distinctive pattern of
stars (asterism) formed by the seven brightest stars in the
ancient CONSTELLATION Ursa Major (the Great Bear). The
seven stars are Dubhe (o star), Merak (B star), Phecda (y
star), Megrez (& star), Alioth (¢ star), Mizar ({ star), and
Alcaid (n star). Dubhe and Merak are also called the “Point-
ers,” or the pointing stars, because a line drawn through
them points to Polaris, the North Star.
See also URSA MAJOR.

binary digit (bit) There are only two possible values (or
digits) in the binary number system, namely 0 or 1. Binary
notation is a common telemetry (information) encoding
scheme that uses binary digits to represent numbers and sym-
bols. For example, digital computers use a sequence of bits,
such as an eight-bit long byte (binary digit eight), to create a
more complex unit of information.
See also TELEMETRY.

binary pulsar A pulsar in orbit around a companion
star—possibly a white dwarf, a neutron star, a low-mass star,
or a supergiant. Astronomers generally learn about the exis-
tence of the companion star by the cyclical change that
occurs in the pulse period of the pulsar as the two stars orbit
each other. One of the most interesting classes of binary pul-
sars are the black widow pulsars—the first of which, called
PSR 1957420, was discovered in 1988. Intense radiation
from a rapidly spinning millisecond pulsar causes material to
evaporate from its stellar companion. For example, PSR
1957+20 has a spin rate of 0.0016 seconds and an orbital
period of 9.2 hours. The PSR 1957+20 black widow pulsar’s
companion now has a remaining mass of just 0.02 solar
masses. In about 25 million years or so this particular mil-
lisecond pulsar will have destroyed (that is, completely evap-
orated) its stellar companion and thereby become a solitary
millisecond pulsar. Here on Earth female black widow spiders
occasionally devour their male companions after mating, but
that cannibalistic behavior appears to be the exception rather
than the rule. Despite this somewhat inaccurate analogy with
biology, astronomers continue to refer to this interesting class
of binary millisecond pulsars that destroy (evaporate) their
companion stars as black widow pulsars. Compare with X-
RAY BINARY STAR SYSTEM.
See also PULSAR.

binary star system A pair of stars that orbit about their
common center of mass and are held closely together by
their mutual gravitational attraction. The orbital periods of
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binaries range from minutes to hundreds of years. By con-
vention, the star that is nearest the center of mass in a binary
star system is called the primary, while the other (smaller)
star of the system is called the companion. Binary star sys-
tems can be further classified as visual binaries, eclipsing
binaries, spectroscopic binaries, and astrometric binaries.
Visual binaries are those systems that can be resolved into
two stars by an optical telescope. Eclipsing binaries occur
when each star of the system alternately passes in front of
the other, obscuring, or eclipsing, it and thereby causing
their combined brightness to diminish periodically. Spectro-
scopic binaries are resolved by the Doppler shift of their
characteristic spectral lines as the stars approach and then
recede from the Earth while revolving about their common
center of mass. Astronomers use variations in radial velocity
to analyze the orbital motion of the stars in a spectroscopic
binary, because these stars are generally too close to be seen
separately. Frequently, the two stars in such a closed binary

An artist's rendering of a high-mass X-ray binary star system with jets.
Material from a large blue giant star (on the right) is being drawn off and
devoured by an invisible, cannibalistic black hole in this interacting
binary system. The inflow of material from the companion normal star
creates an accretion disk around the massive stellar black hole primary.
Shown also are a pair of very high-speed material jets departing in
opposite directions perpendicular to the plane of the accretion disk. As
the inflowing material swirls in the accretion disk and spirals toward
the black hole’s event horizon, it heats to extremely high temperatures
(millions of degrees) and emits X-rays. (Courtesy of NASA/CXC/SAO)

are distorted into nonspherical shapes by the action of mutu-
al tidal forces. In a closed binary system the separation dis-
tance of the two stars might be comparable to their
diameters. Astronomers subdivide closed binary star sys-
tems as detached, semidetached, or contact binaries.
Semidetached and contact binaries include interacting bina-
ries in which mass transfer occurs from the companion star
to the primary star. In an astrometric binary one star cannot
be visually observed, and its existence is inferred from the
irregularities and perturbations in the motion of the visible
star of the system.

Binary star systems are more common in the Milky Way
galaxy than is generally realized. Perhaps 50 percent of all
stars are contained in binary systems. The typical mean sepa-
ration distance between members of a binary star system is
on the order of 10 to 20 astronomical units.

The first observed binary star systems revealed their
“binary characteristic” to astronomers through variations in
their optical emissions. The X-ray binary was discovered dur-
ing the 1970s by means of space-based X-RAY observations.
In a typical X-ray binary system, a massive optical star is
accompanied by a compact, X-ray-emitting companion that
might be a neutron star or possibly even a black hole. An
interacting binary star system is one in which mass transfer
occurs, generally from a massive optical star to its compact,
cannibalistic, X-ray-emitting companion. (See figure.) The
binary pulsar, first observed in 1988, reveals its existence by
an apparent change in the pulse period of the pulsar as it
orbits its companion.

See also ASTROPHYSICS; X-RAY ASTRONOMY.

bioclean room Any enclosed area where there is control
over viable and nonviable particulates in the air, with tem-
perature, humidity, and pressure controls as required to
maintain specified standards. A viable particle is a particle
that will reproduce to form observable colonies when
placed on a specified culture medium and incubated accord-
ing to optimum environmental conditions for growth after
collection. A nonviable particle will not reproduce to form
observable colonies when placed on a specified culture
medium and incubated according to optimum environmen-
tal conditions for growth after collection. A bioclean room
is operated with emphasis on minimizing airborne viable
and nonviable particle generation or concentrations to spec-
ified levels. Particle size is expressed as the apparent maxi-
mum linear dimension or diameter of the particle—usually
in micrometers (Um), or microns. (A micron is 1-millionth
of a meter.)

There are three clean room classes based on total (viable
and nonviable) particle count, with the maximum number of
particles per unit volume or horizontal surface area being
specified for each class. The “cleanest,” or most stringent, air-
borne particulate environment is called a Class 100 Bioclean
Room (or a Class 3.5 Room in SI units). In this type of bio-
clean room, the particle count may not exceed a total of 100
particles per cubic foot (3.5 particles per liter) of a size 0.5
micrometer (Wm) and larger; the viable particle count may not
exceed 0.1 per cubic foot (0.0035 per liter), with an average
value not to exceed 1,200 per square foot (12,900 per square



Bioclean Room Air Cleanliness Levels

Maximum Number

of Particles
Class English per Cu Ft
System 0.5 Micron and
(metric system) Larger (per liter)
100 (3.5) 100 (3.5)
10,000 (350) 10,000 (350)
100,000 (3,500) 100,000 (3,500)

Source: NASA.

METER) per week on horizontal surfaces. A Class 10,000 Bio-
clean Room (or a Class 350 Room in SI units) is the next-clean-
est environment, followed by a Class 100,000 Bioclean Room
(or a Class 3,500 Room in the SI units). The table summarizes
the air cleanliness conditions for each type of clean room.

In aerospace applications bioclean rooms, or “clean
rooms,” as they are frequently called, are used to manufac-
ture, assemble, test, disassemble, and repair delicate space-
craft sensor systems, electronic components, and certain
mechanical subsystems. Aerospace workers wear special pro-
tective clothing, including gloves, smocks (frequently called
bunny suits), and head and foot coverings in order to reduce
the level of dust and contamination in clean rooms. A Class
10,000 Clean Room facility is typically the cleanliness level
encountered in the assembly and testing of large spacecraft. If
a planetary probe is being prepared for a trip to a possible
life-bearing planet such as Mars, care is also taken in the bio-
clean room to ensure that “hitchhiking terrestrial microor-
ganisms” are brought to the minimum population levels
consistent with planetary quarantine protocols, thereby avoid-
ing the potential of forward contamination of the target alien
world. Astrobiologists will place extraterrestrial soil and rock
samples from other (possibly life-bearing) worlds in the solar
system in highly isolated and highly secure bioclean rooms.
This will help avoid any possible back contamination of the
terrestrial biosphere as a result of space travel.

See also EXTRATERRESTRIAL CONTAMINATION; ORBITING
QUARANTINE FACILITY.

biogenic elements Those chemical elements generally con-
sidered by scientists to be essential for all living systems.
Astrobiologists usually place primary emphasis on the ele-
ments HYDROGEN (H), carbon (C), nitrogen (N), oxygen (O),
sulfur (S), and phosphorous (P). The chemical compounds of
major interest are those normally associated with water
(H,O) and with organic chemistry, in which carbon (C) is
bonded to itself or to other biogenic elements. Astrobiologists
also include several life-essential elements associated with
inorganic chemistry, such as iron (Fe), magnesium (Mg), cal-
cium (Ca), sodium (Na), potassium (K), and chlorine (Cl) in
this overall grouping, but these are often given secondary
emphasis in cosmic evolution studies.
See also LIFE IN THE UNIVERSE.
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Maximum Average Number
Number of of Viable Particles
Viable Particles per Sq Ft per

per Cu Ft Week (per

(per liter) m? per week)
0.1(0.0035) 1,200 (12,900)
0.5(0.0176) 6,000 (64,600)
2.5(0.0884) 30,000 (323,000)

biosphere The life zone of a planetary body; for example,
the part of Earth inhabited by living organisms.
See also ECOSPHERE; GLOBAL CHANGE.

biotelemetry The remote measurement of life functions.
Data from biosensors attached to an astronaut or cosmonaut
are sent back to Earth (as telemetry) for the purposes of space
crew health monitoring and evaluation by medical experts
and mission managers. During a strenuous extravehicular
activity (EVA), for example, medical specialists at mission
control use biotelemetry to monitor an astronaut’s heartbeat
and respiration rate.
See also EXTRAVEHICULAR ACTIVITY; TELEMETRY.

bipropellant rocket A rocket that uses two unmixed
(uncombined) liquid chemicals as its fuel and oxidizer. The
two chemical propellants flow separately into the rocket’s
combustion chamber, where they are combined and combust-
ed to produce high-temperature, thrust-generating gases. The
combustion gases then exit the rocket system through a suit-
ably designed nozzle.

See also ROCKET.

Birkeland, Kristian Olaf Bernhard (1867-1917) Norwe-
gian Physicist Early in the 20th century Kristian Birkeland
deployed instruments while he participated in polar region
expeditions. After analyzing the data these instruments col-
lected, Birkeland made the bold suggestion that aurora were
electromagnetic in nature—created by an interaction of Earth’s
magnetosphere with a flow of charged particles from the Sun.
In the 1960s instruments onboard early Earth-orbiting scien-
tific satellites confirmed his daring yet accurate hypothesis.
See also AURORA; MAGNETOSPHERE.

bit A binary digit, the basic unit of information (either 0 or
1) in binary notation.

blackbody A perfect emitter and perfect absorber of
electromagnetic radiation. All objects emit thermal radia-
tion by virtue of their temperature. The hotter the body, the
more radiant energy it emits. The Stefan-Boltzmann law
states that the luminosity of a blackbody is proportional to
the fourth power of the body’s absolute temperature. This
physical principle tells scientists that if the absolute temper-



88 blackbody

10°

uliraviolet visible near infrared middle infrared far infrared

Sun | N\
104 6000 K ™%

109 \

N

AN
N\

§ \
= 10 molten lava | ¥,
] VAT
E SN \
0.1 \\\
hot spring | o
0.01 / 380 K e— \
< \
/ ambient \\ \
290 K
s |\ AN \
10 / Articice | \
20K S~

10— \ \
/ N\
' N

10—

0.1 0.2 0.5 1 2 5 10 20 50 100
wavelength (micrometers)
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ature of a blackbody doubles, its luminosity will increase The Sun and other stars closely approximate the thermal
by a factor of 16. Specifically, the Stefan-Boltzmann law radiation behavior of blackbodies, so astronomers often use
states that the rate of energy emission per unit area of a the Stefan-Boltzmann law to approximate the radiant energy
blackbody is equal to 6 T4, where o is the Stefan-Boltzmann output (or luminosity) of a stellar object. A visible star’s
constant (5.67 x 10-8 W/m2 — K4) and T is the absolute apparent temperature is also related to its color. The coolest

temperature. red stars (called stellar spectral class M stars), such as Betel-



geuse, have a typical surface temperature of less than 3,500
K. However, very large hot blue stars (called spectral class B
STARS), such as Rigel, have surface temperatures ranging from
about 9,900 K to 28,000 K.

While the general blackbody radiation research of JOSEF
STEFAN and LUDWIG BOLTZMANN proved of great impor-
tance to physicists and astronomers, scientists continued to
encounter difficulty if they tried to calculate the energy radi-
ated by a blackbody at a single, specific wavelength (A). The
German physicist Wilhelm Carl Wien (1864-1928) advanced
the blackbody work of Stefan and Boltzmann by developing a
relationship between the wavelength of peak emission of
radiant energy by a blackbody (Ayax) and its absolute tem-
perature (T). Wien observed that for a blackbody the product
of wavelength at which maximum radiant emission occurs
and the absolute temperature is a constant. Expressed in the
form of an equation, Wien’s displacement law is AyaxT =
2.8977 x 10-3 m K (the Wien constant). This simple relation-
ship provides astronomers a way of estimating the surface
temperature of a star or other celestial body from observa-
tions of the thermal radiation that body emits—assuming the
object behaves like a blackbody. Wien introduced this impor-
tant blackbody relationship in 1893. However, he struggled
in vain for the next three or so years to produce a single for-
mula that would adequately describe the observed distribu-
tion of blackbody radiation across all wavelengths. Wien’s
blackbody radiation formula fit the shorter wavelengths and
the peak emission quite well but failed to match the experi-
mentally observed blackbody spectrum at longer wave-
lengths.

But Wien was not alone. Other late 19th-century physi-
cists were equally frustrated in their efforts to apply classical
Maxwellian physics to adequately formulate blackbody radi-
ation. The British physicists Lord John William Rayleigh
(1842-1919) and SR JaMES HOPWOOD JEANS developed the
Rayleigh-Jeans formula. Their formula accurately predicted
blackbody radiation at long wavelengths but failed as the
wavelengths became shorter. In fact, the Rayleigh-Jeans for-
mulation suggested an impossible physical circumstance. As
the wavelength approached zero, the radiant energy emitted
by the blackbody would become infinite. Physicists call this
impossible circumstance the ultraviolet catastrophe.

Then, in December 1900 the German physicist MAX
PLANCK proposed a simple formula that correctly described
the distribution of blackbody radiation over all wavelengths,
but to develop this formula Planck had to introduce quantum
theory—his revolutionary idea that blackbody radiation is
emitted discontinuously in tiny packets, or quanta, rather
than continuously, as suggested by classical physics. Planck’s
radiation theory agreed very well with experimental observa-
tions and overcame the ultraviolet catastrophe. Quantum the-
ory is one of the great pillars of modern physics.

Planck’s radiation law is the fundamental physical law
that describes the distribution of energy radiated by a black-
body. It is an expression for the variation of monochromatic
radiant flux per unit area of source as a function of wave-
length (A) of blackbody radiation at a given thermodynamic
(absolute) temperature (T). Mathematically, Planck’s law can
be expressed as:
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dw =[2 mh c2] / {A5 [eheakT — 1]}

where dw is the radiant flux from a blackbody in the wave-
length interval d\, centered around wavelength A, per unit
area of blackbody surface at thermodynamic temperature T.
In this equation, ¢ is the speed of light, h is a constant (later
named the Planck constant), and k is the Boltzmann constant.
According to Planck’s radiation law, the radiant energy emit-
ted by a blackbody is a function only of the absolute temper-
ature of the emitting object.

black dwarf The cold remains of a white dwarf star that
no longer emits visible radiation or a nonradiating ball of
interstellar gas that has contracted under gravitation but con-
tains too little mass to initiate nuclear fusion.

black hole Theoretical gravitationally collapsed mass from
which nothing—Ilight, matter, or any other kind of signal—
can escape. Astrophysicists now conjecture that a stellar
black hole is the natural end product when a giant star dies
and collapses. If the core (or central region) of the dying star
has three or more solar masses left after exhausting its nucle-
ar fuel, then no known force can prevent the core from form-
ing the extremely deep (essentially infinite) gravitational warp
in space-time called a black hole. As with the formation of a
white dwarf or a neutron star, the collapsing giant star’s den-
sity and gravity increase with gravitational contraction. How-
ever, in this case, because of the larger mass involved, the
gravitational attraction of the collapsing star becomes too
strong for even neutrons to resist, and an incredibly dense
point mass, or singularity, forms. Physicists define this singu-
larity as a point of zero radius and infinite density—in other
words, it is a point where space-time is infinitely distorted.
Basically, a black hole is a singularity surrounded by an event
region in which the gravity is so strong that absolutely noth-
ing can escape.

No one will ever know what goes on inside a black hole,
since no light or any other radiation can escape. Nevertheless,
physicists try to study the black hole by speculating about its
theoretical properties and then looking for perturbations in the
observable universe that provide telltale hints that a massive,
invisible object matching such theoretical properties is possibly
causing such perturbations. For example, here on Earth a pat-
tern of ripples on the surface of an otherwise quiet but murky
pond could indicate that a large fish is swimming just below
the surface. Similarly, astrophysicists look for detectable rip-
ples in the observable portions of the universe to support theo-
retical predictions about the behavior of black holes.

The very concept of a mysterious black hole exerts a
strong pull on both scientific and popular imaginations. Data
from space-based observatories, such as the Chandra X-Ray
Observatory (CXO), have moved black holes from the purely
theoretical realm to a dominant position in observational
astrophysics. Strong evidence is accumulating that black
holes not only exist, but that very large ones, called super-
massive black holes (containing millions or billions of solar
masses), may function like cosmic monsters that lurk at the
centers of every large galaxy.

How did the idea of a black hole originate? The first per-
son to publish a “black hole” paper was John Michell
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(1724-93), a British geologist, amateur astronomer, and cler-
gyman. His 1784 paper suggested the possibility that light
(then erroneously believed to consist of tiny particles of mat-
ter subject to influence by Newton’s law of gravitation) might
not be able to escape from a sufficiently massive star. Michell
was a competent astronomer who successfully investigated
binary star system populations. He further suggested in this
18th-century paper that although no “particles of light”
could escape from such a massive object, astronomers might
still infer its existence by observing the gravitational influence
it exerted on nearby celestial objects. The French mathemati-
cian and astronomer PIERRE-SIMON, MARQUIS DE LAPLACE
introduced a similar concept in the late 1790s, when he also
applied Newton’s law of gravitation to a celestial body so
massive that the force of gravity prevented any light particles
from escaping. However, neither Laplace nor Michell used
the term black hole to describe their postulated very massive
heavenly body. In fact, the term black hole did not enter the
lexicon of astrophysics until the American physicist John
Archibald Wheeler (b. 1911) introduced it in 1967. Both of
these 18th-century “black hole” speculations were on the
right track but suffered from incomplete and inadequate
physics.

The needed breakthrough in physics took place a little
more than a century later, when ALBERT EINSTEIN introduced
relativity theory. Einstein replaced the Newtonian concept of
gravity as a force with the notion that gravity was associated
with the distortion of space-time. As originally suggested by
Einstein, the more massive an objective, the greater its ability
to distort the local space and time continuum.

Shortly after Einstein introduced general relativity in
1915, the German astronomer KARL SCHWARZSCHILD dis-
covered that Einstein’s general relativity equations led to the
postulated existence of a dense object into which other
objects could fall but out of which no objects could ever
escape. In 1916 Schwarzschild wrote the fundamental equa-
tions that describe a black hole. He also calculated the size
of the event horizon, or boundary of no return, for this
incredibly dense and massive object. The dimension of the
event horizon now bears the name Schwarzschild radius in
his honor.

The notion of an event horizon implies that no informa-
tion about events taking place inside can ever reach outside
observers. However, the event horizon is not a physical sur-
face. Rather, it represents the start of a special region that is

Schwarzschild Radius as a Function of Mass

Mass of Collapsed Star Schwarzschild Radius

(solar masses)? (km)
1 ~3
5 15
10 30
20 60
50 150

a One solar mass = mass of the Sun.

disconnected from normal space and time. Although scien-
tists cannot see beyond the event horizon into a black hole,
they believe that time stops there. The table presents values of
the Schwarzschild radius as a function of mass.

Inside the event horizon the escape speed exceeds the
speed of light. Outside the event horizon escape is possible. It
is important to remember that the event horizon is not a
material surface. It is the mathematical definition of the point
of no return, the point where all communication is lost with
the outside world. Inside the event horizon the laws of
physics as we know them do not apply. Once anything cross-
es this boundary, it will disappear into an infinitesimally
small point—the singularity, previously mentioned. Scientists
cannot observe, measure, or test a singularity, since it, too, is
a mathematical definition. The little scientists currently know
about black holes comes from looking at the effects they have
on their surroundings outside the event horizon. As even
more powerful space-based observatories study the universe
across all portions of the electromagnetic spectrum in this
century, scientists will be able to construct better theoretical
models of the black hole.

The mass of the black hole determines the extent of its
event horizon. The more massive the black hole, the greater
the extent of its event horizon. As shown in the table, the
event horizon for a black hole containing one solar mass is
just three kilometers from the singularity. This is an example
of a stellar black hole. In the Milky Way galaxy a supernova
occurs an average of once or twice every 100 years. Since the
galaxy is about 1 billion years old, scientists suggest that
about 200 million supernovae have occurred, creating neu-
tron stars and black holes. Astronomers have identified near-
ly a dozen stellar black hole candidates (containing between
three and 20 solar masses or more) by observing how some
stars appear to wobble as if nearby, yet invisible, massive
companions were pulling on them. X-ray binary systems (dis-
cussed shortly) offer another way to search for candidate
black holes.

In comparison to stellar black holes, the event horizon
for a supermassive black hole consisting of 100 million solar
masses is about 300 million kilometers from its singularity—
twice the distance of the Sun from Earth. Astronomers sus-
pect that such massive objects exist at the centers of many
galaxies because they provide one of the few logical explana-
tions for the strange and energetic events now being observed
there. The suspected relationship between an active galactic
nucleus (AGN) galaxy and a supermassive black hole will be
discussed shortly. No one knows for sure exactly how such
supermassive black holes formed. One hypothesis is that over
billions of years relatively small stellar black holes (formed by
supernovae) began devouring neighboring stars in the star-
rich centers of large galaxies and eventually became super-
massive black holes.

Once matter crosses the event horizon and falls into a
black hole, only three physical properties appear to remain
relevant: total mass, net electric charge, and total angular
momentum. Recognizing that all black holes must have mass,
physicists have proposed four basic stellar black hole models.
The Schwarzschild black hole (first postulated in 1916) is a
static black hole that has no charge and no angular momen-



tum. The Reissner-Nordstrom black hole (introduced in
1918) has an electric charge but no angular momentum—that
is, it is not spinning. In 1963 the New Zealand mathemati-
cian ROy PATRICK KERR (b. 1934) applied general relativity
to describe the properties of a rapidly rotating, but
uncharged, black hole. Astrophysicists think this model is the
most likely “real world” black hole because the massive stars
that formed them would have been rotating. One postulated
feature of a rotating Kerr black hole is its ringlike structure
(the ring singularity) that might give rise to two separate
event horizons. Some daring astrophysicists have even sug-
gested it might become possible (at least in theory) to travel
through the second event horizon and emerge into a new uni-
verse or possibly a different part of this universe. The final
black hole model has both charge and angular momentum.
Called the Kerr-Newman black hole, this theoretical model
appeared in 1965. However, astrophysicists currently think
that rotating black holes are unlikely to have a significant
electric charge, so the uncharged Kerr black hole remains the
more favored “real world” candidate model for the stellar
black hole.

The British astrophysicist STEPHEN WILLIAM HAWKING
(b. 1942) provided additional insight into the unusual physics
of stellar black holes in 1974 when he introduced the concept
of Hawking radiation, a postulation suggesting an intimate
relationship between gravity, quantum mechanics, and ther-
modynamics by which, under special circumstances, black
holes can emit thermal radiation and eventually evaporate.
Of course, this appears very unusual, since by definition
nothing can escape from a black hole. The answer to this
apparent paradox is found in the space around the black hole
at the event horizon. Quantum mechanics suggests that pairs
of virtual particles (each pair containing a particle and its
antiparticle) can spontaneously pop up. According to con-
temporary nuclear physics, virtual particles are undetectable
quantum particles that carry gravity and electromagnetic
radiation, including light. Fluctuations of electromagnetic
and intense gravitational fields can create pairs of virtual par-
ticles. Left to themselves, these pairs (a particle and its
antiparticle) will move apart slightly and then come back
together to annihilate each other on a very short timescale.
However, if the pair of virtual particles is created right along
a black hole’s event horizon, as they move apart slightly,
these particles may live long enough so that one member of
the pair is pulled across the event horizon toward the black
hole, while the other particle moves outward and escapes.
They cannot get back together to annihilate each other.

This quantum mechanics phenomenon has profound
consequences for the physics of a black hole. Without its vir-
tual partner, the escaping particle becomes a real particle, and
0 it appears to an external observer that radiation is actually
coming from the black hole. Physicists refer to this emission
phenomenon as Hawking radiation. The virtual particle with
negative energy that was captured by the black hole con-
tributes to the reduction in mass of the singularity. If this
happens over a very long period of time, the black hole will
simply evaporate.

Hawking radiation gives the appearance that a black
hole is emitting radiation like a blackbody with a tempera-
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ture inversely proportional to its mass. While still highly
speculative, Hawking’s work further suggests that as virtual
particles transform into real particles, the process extracts
energy from the black hole’s intense gravitational field. Since
the transformation consumes more energy than the particles
possess, it essentially contributes negative energy to the black
hole. As a result, the mass of the singularity decreases, and
the black hole eventually evaporates. For example, within
this theoretical model, a very small mini-black hole—with a
radius of less than 10-10 meter and a mass of about 1012 kg
(that of a small asteroid)—would have a blackbody tempera-
ture of about 101! K. This mini-black hole would radiate
more intensely and evaporate more quickly than a more mas-
sive black hole. In contrast, a black hole of one solar mass
(approximately 2 x 1039 kg) would last about 1066 years.

Another consequence of Hawking’s postulation is the
formation of a cloud of real particles and antiparticles just
outside the event horizon of a black hole. These particles and
antiparticles are each the surviving member of virtual particle
pairs that have escaped and transformed into real particles.
Their continuous annihilation outside the event horizon in
the observable universe forms Hawking radiation.

Current astrophysical evidence that superdense stars,
such as white dwarfs and neutron stars, really exist also sup-
ports the theoretical postulation that black holes them-
selves—representing the ultimate in density—must also exist.
But how can scientists detect an object from which nothing,
not even light, can escape? Astrophysicists think they may
have found indirect ways of detecting black holes. The best
currently available techniques depend upon candidate black
holes being members of binary star systems. Unlike the Sun,
many stars (more than 50 percent) in the Milky Way galaxy
are members of a binary system. If one of the stars in a par-
ticular binary system has become a black hole, although
invisible, it would betray its existence by the gravitational
effects it would produce on the observable companion star.
Once beyond event horizon, the black hole’s gravitational
influence is the same as that exerted by other objects (of
equivalent mass) in the “normal” universe. So a black hole’s
gravitational effects on its companion would obey Newton’s
universal law of gravitation—that is, the mutual gravitational
attraction of the two celestial objects is directly proportional
to their masses and inversely proportional to the square of
the distance between them.

Astrophysicists have also speculated that a substantial
part of the energy of matter spiraling into a black hole is con-
verted by collision, compression, and heating into X-rays and
gamma rays that display certain spectral characteristics. X-
ray and gamma radiations emanate from the material as it is
pulled toward the black hole. However, once the captured
material crosses the black hole’s event horizon, this telltale
radiation cannot escape.

Suspected black holes in binary star systems exhibit this
type of prominent material capture effect. Astronomers have
discovered several black hole candidates using space-based
astronomical observatories (such as the Chandra X-Ray
Observatory). One very promising candidate is called
Cygnus X-1, an invisible object in the constellation Cygnus
(the Swan). The notation Cygnus X-1 means that it is the
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This is an artist’s visualization of a doomed star being torn apart after it
wandered too close to a supermassive black hole in galaxy RX J1242-11.
As it neared the enormous gravity of the black hole, the star was
stretched by tidal forces until it was torn apart. Before being consumed by
the black hole, inflowing gas from the doomed star was heated to millions
of degrees Celsius, creating one of the most extreme X-ray outbursts ever
observed from the center of a galaxy. (Courtesy of NASA)

first X-ray source discovered in Cygnus. X-rays from the
invisible object have characteristics like those expected from
materials spiraling toward a black hole. This material is
apparently being pulled from the black hole’s binary compan-
ion, a large star of about 30 solar masses. Based on the sus-
pected black hole’s gravitational effects on its visible stellar
companion, the black hole’s mass has been estimated to be
about six solar masses. In time, the giant visible companion
might itself collapse into a neutron star or a black hole, or
else it might be completely devoured by its black hole com-
panion. This form of stellar cannibalism would also signifi-
cantly enlarge the existing black hole’s event horizon.

In 1963 the Dutch-American astronomer MAARTEN
SCHMIDT (b. 1929) was analyzing observations of a “star”
named 3C 273. He had very confusing optical and radio
data. What he and his colleagues had discovered was the
quasar. Today astronomers know that the quasar is a type of
active galactic nucleus (AGN) in the heart of a normal
galaxy. AGN galaxies have hyperactive cores and are much
brighter than normal galaxies. The AGNs emit energy equiv-
alent to converting the entire mass of the Sun into pure ener-
gy every few years. Energy is emitted in all regions of the
electromagnetic spectrum, from low-energy radio waves all
the way to much higher-energy X-rays and gamma rays. Fur-
thermore, the energy output of these AGN can vary on short
time scales (hours and days), suggesting that the source is
very compact. Stars by themselves, powered by nuclear
fusion, cannot generate such levels of energy. Even the
impressive supernovae explosions are insufficient. So astro-
physicists puzzled over what physical processes could pro-
duce the power of more than 100 Milky Way galaxies and do
it within a region of space only a few light-years across.

To further compound this cosmic mystery, some of these
AGN galaxies have extraordinary jets of material rushing out
of their cores that stretch far into space—up to 100 to 1,000

times the diameter of the galaxy. After considering all types
of energetic processes, including the simultaneous explosions
of thousands of supernovae, most astrophysicists now think
that supermassive black holes represent the most plausible
answer. Although nothing emerges from a black hole, matter
falling into one can release tremendous quantities of energy
just before it crosses the event horizon. For example, the
region just outside the even horizon will glow in X-rays and
gamma rays, the most energetic forms of electromagnetic
radiation.

Matter captured by the gravity of a black hole will even-
tually settle into a disk around the black hole. Scientists call
the inner region of swirling, superheated material an accre-
tion disk. Stellar black holes can have accretion disks if they
have a nearby companion star. Material from the companion
will be drawn into orbit around the black hole, thereby form-
ing an accretion disk. The diameter of the accretion disk
depends on the mass of the black hole. The more massive the
black hole, the larger the accretion disk. The accretion disk of
a stellar black hole will stretch out only a few hundred or
thousand kilometers from the center. However, the accretion
disk of a supermassive black hole is much bigger and
becomes solar system-sized.

Perhaps the most spectacular accretion disks exist in
active galaxies that probably contain supermassive black
holes. The Hubble Space Telescope (HST) has provided
astronomers strong evidence for this assumption. For exam-
ple, the galaxy NGC 4261 is an elliptical galaxy whose core
contains an unexpected large disk of dust and gas.
Astronomers think that a black hole may lurk within the cen-
tral region of this galaxy. Radio observations of this galactic
core have also revealed jets of material ejected from the cen-
ter of this disk. This provides corroborating evidence for the
existence of a very large black hole.

Exactly what creates and controls the flow of matter out
these jets is still not clearly understood. It is almost as if black
holes are messy eaters, consuming matter but spewing out
leftovers. Most likely, the jets have something to do with the
rotation and/or the magnetic fields of the black hole. Whatev-
er the actual cause, most astronomers believe that only black
holes are capable of producing such spectacular and “outra-
geous” behavior.

Scientists using the Hubble Space Telescope have also
discovered a 3,700 light-year-diameter dust disk encircling a
suspected 300-million-solar mass black hole in the center of
the elliptical galaxy NGC 7052, located in the constellation
Vulpecula about 191 million light-years from Earth. This disk
is thought to be the remnant of an ancient galaxy collision,
and it will be swallowed up by the giant black hole in several
billion years. Hubble Space Telescope measurements have
shown that the disk rotates rapidly at 155 km/s at a distance
of 186 light-years from the center. The speed of rotation pro-
vides scientists a direct measure of the gravitational forces
acting on the gas due to the presence of a suspected super-
massive black hole. Though 300 million times the mass of the
Sun, this suspected black hole is still only about 0.05 percent
of the total mass of the NGC 7052 galaxy. The bright spot in
the center of the giant dust disk is the combined light of stars
that have been crowded around the black hole by its strong



gravitational pull. This stellar concentration appears to
match the theoretical astrophysical models that link stellar
density to a central black hole’s mass.

In the 1990s X-ray data from the German-American
Roentgen Satellite (ROSAT) and the Japanese-American
Advanced Satellite for Cosmology and Astrophysics (ASCA)
suggested that a mid-mass black hole might exist in the
galaxy M82. This observation was confirmed in September
2000, when astronomers compared high-resolution Chandra
X-Ray Observatory images with optical, radio, and infrared
maps of the region. Scientists now think such black holes
must be the results of black hole mergers, since they are far
too massive to have been formed from the death of a single
star. Sometimes called the “missing link” black holes, these
medium-sized black holes fill the gap in the observed (candi-
date) black hole masses between stellar and supermassive.
The M82 “missing link” is not in the absolute center of the
galaxy, where all supermassive black holes are suspected to
reside, but it is fairly close to it.

blastoff The moment a rocket or aerospace vehicle rises
from its launch pad under full thrust.
See also LIFTOFE.

blazar A variable extragalactic object (possibly the high-
speed jet from an active galactic nucleus as viewed on end)
that exhibits very dynamic, sometimes violent, behavior.

See also BL LAC OBJECT.

bl lac object (bl lacertae) A class of extragalactic objects
thought to be the active centers of faint elliptical galaxies that
vary considerably in brightness over very short periods of
time (typically hours, days, or weeks). Scientists further spec-
ulate that a very high-speed (relativistic) jet is emerging from
such an object straight toward an observer on Earth.

blockhouse (block house) A reinforced-concrete structure,
often built partially underground, that provides launch crew
personnel and their countdown processing and monitoring
equipment protection against blast, heat, and possibly an
abort explosion during the launch of a rocket. Modern
launch control centers are more elaborate facilities that are
usually located much farther away from launch pads than the
blockhouse structures used during the 1950s and 1960s.

blowdown system In rocket engineering, a closed propel-
lant/pressurant system that decays in ullage pressure level as
the liquid propellant in a tank is consumed and ullage volume
increases.

blue giant A massive, very high-luminosity star with a sur-
face temperature of about 30,000 K that has exhausted all its
hydrogen thermonuclear fuel and left the main sequence por-
tion of the Hertzsprung-Russell diagram.

See also STAR.

blueshift When a celestial object (such as a distant galaxy)
approaches an observer at high velocity, the electromagnetic
radiation it emits in the visible portion of the spectrum
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appears shifted toward the blue (higher-frequency, shorter-
wavelength) region. Compare with REDSHIFT.
See also DOPPLER SHIFT.

Bode, Johann Elert (1747-1826) German Astronomer
Johann Bode was the astronomer who publicized an empirical
formula that approximated the average distance to the Sun of
each of the six planets known in 1772. This formula, often
called BODE’s LAW, is only a convenient mathematical relation-
ship and does not describe a physical principle or natural phe-
nomenon. Furthermore, Bode’s empirical formula was actually
discovered in 1766 by JOHANN DANIEL TrTIus (1729-96).
Bode popularized this relationship. As a result, he often (incor-
rectly) receives credit for its development. This empirical rela-
tionship is, therefore, more properly called the Titus-Bode law
in recognition of the efforts of both 18th-century German
astronomers. In 1801 Bode published Uranographia, a com-
prehensive listing of more than 17,000 stars and nebulas.

Bode’s law  An empirical mathematical relationship discov-
ered in 1766 by JoHANN DANIEL TITIUS and popularized by
JOHANN ELERT BODE in 1772. As shown in the table, the
Titus-Bode formula predicts reasonably well the distances in
astronomical units (AU) to the six planets known in 1772. It
also indicated a “planetary gap” between Mars and Jupiter
that helped lead to the discovery of the first minor planet (or
asteroid), Ceres, in 1801. Uranus, discovered in 1781 by SIR
WILLIAM HERSCHEL, lies about 19.2 AU from the Sun, while
the Titus-Bode formula predicts 19.6 AU. This is a reason-
able (though coincidental) agreement. However, the empirical
relationship falls apart with respect to Neptune (discovered in
1846) and Pluto (discovered in 1930). One way to remember
the Titus-Bode law is to recognize that it is obtained from the
numerical sequence 0, 3, 6, 12, 24, 48, and 96 by adding
four to each number in the sequence and dividing the result
by 10. For example, to estimate the distance (in AU) of Mer-
cury (represented by the first term in the numerical sequence)
from the Sun, simply calculate (0 + 4) / 10 = 0.4. Similarly,
for Jupiter (corresponding to the fifth term in the sequence),

Bode's Law
Distance
Distance from Sun According to
Planet (approximate AU) Bode-Titus Rule (AU)
Mercury 0.39 0.40
Venus 0.72 0.70
Earth 1.00 1.00
Mars 1.52 1.60
Asteroids 2.2-3.3 2.80
(Main Belt)
Jupiter 5.20 5.20
Saturn 9.54 10.0
Uranus 19.2 19.6
Neptune 30.1 38.8
Pluto 39.5 77.2
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the formula yields (48 + 4) / 10 = 5.2. To extend this numeri-
cal sequence to the outer planets discovered after Bode popu-
larized formula, use 192, 384, and 768 for Uranus, Neptune,
and Pluto, respectively.

boiloff The loss of a cryogenic propellant, such as liquid
oxygen or liquid hydrogen, due to vaporization. This hap-
pens when the temperature of the cryogenic propellant rises
slightly in the propellant tank of a rocket being prepared for
launch. The longer a fully fueled rocket vehicle sits on its
launch pad, the more significant the problem of boiloff
becomes.

Bok, Bartholomeus Jan “Bart” (1906-1983) Dutch-
American Astronomer The astronomer Bart Bok investigat-
ed the star-forming regions of the Milky Way galaxy in the
1930s and discovered the small, dense, cool (~10 K) dark
nebulas, now called BOK GLOBULES.

Bok globules Small, cool (~10 K) interstellar clouds of gas
and dust discovered by the Dutch-American astronomer
BARTHOLOMEUS (“BART”) JAN BOK in the 1930s. These dark
nebulas are nearly circular, opaque, and relatively dense.
Their masses vary between 20 and 200 solar masses, and they
are between 0.5 and 2.0 light-years in diameter. Orbiting
observatories with infrared telescopes, such as the Infrared
Astronomical Satellite (IRAS), have detected protostars with-
in some Bok globules.

bolide A brilliant meteor, especially one that explodes into
fragments near the end of its trajectory in Earth’s atmo-
sphere. The initial explosion creates a sonic boom. Smaller
detonations may also take place if there are several major
surviving fragments. These additional fragments create their
own sonic booms, resulting in a somewhat continuous thun-
der-like rumbling sound.

bolometer A sensitive instrument that measures the inten-
sity of incident radiant (thermal) energy, usually by means of
a thermally sensitive electrical resistor. The change in electri-
cal resistance is an indication of the amount of radiant energy
reaching the exposed material. Bolometers are especially use-
ful in sensing radiation within the microwave and infrared
portions of the electromagnetic spectrum.

Boltzmann, Ludwig (1844-1906) Austrian Physicist The
brilliant though troubled Austrian physicist Ludwig Boltz-
mann developed statistical mechanics as well as key thermo-
physical principles that enable astronomers to better interpret
a star’s spectrum and its luminosity. In the 1870s and 1880s
he collaborated with another Austrian physicist, JOSEF STE-
FAN, in discovering an important physical principle (now
called the Stefan-Boltzmann law) that relates the total radiant
energy output (luminosity) of a star to the fourth power of its
absolute temperature.

Boltzmann was born on February 20, 1844, in Vienna,
Austria. He studied at the University of Vienna, earning a
doctoral degree in physics in 1866. His dissertation was
supervised by Josef Stefan and involved the kinetic theory of

gases. Following graduation he joined his academic adviser as
an assistant at the university.

From 1869 to 1906 Boltzmann held a series of profes-
sorships in mathematics or physics at a number of European
universities. His physical restlessness mirrored the hidden tor-
ment of his mercurial personality that would swing him sud-
denly from a state of intellectual contentment into mental
states of deep depression. His movement from institution to
institution brought him into contact with many great 19th-
century scientists, including ROBERT BUNSEN, RUDOLF CLAU-
s1US, and GUSTAF KIRCHHOFF.

As a physicist Boltzmann is best remembered for his
invention of statistical mechanics and its pioneering applica-
tion in thermodynamics. His theoretical work helped scien-
tists connect the properties and behavior of individual atoms
and molecules (viewed statistically on the microscopic level)
to the bulk properties and physical behavior (such as temper-
ature and pressure) that a substance displayed when exam-
ined on the familiar macroscopic level used in classical
thermodynamics. One important development was Boltz-
mann’s equipartition of energy principle. It states that the
total energy of an atom or molecule is equally distributed, on
an average basis, over its various translational kinetic energy
modes. Boltzmann postulated that each energy mode had a
corresponding degree of freedom. He further theorized that
the average translational energy of a particle in an ideal gas
was proportional to the absolute temperature of the gas. This
principle provided a very important connection between the
microscopic behavior of an incredibly large numbers of
atoms or molecules and macroscopic physical behavior (such
as temperature) that physicists could easily measure. The con-
stant of proportionality in this relationship is now called the
Boltzmann constant, for which physicists usually assign it the
symbol k.

Boltzmann developed his kinetic theory of gases indepen-
dent of the work of the great Scottish physicist JAMES CLERK
MAXWELL. Their complementary activities resulted in the
Maxwell-Boltzmann distribution—a mathematical descrip-
tion of the most probable velocity of a gas molecule or atom
as a function of the absolute temperature of the gas. The
greater the absolute temperature of the gas, the greater will
be the average velocity (or kinetic energy) of individual atoms
or molecules. For example, consider a container filled with
oxygen (O,) gas at a temperature of 300 K. The Maxwell-
Boltzmann distribution predicts that the most probable veloc-
ity of an oxygen molecule in that container is 395 m/s.

In the late 1870s and early 1880s Boltzmann collaborat-
ed with his mentor Josef Stefan, and they developed a very
important physical principle that describes the amount of
thermal energy radiated per unit time by a blackbody. In
physics a blackbody is defined as a perfect emitter and perfect
absorber of electromagnetic radiation. All objects emit ther-
mal radiation by virtue of their temperature. The hotter the
body, the more radiant energy it emits. By 1884 Boltzmann
had finished his theoretical work in support of Stefan’s obser-
vations of the thermal radiation emitted by blackbody radia-
tors at various temperatures. The result of their collaboration
was the famous Stefan-Boltzmann law of thermal radiation—
a physical principle of great importance to both physicists



and astronomers. The Stefan-Boltzmann law states that the
luminosity of a blackbody is proportional to the fourth
power of the luminous body’s absolute temperature. The con-
stant of proportionality for this relationship is called the Ste-
fan-Boltzmann constant, and scientists usually assign this
constant the symbol o, a lower-case sigma in the Greek
alphabet. The Stefan-Boltzmann law tells scientists that if the
absolute temperature of a blackbody doubles, its luminosity
will increase by a factor of 16.

The Sun and other stars closely approximate the thermal
radiation behavior of blackbodies, so astronomers often use
the Stefan-Boltzmann law to approximate the radiant energy
output (or luminosity) of a stellar object. A visible star’s
apparent temperature is also related to its color. The coolest
red stars (called stellar spectral class M stars), such as Betel-
geuse, have a typical surface temperature of less than 3,500
K. However, very large hot blue stars (called spectral class B
stars), such as Rigel, have surface temperatures ranging from
9,900 to 28,000 K.

In the mid-1890s Boltzmann related the classical thermo-
dynamic concept of entropy (symbol S), recently introduced
by Clausius, to a probabilistic measurement of disorder. In its
simplest form, Boltzmann’s famous entropy equation is S = k
In Q. Here, he boldly defined entropy (S) as a natural loga-
rithmic function of the probability of a particular energy state
(Q). The symbol k represents Boltzmann’s constant. This
important equation is even engraved as an epithet on his
tombstone.

Toward the end of his life Boltzmann encountered very
strong academic and personal opposition to his atomistic
views. Many eminent European scientists of this period could
not grasp the true significance of the statistical nature of his
reasoning. One of his most bitter professional and personal
opponents was the Austrian physicist ERNEST MACH, who as
chair of history and philosophy of science at the University of
Vienna essentially forced the brilliant but depressed Boltz-
mann to leave that institution in 1900 and move to the Uni-
versity of Leipzig.

Boltzmann persistently defended his statistical approach
to thermodynamics and his belief in the atomic structure of
matter. However, he could not handle having to continually
defend his theories against mounting opposition in certain
academic circles. So while on holiday with his wife and
daughter at the Bay of Duino near Trieste, Austria (now part
of Italy), he hanged himself in his hotel room on October 3,
1906, as his wife and child were swimming. Was the tragic
suicide of this brilliant physicist the result of a lack of profes-
sional acceptance of his work or simply the self-destructive
climax of a lifelong battle with manic depression? No one
can say for sure. Ironically, at the time of his death other
great physicists were performing key experiments that would
soon prove his statistical approach to atomic structure not
only correct, but of great value to science.

Boltzmann constant (symbol: k) The physical constant
describing the relationship between absolute temperature and
the kinetic energy of the atoms or molecules in a perfect gas.
It equals 1.380658 x 10-23 joules per kelvin (J/K) and is
named after the Austrian physicist LUDWIG BOLTZMANN.
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Bond, George Phillips (1825-1865) American Astronomer
George Phillips Bond succeeded his father (WiLLiaM CRANCH
BOND) as the director of the Harvard College Observatory
(HCO). He specialized in solar system observations, including
the 1848 codiscovery (with his father) of Hyperion, a moon of
Saturn. In the 1850s he pursued developments in astrophotog-
raphy, demonstrating that star photographs could be used to
estimate stellar magnitudes.
See also ASTROPHOTOGRAPHY.

Bond, William Cranch (1789-1859) American Astronomer
William Cranch Bond was the founder and first director of the
Harvard College Observatory (HCO). Collaborating with his
son (GEORGE PHILLIPS BOND), he codiscovered Hyperion, a
moon of Saturn. He also pioneered astrophotography in 1850
by taking images of Jupiter and the star Vega. Then, in 1857 he
photographed the binary star system Mizar. As an important
historical note, Mizar, a bright white star in the constellation
Ursa Major, forms an optical double with the 4th magnitude
star Alcor. In 1889 EDWARD CHARLES PICKERING discovered
that Mizar was actually a spectroscopic binary—the first such
discovery made in astronomy.

Bond albedo The fraction of the total amount of electro-
magnetic radiation (such as the total amount of light) falling
upon a nonluminous spherical body that is reflected in all
directions by that body. The Bond albedo is measured (or cal-
culated) over all wavelengths and is named after the Ameri-
can astronomer GEORGE PHILLIPS BOND (1825-65). The
Bond albedo is useful in determining the energy balance of a
planetary body.

Bondi, Sir Hermann (b. 1919) Austrian-born British Astro-
nomer, Mathematician In 1948 Sir Hermann Bondi collabo-
rated with THOMAS GOLD and SIR FRED HOYLE to propose a
steady-state model of the universe. Although scientists now
have generally abandoned this steady-state universe hypothesis
in favor of the big bang theory, Bondi’s work stimulated a
great deal of beneficial technical discussion within the astro-
physical and astronomical communities.
See also BIG BANG; COSMOLOGY.

Bonner Durchmusterung (BD) The Bonn Survey, an
extensive four-volume star catalog containing more than
324,000 stars in the Northern Hemisphere. It was compiled
and published by the German astronomer FRIEDRICH ARGE-
LANDER (1799-1875) between 1859 and 1862.

See also CORDOBA DURCHMUSTERUNG.

booster engine In rocket engineering, an engine, especially
a booster rocket, that adds its thrust to the thrust of a sus-
tainer engine.

See also ROCKET.

booster rocket A solid- or liquid-propellant rocket engine
that assists the main propulsion system (called the sustainer
engine) of a space launch vehicle or ballistic missile during
some part of its flight.

See also ROCKET.



96 hboostglide vehicle

boostglide vehicle An aerospace vehicle (part aircraft,
part spacecraft) designed to fly to the limits of the sensible
atmosphere, then to be boosted by rockets into outer space,
returning to Earth by gliding under aerodynamic control.

See also DYNA-SOAR; X-20.

boost phase In general, that portion of the flight of a ballis-
tic missile or launch vehicle during which the booster
engine(s) and sustainer engine(s) operate. In ballistic missile
defense (BMD), the first portion of a ballistic missile’s trajec-
tory during which it is being powered by its rocket engines.
During this period, which typically lasts from three to five
minutes for an intercontinental ballistic missile (ICBM), the
missile reaches an altitude of about 200 km, whereupon pow-
ered flight ends and the ICBM begins to dispense its reentry
vehicles. The other portions of the missile flight, including the
midcourse phase and the reentry phase, take up the remainder
of an ICBMs flight total time of about 25 to 30 minutes.
See also BALLISTIC MISSILE DEFENSE.

bootstrap Refers to a self-generating or self-sustaining pro-
cess. An aerospace example is the operation of a liquid-propel-
lant rocket engine in which, during main stage operation, the
gas generator is fed by propellants from the turbopump system,
and hot gases from the generator system (in turn) drive the tur-
bopump. Of course, the operation of such a system must be
started by outside power or propellant sources. However, when
its operation is no longer dependent on these external sources,
the rocket engine is said to be in bootstrap operation. Similarly,
in computer science bootstrap refers to a sequence of com-
mands or instructions the execution of which causes additional
commands or instructions to be loaded and executed until the
desired computer program is completely loaded into storage.

Borman, Frank (1928- ) American Astronaut, U.S. Air
Force Officer In December 1968 astronaut Frank Borman
commanded NASA’s Apollo 8 mission, the first mission to
take human beings to the vicinity of the MoOON. He also
served as the commander of NASA’s Gemini 7 mission in
1965.

See also APOLLO PROJECT; GEMINI PROJECT.

Boscovich, Ruggero Giuseppe (1711-1787) Croatian
Astronomer, Mathematician The Jesuit mathematician and
astronomer Ruggero Boscovich developed new methods for
determining the orbits of planets and their axes of rotation.
As both a priest and a multitalented scientist, Boscovich was
an influential science adviser to Pope Benedict XIV. He was a
strong advocate for SIR ISAAC NEWTON’s universal law of
gravitation and a scientific pioneer in the fields of geodesy
and atomic theory.

boson An elementary particle with an integral value of
spin. Photons, mesons, (postulated) gravitons, and an atomic
nucleus with an even mass number (such as helium-4) are
examples. The boson follows Bose-Einstein statistics and does
not obey the Pauli exclusion principle in quantum mechanics.
Named after the Indian physicist Satyendra Nath Bose
(1894-1974).

Boss, Benjamin (1880-1970) American Astronomer In
1937 Benjamin Boss published the popular five-volume Boss
General Catalogue (GC), a modern listing of more than
33,000 stars. His publication culminated the precise star
position work initiated in 1912 by his father, LEwis Boss,
when the elder Boss published the Preliminary (Boss) General
Catalogue, containing about 6,200 stars.

Boss, Lewis (1846-1912) American Astronomer Ameri-
can astronomer Lewis Boss published the popular Prelimi-
nary (Boss) General Catalogue in 1912. This work was the
initial version of an accurate, modern star catalog and con-
tained about 6,200 stars. His son (BENJAMIN Boss) complet-
ed the task by preparing a more extensive edition of the
catalog in 1937.

Bouguer, Pierre (1698-1758) French Physicist Pierre Bou-
guer established the field of experimental photometry, the sci-
entific measurement of light. In 1748 he developed the
heliometer, an instrument used by astronomers to measure the
diameter of the Sun, the parallax of stars, and the angular
diameter of planets.

Bowen, Ira Sprague (1898-1973) American Physicist The
physicist Ira Sprague Bowen performed detailed investigations
of the light spectra from nebulas, including certain strong
green spectral lines that were originally attributed by other
astronomers to a hypothesized new element they called nebuli-
um. In 1927 his detailed studies revealed that the mysterious
green lines were actually special (forbidden) transitions of the
ionized gases oxygen and nitrogen. His work supported impor-
tant advances in the spectroscopic study of the Sun, other stars,
and nebulas.

bow shock 1. A shock wave that is in front of a body, such
as an aerospace vehicle or an airfoil. 2. The interface formed
where the electrically charged solar wind encounters an
obstacle in outer space, such as a planet’s magnetic field or
atmosphere.

See also MAGNETOSPHERE.

Bradley, James (1693-1762) British Astronomer James
Bradley was an 18th-century British minister turned
astronomer who made two important astronomical discover-
ies. His first accomplishment involved the discovery of the
aberration of starlight, which he announced in 1728. This
represented the first observational proof that Earth moves in
space, confirming Copernican cosmology. His second discov-
ery was that of nutation, a small wobbling variation in the
precession of Earth’s rotational axis. Bradley reported this
discovery in 1748 after 19 years of careful observation.
Upon the death of the legendary EDMUND HALLEY in 1742,
Bradley accepted appointment as the third Astronomer
Royal of England.

Bradley was born in March 1693 in Sherborne, England.
As a young child he was being prepared for a life in the min-
istry by his uncle the Reverend James Pound. When he suf-
fered an attack of smallpox, his uncle nursed him back to
health and also introduced him to astronomy. Bradley began



to demonstrate his great observational skills as he practiced
amateur astronomy while studying for the clergy. However,
by 1718 Bradley’s talents sufficiently impressed Halley, then
England’s second Astronomer Royal, and he vigorously
encouraged the young man to pursue astronomy as a career.

As a result of Halley’s encouragement, Bradley abandoned
any thoughts of an ecclesiastical career. In 1721 he accepted an
academic position in astronomy at Oxford University.
Throughout his astronomical career Bradley concentrated his
efforts on making improvements in the precise observation of
stellar positions. For example, in 1725 he started on his per-
sonal quest to become the first astronomer to successfully mea-
sure stellar parallax—the very small apparent change in the
position of a fixed star when viewed by an observer on Earth
as the planet reaches opposing extremes of its elliptical orbit
around the Sun. However, this was a difficult measurement
that managed to baffle and allude all astronomers, including
Bradley, until FRIEDRICH BESSEL accomplished the task in
1838. Nevertheless, while searching for stellar parallax,
Bradley accidentally discovered another very important physi-
cal phenomenon that he called the aberration of starlight.

The aberration of starlight is the tiny apparent displace-
ment of the position of a star from its true position due to a
combination of the finite velocity of light and the motion of
an observer across the path of the incident starlight. For
example, an observer on Earth would have Earth’s orbital
velocity around the Sun, approximately 30 km/s. As a result
of this orbital motion effect, during the course of a year the
light from a fixed star appears to move in a small ellipse
around its mean position on the celestial sphere.

By a stroke of good fortune, on December 3, 1725,
Bradley began observing the star Gamma Draconis (y Dra),
which was within the field of view of his large refractor tele-
scope pointed at zenith. Bradley was forced to look at the
stars overhead because he had assembled his telescope in a
long chimney. Its telescopic lens was above the rooftop, and
its objective (viewing lens) was far below in the unused fire-
place. Bradley was actually attempting to become the first
astronomer to experimentally detect stellar parallax, so he
was using this relatively immobile telescope pointed at zenith
to minimize atmospheric refraction. He viewed Gamma Dra-
conis again on December 17 and was quite surprised to find
that the position of the star had shifted a tiny bit. But the
apparent shift was not by the amount nor in the direction
expected due to stellar parallax. He carefully continued these
observations over the course of an entire year and discovered
that the position of Gamma Draconis actually traced out a
very small ellipse.

Bradley puzzled over the Gamma Draconis anomaly for
about three years, yet he still could not satisfactorily explain
the cause of the displacement. Then, while sailing on the
Thames River in 1728, inspiration suddenly struck as he
watched a small wind-direction flag on a mast change direc-
tions. Curious, Bradley asked a sailor whether the wind had
changed directions. The sailor informed him that the direc-
tion of wind had not changed, so Bradley realized that the
changing position of the small flag was due to the combined
motion of the boat and of the wind. This connection helped
him solve the Gamma Draconis displacement mystery.
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Based on the earlier attempts by the Danish astronomer
OLAUS ROEMER to measure the velocity of light, Bradley cor-
rectly postulated that light must travel at a very rapid, finite
velocity. He further speculated that a ray of starlight traveling
from the top of his tall telescope to the bottom would have
its image displaced in the objective (viewing lens) ever so
slightly by Earth’s orbital motion. Bradley finally recognized
that the mysterious annual shift of the apparent position of
Gamma Draconis, first in one direction and then in another,
was due to the combined motion of starlight and Earth’s
annual orbital motion around the Sun. The young astronomer’s
discovery of the aberration of starlight was the first observa-
tional proof that Earth moves in space—confirming the
Copernican hypothesis of heliocentric cosmology.

Bradley soon constructed a new telescope—one not
placed in a chimney—so he could make more precise observa-
tions of many other stars. Starting in 1728 and continuing for
many years, Bradley recorded the positions of many stars with
great precision. His efforts improved significantly upon the
work of earlier notable astronomers, including JOHN FLAM-
STEED. Bradley’s ability to make precise measurements led him
to his second important astronomical discovery. He found
that Earth’s axis experienced small periodic shifts, which he
called nutation after the Latin word nutare, meaning “to
nod.” The new phenomenon, characterized as an irregular
wobbling superimposed on the overall precession of Earth’s
rotational axis, is primarily caused by the gravitational influ-
ence of the Moon as it travels along its somewhat irregular
orbit around Earth. However, Bradley waited almost two
decades (until 1748) to publish this discovery. The cautious
scientist wanted to carefully study and confirm the very subtle
shifts in stellar positions before announcing his findings.

When Halley died in 1742, Bradley received an appoint-
ment as England’s third Astronomer Royal. He served with
distinction in that post until his own death on July 13, 1762,
in Chalford, England.

Brahe, Tycho (1546-1601) Danish Astronomer The quar-
relsome Danish astronomer Tycho Brahe is often considered to
be the greatest pretelescope astronomical observer. His precise,
naked eye records of planetary motions enabled JOHANNES
KEPLER to prove that all the planets move in elliptical orbits
around the Sun. Brahe discovered a supernova in 1572 and
reported his detailed observations in De Nova Stella (1573). In
1576 Danish king Frederick II provided support for him to
build a world-class astronomical observatory on an island in
the Baltic Sea. For two decades Brahe’s Uraniborg (Castle of
the Sky) was the great center for observational astronomy.
Then, in 1599 German emperor Rudolf II invited him to move
to Prague. Brahe became the Imperial Astronomer to the Holy
Roman Emperor Rudolf II, and Kepler joined him as an assis-
tant. However, despite the lofty title, Brahe never really
resumed his own astronomical research program. Upon his
death on October 14, 1601, Kepler became scientific heir to
Brahe’s vast collection of carefully recorded and highly accu-
rate naked eye observations. Over the next two decades Kepler
would use these data along with his own hard work and keen
mathematical insights to help fan the flames of the Copernican
revolution at the dawn of telescopic astronomy.
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Although Brahe was undoubtedly aware of the falsity of
Ptolemaic cosmology, he remained a non-Copernican and
chose to advocate his own Tychonic system instead. The
Tychonic system was a modified form of geocentric cosmolo-
gy in which all the planets (except Earth) revolve around the
Sun, and the Sun (along with its entire assemblage of orbiting
planets) then revolved around a stationary Earth. Perhaps the
reason why Brahe rejected Copernican cosmology was its
inherent assumption of a moving Earth. This was a physical
fact he could not prove for himself because he was unable to
detect the annual parallax of the fixed stars predicted by
heliocentric cosmology. That particular measurement also
challenged many other astronomers in the 18th century.

Brahmagupta (ca. 598-ca. 660) Indian Mathematician,
Astronomer The early Indian astronomer and mathematician
Brahmagupta wrote the Brabmaisiddhanta Siddbhanta around
628. This important work introduced algebraic and trigono-
metric methods for solving astronomical problems. His efforts
and those of other Indian scientists of the period greatly influ-
enced later Arab astronomers and mathematicians.

braking ellipses A series of ellipses, decreasing in size due
to aerodynamic drag, followed by an orbiting spacecraft as it
encounters and enters a planetary atmosphere.

See also AEROBRAKING.

Braun, Wernher Magnus von (1912-1977) German-
American Rocket Engineer The brilliant rocket engineer
Wernher von Braun turned the impossible dream of inter-
planetary space travel into a reality. He started by developing
the first modern ballistic missile, the liquid-fueled V-2 rocket,
for the German Army. He then assisted the United States by
developing a family of ballistic missiles for the U.S. Army and
later a family of powerful space launch vehicles for NASA.
One of his giant Saturn V rockets successfully sent the first
human explorers to the Moon’s surface in July 1969 as part
of the NASA’s Apollo Project.

Von Braun was born on March 23, 1912, in Wirsitz,
Germany (now Wyrzsk, Poland). He was the second of three
sons of Baron Magnus von Braun and Baroness Emmy von
Quistorp. As a young man, the science fiction novels of
JuLEs VERNE and H. G. WELLS kindled his lifelong interest
in space exploration. HERMANN J. OBERTH’S book THE
ROCKET INTO INTERPLANETARY SPACE introduced him to
rockets. In 1929 von Braun received additional inspiration
from Oberth’s realistic “cinematic” rocket that appeared in
Fritz Lang’s (1890-1976) motion picture Die Frau im Mond
(The Woman in the Moon). That same year, he became a
founding member of Verein fiir Raumschiffahrt, or VIR, the
German Society for Space Travel. Through the VfR he came
into contact with Oberth and other German rocket enthusi-
asts. He also used the VIR to carry out liquid-propellant
rocket experiments near Berlin in the early 1930s.

Von Braun enrolled at the Berlin Institute of Technology
in 1930. Two years later, at age 20, he received a bachelor’s
degree in mechanical engineering. In 1932 he entered the Uni-
versity of Berlin. There, as a graduate student, he received a
modest rocket research grant from a German army officer

(later artillery captain), Walter Dornberger (1895-1980).
This effort ended in disappointment when von Braun’s new
rocket failed to function before an audience of military offi-
cials in 1932, but the young graduate student so impressed
Dornberger that he hired him as a civilian engineer to lead
the Germany Army’s new rocket artillery unit. In 1934 von
Braun received a Ph.D. in physics from the University of
Berlin. A portion of his doctoral research involved testing
small liquid-propellant rockets.

By 1934 von Braun and Dornberger had assembled a
rocket development team totaling 80 engineers at Kummers-
dorf, a test facility located some 100 km south of Berlin. That
year the Kummersdorf team successfully launched two new
rockets, nicknamed Max and Moritz after German fairy tale
characters. While “Max” was a modest liquid-fueled rocket,
“Moritz” flew to altitudes of about 2 km and carried a gyro-
scopic guidance system. These successes earned the group
additional research work from the German military and a
larger, more remote test facility near the small coastal village
of Peenemiinde, on the Baltic Sea.

The Kummersdorf team moved to Peenemiinde in April
1937. Soon after relocation von Braun’s team began test fir-
ing the A-3 rocket, a rocket plagued with many problems. As
World War II approached the German military directed von
Braun to develop long-range military rockets. He accelerated
design efforts for the much larger A-4 rocket. At the same
time an extensive redesign of the troublesome A-3 rocket
resulted in the A-5 rocket.

When World War II started in 1939 von Braun’s team
began launching the A-5 rocket. The results of these tests
gave von Braun the technical confidence he needed to pursue
final development of the A-4 rocket, the world’s first long-
range, liquid-fueled military ballistic missile.

The A-4 rocket had a state-of-the-art liquid-propellant
engine that burned alcohol and liquid oxygen. It was approx-
imately 14 m long and 1.66 m in diameter. These dimensions
were intentionally selected to produce the largest possible
mobile military rocket capable of passing through the railway
tunnels in Europe. Built within these design constraints, the
A-4 rocket had an operational range of up to 275 km.

Von Braun’s first attempt to launch the A-4 rocket at
Peenemiinde occurred in September 1942 and ended in disas-
ter. As its rocket engine came to life, the test vehicle rose
from the launch pad for about one second. Then the engine’s
thrust suddenly tapered off, causing the rocket to slip back
to Earth. As guidance fins crumpled, the doomed rocket top-
pled over and destroyed itself in a spectacular explosion.
Success finally occurred on October 3, 1942. In its third
flight test the experimental A-4 vehicle roared off the launch
pad and reached an altitude of 85 km while traveling a total
distance of 190 km downrange from Peenemiinde. The suc-
cessful flight marked the birth of the modern military ballis-
tic missile.

Impressed, senior German military officials immediately
ordered the still imperfect A-4 rocket into mass-production.
By 1943 the war was turning bad for Nazi Germany, so
Adolf Hitler decided to use the A-4 military rocket as a
vengeance weapon against Allied population centers. He



named this long-range rocket the Vergeltungwaffe-Zwei
(Vengeance Weapon-Two, or V-2).

In September 1944 the German Army started launching
V-2 rockets armed with high-explosive (about one metric ton)
warheads against London and southern England. Another
key target was the Belgian city of Antwerp, which served as a
major supply port for the advancing Allied forces. More than
1,500 V-2 rockets hit England, killing about 2,500 people
and causing extensive property damage. Another 1,600 V-2
rockets attacked Antwerp and other continental targets.
Although modest in size and payload capacity compared to
modern military rockets, von Braun’s V-2 significantly
advanced the state of rocketry. From a military perspective
the V-2 was a formidable, unstoppable weapon that struck
without warning. Fortunately, the V-2 rocket arrived too late
to change the outcome of World War II in Europe.

In May 1945 von Braun, along with some 500 of his col-
leagues, fled westward from Peenemiinde to escape the rapid-
ly approaching Russian forces. Bringing along numerous
plans, test vehicles, and important documents, he surrendered
to the American forces at Reutte, Germany. Over the next
few months U.S. intelligence teams, under Operation Paper-
clip, interrogated many German rocket personnel and sorted
through boxes of captured documents.

Selected German engineers and scientists accompanied
von Braun and resettled in the United States to continue their
rocketry work. At the end of the war American troops also
captured hundreds of intact V-2 rockets. Soon after Ger-
many’s defeat von Braun and his colleagues arrived at Fort
Bliss, Texas. He helped the U.S. Army (under Project Hermes)
reassemble and launch captured German V-2 rockets from
the White Sands Proving Grounds in southern New Mexico.
During this period von Braun also married Maria von Quis-
torp on March 1, 1947. Relocated German engineers and
captured V-2 rockets provided a common technical heritage
for the major military missiles developed by both the United
States and the Soviet Union during the cold war.

In 1950 the U.S. Army moved von Braun and his team to
the Redstone Arsenal, near Huntsville, Alabama. At the Red-
stone Arsenal von Braun supervised development of early
army ballistic missiles, such as the Redstone and the Jupiter.
These missiles descended directly from the technology of the
V-2 rocket. As the cold war missile race heated up, the U.S.
Army made von Braun chief of its ballistic weapons program.

Starting in the fall of 1952 von Braun also provided
technical support for the production of a beautifully illustrat-
ed series of visionary space travel articles that appeared in
Collier magazine. The series caught the eye of the American
entertainment genius WALT DISNEY. By the mid-1950s von
Braun became a nationally recognized space travel advocate
through his frequent appearances on television. Along with
Walt Disney, von Braun served as a host for an inspiring
three-part television series on human space flight and space
exploration. Thanks to von Braun’s influence, when the Dis-
neyland theme park opened in southern California in the
summer of 1955, its Tomorrowland section featured a Space
Station X-1 exhibit and a simulated rocket ride to the Moon.
A giant 25-meter-tall needle-nosed rocket ship personally
designed by WiLLY LEY and von Braun also greeted visitors to
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the Moon mission attraction. During the mid-1950s the Dis-
ney—von Braun relationship introduced millions of Americans
to the possibilities of the space age, which was actually less
than two years away. In 1955 von Braun became an Ameri-
can citizen.

On October 4, 1957, the space age arrived when the
Soviet Union launched Sputnik 1, the world’s first artificial
Earth satellite. Following the successful Soviet launches of the
Sputnik 1 and Sputnik 2 satellites and the disastrous failure
of the first American Vanguard satellite mission in late 1957,
von Braun’s rocket team at Huntsville was given less than 90
days to develop and launch the first American satellite. On
January 31, 1958 (local time), a modified U.S. Army Jupiter
C missile, called the Juno 1 launch vehicle, rumbled into orbit
from Cape Canaveral Air Force Station. Under von Braun’s
direction this hastily converted military rocket successfully
propelled Explorer 1 into Earth orbit. The Explorer 1 satel-
lite was a highly accelerated joint project of the Army Ballis-
tic Missile Agency (AMBA) and the Jet Propulsion
Laboratory (JPL) in Pasadena, California. The spacecraft car-
ried an instrument package provided by JAMES VAN ALLEN,
who discovered Earth’s trapped radiation belts.

In 1960 the United States government transferred von
Braun’s rocket development center at Huntsville from the
United States Army to a newly created civilian space agency
called the National Aeronautics and Space Administration
(NASA). Within a year President JOHN F. KENNEDY made a
bold decision to put American astronauts on the Moon with-
in a decade. The president’s decision gave von Braun the
high-level mandate he needed to build giant new rockets. On
July 20, 1969, two Apollo astronauts, NEIL ARMSTRONG and
EpwIN (Buzz) ALDRIN, became the first human beings to
walk on the Moon. They had gotten to the lunar surface
because of von Braun’s flawlessly performing Saturn V
launch vehicle.

As director of NASA’s Marshall Space Flight Center in
Huntsville, Alabama, von Braun supervised development of
the Saturn family of large, powerful rocket vehicles. The Sat-
urn I, IB, and V vehicles were well-engineered expendable
rockets that successfully carried teams of American explorers
to the Moon between 1968 and 1972 and performed other
important human space flight missions through 1975.

Just after the first human landings on the Moon in 1969,
NASA’s leadership decided to move von Braun from
Huntsville and assign him to a Washington, D.C., headquar-
ters staff position in which he could “perform strategic plan-
ning” for the agency. Von Braun, now an internationally
popular rocket scientist, had openly expressed his desires to
press on beyond the Moon mission and send human explor-
ers to Mars. This made him a large political liability in a
civilian space agency that was now gearing down under
shrinking budgets. After less than two years at NASA head-
quarters, von Braun decided to resign from the civilian space
agency. By 1972 the rapidly declining U.S. government inter-
est in human space exploration clearly disappointed him. He
then worked as a vice-president of Fairchild Industries in
Germantown, Maryland, until illness forced him to retire on
December 31, 1976. He died of progressive cancer in Alexan-
dria, Virginia, on June 16, 1977.
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Von Braun’s aerospace engineering skills, leadership abil-
ities, and technical vision formed a unique bridge between the
dreams of the founding fathers of astronautics, KONSTANTIN
TSIOLKOVSKY, ROBERT GODDARD, and Hermann Oberth, and
the first golden age of space exploration that took place from
approximately 1960 to 1989. In this unique period human
explorers walked on the Moon, and robot spacecraft visited
all the planets in the solar system, except tiny Pluto, for the
first time. Much of this was accomplished through his rocket
engineering genius, which helped turn theory into powerful,
well-engineered rocket vehicles that shook the ground as they
thunderously broke the bonds of Earth on their journeys to
other worlds.

breccia Rock consisting of angular, coarse fragments
embedded in a fine-grained matrix. Generally formed by
meteorite impact on planetary surfaces, breccia represents a
complex mixture of crushed, shattered, and even once-melted
rock all bonded together by a fine-grained material called the
matrix. The breccias found by the Apollo Project astronauts
in the lunar highlands are very mixed up and complicated
rocks that often contain breccias within breccias. Many of
the lunar highland breccia samples contain impact melt brec-
cias formed in a relatively narrow span of ages, from about
3.85 to 4.0 billion years ago. As a result, some planetary
geologists propose that the Moon was bombarded with
exceptional intensity during this narrow time interval. How-
ever, the idea of a cataclysmic bombardment of the Moon
about 4 billion years ago is not yet proven.

bremsstrahlung (German: “breaking radiation”) Electro-
magnetic radiation emitted as energetic photons (that is, as
X-rays) when a fast-moving charged particle (usually an elec-
tron) loses energy upon being accelerated and deflected by
the electric field surrounding a positively charged atomic
nucleus. X-rays produced in a medical X-ray machine are an
example of bremsstrahlung.

brightness 1. In astronomy, a somewhat ambiguous term
that is related to a celestial object’s luminosity. One common-
ly encountered definition of brightness is the apparent inten-
sity of light from a luminous source. An appropriate detector
would measure the value of the apparent brightness in units
of energy per unit time per unit area (for example, watts/m2).
Physically, the apparent brightness of a star is directly pro-
portional to the star’s luminosity (an intrinsic property that is
sometimes referred to as the absolute brightness) and inverse-
ly proportional to the square of its distance to the observer.
Therefore, a “bright star” is one that has a large apparent
brightness. However, the ambiguity arises because a star with
a large apparent brightness can have a high luminosity (that
is, be a strong emitter of electromagnetic radiation), or it can
be relatively close to Earth, or both. Similarly, a “faint star”
is one with a low apparent brightness. It can have low lumi-
nosity (that is, be a rather weak emitter of radiation), or it
can be very far from Earth, or both. Astronomers also use the
term brightness temperature—the apparent temperature of a
celestial body calculated under the basic assumption that the
source emits radiation like a blackbody. 2. In ballistic missile

defense (BMD), the amount of power that can be delivered on
a target per unit of solid angle by a directed energy weapon.

brown dwarf A substellar (almost a star) celestial object.
It has starlike material composition (i.e., mostly hydrogen
with some helium) but contains too small a mass (generally
between 1 percent to 8 percent of a solar mass) to allow its
core to initiate thermonuclear fusion. Without such ther-
monuclear fusion reactions, the brown dwarf has a very low
luminosity and is very difficult to detect. Today astronomers
use advanced infrared (IR) imaging techniques to find these
unusual degenerate stellar objects or failed stars. Some
astronomers believe brown dwarfs make a significant contri-
bution to the missing mass (or dark matter) of the universe.
In 1995 the first brown dwarf candidate object (called Gliese
229B) was detected as a tiny companion orbiting the small
red dwarf star Gliese 229A. Since then astronomers have
found many other candidate brown dwarfs.

Bruno, Giordano (1548-1600) Italian Philosopher, Writer
As a fiery philosopher and writer, the former Dominican
monk Giordano Bruno managed to antagonize authorities
throughout western Europe by adamantly supporting such
politically sensitive and religiously unpopular (at the time)
concepts as the heliocentric cosmology of NICHOLAS COPER-
NICUS, the infinite size of the universe, and the existence of
intelligent life on other worlds. His self-destructive, belliger-
ent manner eventually brought him before the Roman Inqui-
sition. After an eight-year-long trial, an uncompromising
Bruno was finally convicted of heresy and burned to death at
the stake on February 17, 1600.

B star A star of spectral classification type B. The B star is
massive (from 3 to 8 solar masses), hot, and blue in appear-
ance. B stars that lie on the main sequence have surface tem-
peratures between 9,900 K and 28,000 K, with 20,000 K
considered a typical value. However, supergiant B stars
exhibit surface temperatures up to 30,000 K. B stars have
lifetimes on the order of about 30 million years, and their
spectra primarily contain absorption lines of neutral helium
and hydrogen. Spica (B 1), a blue-white B star about 220
light-years away, is an example. It is the most conspicuous
star (o Vir) in the zodiac constellation Virgo. Rigel (B Ori) is
another example.

See also STAR.

buffeting The beating of an aerodynamic structure or sur-
face by unsteady flow, gusts, and the like; the irregular shak-
ing or oscillation of a vehicle component owing to turbulent
air or separated flow.

bulge of the Earth The extra extension of the equator
caused by the centrifugal force of Earth’s rotation, which
slightly flattens the spherical shape of planet. This bulge caus-
es the planes of satellite orbits inclined to the equator (but
not polar orbits) to slowly rotate around Earth’s axis.

bulkhead A dividing wall in a rocket, spacecraft, or air-
craft fuselage, at right angles to the longitudinal axis of the



structure, that serves to strengthen, divide, or help shape the
structure. A bulkhead sometimes is designed to withstand
pressure differences.

Bunsen, Robert Wilhelm (1811-1899) German Chemist
Robert Bunsen was the innovative German chemist who col-
laborated with the German physicist GUSTAV KIRCHHOFF in
the development of spectroscopy. Their innovative efforts
entirely revolutionized astronomy by offering scientists a new
and unique way to determine the chemical composition of
distant celestial bodies. An accomplished experimentalist,
Bunsen also made numerous contributions to the science of
chemistry, including improvement of the popular laboratory
gas burner that carries his name.

Bunsen was born in Gottingen, Germany, on March 31,
1811. At the age of 19 he graduated with a Ph.D. in chem-
istry from that city’s famous university. Following graduation
(in 1830) the young scholar traveled for an extensive period
throughout Germany and other countries of Europe, engag-
ing in scientific discussions and visiting many laboratories.
Upon returning to Germany he lectured and conducted
research at several universities until he accepted a position at
the University of Heidelberg in 1852. He remained with that
institution until he retired in 1889. A superb instructor and
mentor, Bunsen taught many famous chemists, including the
Russian Dmitri Mendeleev (1834-1907), who developed the
periodic table.

In 1859 Bunsen began his historic collaboration with
Kirchhoff, a very productive technical association that
changed the world of chemical analysis and astronomy.
While JOSEPH VON FRAUNHOFER’s earlier work laid the foun-
dations for the science of spectroscopy, Bunsen and Kirchhoff
provided the key discovery that unleashed its analytical
power. Their classic 1860 paper, “Chemical Analysis through
Observation of the Spectrum,” revealed the important fact
that each element has its own characteristic spectrum—much
like fingerprints help identify an individual human being. In a
landmark experiment they sent a beam of sunlight through a
sodium flame. With the help of their primitive spectroscope—
literally a prism, a cigar box, and optical components scav-
enged from two otherwise abandoned telescopes—they
observed two dark lines on a bright colored background just
where the sodium D-lines of the Sun’s spectrum occurred.
Bunsen and Kirchhoff immediately concluded that gases in
the sodium flame were absorbing the D-line radiation from
the Sun, creating an absorption spectrum. The sodium D-line
appears in emission as a bright, closely spaced double yellow
line and in absorption as a dark double line against the yel-
low portion of the visible spectrum. The wavelengths of these
double bright emission lines and dark absorption lines are
identical and occur at 5889.96 angstroms (A) and 5895.93 A,
respectively.

After some additional experimentation they realized that
the Fraunhofer lines were actually absorption lines—that is,
gases present in the Sun’s outer atmosphere were absorbing
some of the visible radiation coming from the solar interior.
By comparing the solar lines with the spectra of known
chemical elements, Bunsen and Kirchhoff detected a number
of elements present in the Sun, the most abundant of which
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was hydrogen. Their pioneering discovery paved the way for
other astronomers to examine the elemental composition of
the Sun and other stars and made spectroscopy one of mod-
ern astronomy’s most important tools.

For example, just a few years later, in 1868, the British
astronomer SIR JOSEPH NORMAN LOCKYER attributed an
unusual bright line that he detected in the solar spectrum to
an entirely new element (then unknown on Earth). He named
the new element “helium”—after belios, the ancient Greek
word for the Sun.

Bunsen and Kirchhoff then applied their spectroscope to
resolving elemental mysteries here on Earth. In 1861, for
example, they discovered the fourth and fifth alkali metals,
which they named cesium (from the Latin caesium for “sky
blue”) and rubidium (from the Latin rubidus for “darkest
red”). Today scientists use spectroscopy to identify individual
chemical elements from the light each emits or absorbs when
heated to incandescence. Modern spectral analyses trace their
heritage directly back to the pioneering work of Bunsen and
Kirchhoff.

The scientific community bestowed many awards on
Robert Bunsen. In 1860, for example, he received the British
Royal Society’s Copley Medal. He also shared the first Davy
Medal with Kirchhoff in 1877 and received the Albert Medal
in 1898. After a lifetime of technical accomplishment, Bunsen
died peacefully in his sleep at his home in Heidelberg on
August 16, 1899.

Burbidge, (Eleanor) Margaret (née Peachey) (1922- )
British Astrophysicist In 1957 Margaret Burbidge collabo-
rated with her husband, GEOFFREY RONALD BURBIDGE, SIR
FRED HOYLE, and WiILLIAM ALFRED FOWLER in the develop-
ment and publication of an important scientific paper that
described how nucleosynthesis creates heavy chemical ele-
ments from light ones in the interior of evolved stars. In 1967
she coauthored a fundamental book on quasars with her
astrophysicist husband. From 1972 to 1973 she was the first
woman to serve as the director of the Royal Greenwich
Observatory (RGO).

Burbidge, Geoffrey Ronald (1925- ) British Astrophysi-
cist Geoffrey Burbidge collaborated with his astrophysicist
wife, ELEANOR MARGARET BURBIDGE, SIR FRED HOYLE, and
WiLLIAM ALFRED FOWLER as they developed in 1957 the
detailed theory explaining how nucleosynthesis creates heav-
ier elements from lighter ones in the interior of evolved stars.
In 1967 he coauthored an important book on quasars with
his wife. From 1978 to 1984 he served as the director of the
Kitt Peak National Observatory (KPNO) in Arizona.

burn In aerospace operations, the firing of a rocket engine.
For example, the “third burn” of the space shuttle’s orbital
maneuvering system (OMS) engines means the third time
during a particular space shuttle flight that the OMS engines
had been fired. The burn time is the length of a rocket’s
thrusting period.

burning surface With respect to a solid-propellant rocket,
the surface of the grain that is not restricted from burning at
any given time during propellant combustion.
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burnout The moment in time or the point in the trajectory
of a chemical rocket when the combustion of propellants ter-
minates. This usually occurs when all the propellants are con-
sumed by the rocket engine. Rocket engineers define the
burnout velocity as the velocity attained by the rocket vehicle
at the termination of thrust—that is, at burnout. Similarly,
they define burnout angle as the angle between the local ver-
tical and the velocity vector at burnout.
See also ROCKET.

burn rate Literally, the rate at which a solid propellant
burns, that is, the rate of recession of a burning propellant
surface, perpendicular to that surface, at a specified pressure
and grain temperature; with respect to solid propellant grain
design, the rate at which the web decreases in thickness dur-
ing rocket motor operation. The web is the minimum thick-
ness of a solid propellant rocket grain from the initial ignition
surface to the insulated case wall or to the intersection of
another burning surface at the time when the burning surface
experiences a major change. Also called burning rate.
See also ROCKET.

burn time In general, the length of a thrust-producing peri-
od for a rocket engine. For a solid-propellant rocket, the
interval from attainment of a specified initial fraction of max-
imum thrust or pressure level to web burnout. The web is the
minimum thickness of a solid propellant rocket grain from
the initial surface to the insulated case wall or to the intersec-
tion of another burning surface at the time when the burning
surface undergoes a major change.
See also ROCKET.

burnup 1. (aerospace technology) The vaporization and
disintegration of a satellite, spacecraft, or rocket or any of
their components by aerodynamic heating upon entry into a
planetary atmosphere. 2. (nuclear energy technology) A mea-
sure of nuclear reactor fuel consumption. It can be expressed
as (a) the percentage of nuclear fuel atoms that have under-
gone fission, or (b) the amount of energy produced per mass

(or weight) unit of fuel in the reactor (for example, as
megawattdays per metric ton [MWd/t]).

burst A sudden and short period of intense radiation emis-
sion, typically X-rays or gamma rays, from extrasolar celes-
tial objects that are often not identified by counterpart
observations in optical astronomy. Astronomers call the
sources of such brief but intense emissions bursters—as, for
example, gamma ray bursters and X-ray bursters. Within the
solar system scientists have observed radio frequency (RF)
bursts from Jupiter and from the Sun. Solar radio bursts are
associated with solar flares.

burst disk Passive physical barrier in a fluid system that
blocks the flow of fluid until ruptured by (excessive) fluid
pressure.

bus deployment phase In ballistic missile defense (BMD),
the portion of a missile flight during which multiple war-
heads and possibly decoy reentry vehicles are deployed on
different paths to different targets. The warheads on a single
intercontinental ballistic missile (ICBM) are carried on a plat-
form, called the bus (or post-boost vehicle), which has small
rocket motors to move it slightly from its original flight path.
This phase is also called the post-boost phase.

byte (binary digit eight) A basic unit of information or
data consisting of eight binary digits (bits). The information
storage capacity of a computer system often is defined in
terms of kilobytes (kb), megabytes (Mb), and even gigabytes
(Gb). One kilobyte corresponds to 219, or 1,024, bytes, while
1 megabyte corresponds to 229, or 1,048,576, bytes.

Byurakan Astrophysical Observatory The observatory
located at an altitude of 1.4 km on Mount Aragatz, near
Yerevan, the capital of the Republic of Armenia. VIKTOR
AMBARTSUMIAN founded the facility in 1946. It played a
major role in the astronomy activities of the former Soviet
Union.



caldera A large volcanic depression more or less circular in
form and much larger than the included volcanic vents. Three
basic geologic processes may form a caldera: explosion, col-
lapse, or erosion.

See also OLYMPUS MONS.

calendar A system of marking days of the year, usually
devised in a way to give each date a fixed place in the cycle
of seasons. Most ancient peoples, including those in Babylo-
nia, Egypt, China, and Central America, examined the
motions of the Sun, the Moon, and the planets across the
sky and then invented a variety of calendars to fulfill various
agricultural, religious, civil, and social needs. The basic unit
of the calendar is the day, consisting of 24 hours, or 1,440
minutes, or 86,400 seconds, with each second being slightly
longer in duration than the average human heartbeat. The
day is defined by the motion of the Sun across the sky.
Noon, the time when the Sun is at its highest, became a con-
venient astronomical benchmark. This is because noon cor-
responds to the time when the Sun is most distant from the
horizon and is also exactly south or north of an observer on
Earth.

Early calendar makers realized that they could conve-
niently define “one day” as the time from one noon to anoth-
er noon. Subsequently, the sundial dial became a convenient,
although coarse, early method of observing the passage of
time during daylight. However, one problem encountered by
early timekeepers and calendar makers in using the solar day
is the fact that the time from noon to noon can vary as Earth
moves in its elliptical orbit around the Sun. To resolve this
problem astronomers eventually devised the concept of a
mean solar day, which they now define as the duration of one
rotation of Earth on its axis with respect to the uniform
motion of the mean (average) Sun. Consequently, the length
of a mean solar day is 24 hours of mean solar time. A mean
solar day beginning at midnight is called a civil day; one
beginning at noon is called an astronomical day.
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There is also the sidereal day (or “star day”), which
astronomers define as the time interval for a reference star to
return to its original position during one full rotation of
Earth. It turns out that while the definition of a sidereal day
is similar to the definition of a solar day, there is one signifi-
cant difference. The sidereal day uses a “fixed star” for its
reference, and the solar day uses the Sun as its reference.
Over a year, the Sun slowly changes its position in the sky,
tracing out a full circle. If an astronomer were to keep careful
count of “sidereal days” versus “solar days,” he or she would
discover that at the end of a year there would actually be
365.2422 solar days and 366.2422 sidereal days. In fact, use
of the sidereal day provides astronomers with a period of
rotation of Earth that is just 23.934 hours—a value about
four minutes shy of 24 hours.

A clock-tracking mechanism designed to make a tele-
scope follow the stars will make one full rotation per sidereal
day. However, timepieces used in daily civil and social activi-
ties are based upon the mean (average) solar day. The length
of a mean solar day is 24 hours of mean solar time or 24
hours 3 minutes 56.555 seconds of mean sidereal time.

The year is the time needed by Earth to make one full
orbit around the Sun. At the end of each year, Earth is back
to the same point in its orbit, and the Sun is back to the same
apparent position in the sky (as observed from Earth). As
previously mentioned, it takes Earth 365.2422 (average solar)
days to complete its orbital circuit, and any calendar whose
years differ from this number will gradually wander through
the seasons. For example, the ancient Roman calendar had
only 355 days and added a month every two or four years.
But this situation was quite insufficient for the effective
administration of an empire. In fact, by the time Julius Cae-
sar became emperor of Rome, the year had slipped by three
months. So in 46 B.C.E. Julius Caesar introduced a new calen-
dar named after him, the Julian calendar. This calendar is
similar to the one used today—having 12 months and adding
a day at the end of February every fourth year (or leap year)
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in years whose number was divisible by the number 4. Two
years following the introduction of the Julian calendar, the
fifth month of the Roman year was renamed “July” in honor
of Julius Caesar. Some time later (around 8 C.E.) this calendar
reached its final form, including the renaming of the month
following July as August in honor of Caesar Augustus.

The Julian calendar assumed a year of 365.25 days,
leaving unaccounted for a small difference of 0.0078 day, or
about 1/128 of a day. Therefore, the Julian calendar slips,
but at a very slow rate of approximately one day every 128
years. By the year 1582 this slippage had approached two
weeks, so Pope Gregory XIII sought the assistance of the
German Jesuit mathematician and astronomer CHRISTOPHER
Cravius and others in developing a new calendar that
became known as the Gregorian calendar. In addition to a
dramatic “two week jump” (which only slowly became
implemented throughout most of the world), the new Grego-
rian calendar introduced a number of less dramatic modifi-
cations. These changes restored March 21st as the date of
the vernal equinox and took away three leap years every 40
years. Specifically, for years ending in two zeros, such as
1700, 1800, and 1900, there would not be a leap year,
except when the number of the century was divisible by the
number 4—such as the year 2000. Today, the Gregorian cal-
endar is the civil calendar used in most of the world. Clavius
and associates did a commendable job back in the 16th cen-
tury, because the modern Gregorian calendar slips by only
about one day in 20,000 years!

However, because of political and religious rivalries,
many countries in the world were slow to adopt the Gregori-
an calendar. For example, the British Empire waited until
1752 to shift its civil calendar (from the Julian calendar),
while Russia changed its civil calendar only early in the 20th
century, following the 1917 Bolshevik Revolution. As a car-
ryover of centuries-old religious rivalries, the Russian Ortho-
dox Church still uses the Julian calendar and therefore
celebrates Christmas and Easter about two weeks later than
most of the Christian world.

The Moon’s orbital motion has also played a signifi-
cant role in calendar development. When measured with
respect to certain fixed stars, the Moon’s orbital period
(that is, its “sidereal month™) is 27.32166 days. However,
the monthly lunar cycle—the period from thin crescent to
half-moon, to full moon, and back to crescent—takes
29.53059 days. This is because the different shapes of the
Moon as seen from Earth represent different angles of solar
illumination and are determined by the position of the Sun
in the sky, which changes appreciably in the course of each
orbit. The average time between two successive new Moons
is called the lunar month or the synodic month. This lunar-
based period gave rise to the familiar division of time
known as the month.

Many ancient calendars were based on the lunar
month. The most successful of these is called the Metonic
cycle, named after the ancient Greek astronomer METON. In
about 432 B.C.E. Meton discovered that a period of 235
lunar months coincides precisely with an interval of 19
years. After each 19-year interval, the phases of the Moon
start taking place on the same days of the year. Both the

ancient Greek and Jewish calendars employed the Metonic
cycle, and it became the main calendar of the ancient
Mediterranean world until replaced by the Julian calendar
in 46 B.C.E. People of the Jewish faith still use a religious
calendar in which each month begins at or near the new
Moon. The traditional Chinese calendar also uses an
arrangement similar to the empirical relationship contained
in the Metonic cycle. It is interesting to note that adding
seven months in the course of 19 years keeps a calendar
based on the Metonic cycle almost exactly in step with the
annual seasons.

The empirical formulation in the Metonic cycle makes
the length of the average year equivalent to (12 + 7/19) syn-
odic months. Then, using the value of 29.53059 days per
synodic month, we would obtain 365.2467 days per modi-
fied year, which is very close to the value of 365.2422 solar
days in the tropical year (the time from equinox to equinox).
Since the seasons recur after one tropical year, the average
length of a practical calendar year should be as close as possi-
ble to the tropical year. The Gregorian calendar year, for
example, contains an average of 365.2425 days.

Muslims use an uncorrected lunar calendar in the prac-
tice of their religion. The reason is not a lack of astronomical
knowledge but rather a deliberate effort to follow a different
religious schedule than those followed by other major faiths,
most notably Christianity and Judaism. As a result, Islamic
religious holidays slip through the seasons at a rate of about
11 days per year. For example, if the month of Ramadan,
during which faithful Muslims are expected not to eat or
drink from sunrise to sunset, falls in mid-winter, then some
15 years later it falls in mid-summer in the Muslim religious
calendar.

The Maya Indians of Central America created an
advanced civilization that peaked between 300 and 1000
C.E., although areas continued to flourish until about 1450.
This civilization practiced an extensive amount of naked eye
astronomy, which influenced civil, social, and religious
activities. Living in the tropical climate of the Yucatin
Peninsula of Mexico, Belize, and Guatemala, the Mayans
developed a very complex set of calendars. Because these
regions did not experience summer and winter to the same
extent as do middle latitude regions (such as Europe), the
Maya calendars were not strongly tied to the seasons. One
Maya calendar used for civil activities was divided into 18
named partitions (loosely “months”) of 20 days each, and
there was one short “month” of just five days. This resulted
in a calendar year of 365 days in length. According to
anthropologists and archaeologists, the Maya were aware
that the year was slightly longer than 365 days and even
computed a value of 365.242 days for the tropical year.
Other more complicated and accurate calendars were based
on the precession of equinoxes. Finally, Maya astronomers
were skilled astronomical observers who gave special atten-
tion to the planet Venus and accurately measured its cycles.

See also ARCHAEOLOGICAL ASTRONOMY; METONIC
CYCLE; PHASES OF THE MOON; YEAR.

calendar year The time interval that is used as the basis
for an annual calendar. For example, the Gregorian calendar



year contains an average of 365.2425 days, so that each cal-
endar year contains 365 days, with an extra day being added
every fourth calendar year to make a leap year (which con-
tains 366 days).

See also CALENDAR; YEAR.

Caliban A tiny moon (about 80 km in diameter) of Uranus
discovered in 1997. Astronomers have very little detailed
information about this satellite, and there is considerable
variation in the physical data appearing in the technical liter-
ature. According to one set of NASA data (published in
2003), Caliban has an estimated mass of 8 x 1017 kg and a
visual geometric albedo of 0.07. The moon travels around
Uranus in a retrograde orbit at a distance of 7.2 x 106 km
with a period of 579.5 days. Caliban’s orbit is also character-
ized by an eccentricity of 0.159 and an inclination of 140.9
degrees relative to the ecliptic plane. Also called UXVI and
$/1997 U1.
See also URANUS.

calibration The process of translating the signals collected
by a measuring instrument (such as a telescope) into some-
thing that is scientifically useful. The calibration procedure
generally involves comparing measurements made by an
instrument with a standard set of reference data. This process
usually removes most of the errors caused by instabilities in
the instrument or in the environment through which the signal
has traveled.

Callippus of Cyzicus (ca. 370-ca. 300 B.C.E.) Greek
Astronomer, Mathematician Callippus modified the geocen-
tric system of cosmic spheres developed by his teacher
Eupoxus ofF CNIDus. He was a skilled observer and pro-
posed that a stationary Earth was surrounded by 34 rotating
spheres upon which all celestial bodies moved. According to
Callippus the Moon, Mercury, Mars, Venus, and the Sun
each had five spheres, while Jupiter and Saturn each had four
spheres and the fixed stars one sphere. ARISTOTLE liked this
geocentric cosmology but proposed a system of 55 solid crys-
talline (transparent) spheres, whereas the heavenly spheres of
Callippus and Eudoxus were assumed to be geometrical but
not material in nature.

Callisto The second-largest moon of Jupiter and the outer-
most of the four Galilean satellites. This icy moon was dis-
covered on January 7, 1610, by GALILEO GALILEL Callisto
has a mean diameter of 4,818 km, a mass of 1.077 x 1023 kg,
and an estimated density of 1.85 g/cm3 (1,850 kg/m3)—the
lowest density of the four Galilean satellites. The acceleration
of gravity on the surface of Callisto is 1.24 m/s2 (Earth has a
value of 9.8 m/s? at sea level), and the escape velocity is 2.4
km/s. Callisto orbits Jupiter at a distance of 1.883 x 106 km
with a period of 16.689 days. The moon’s orbit is further
characterized by an eccentricity of 0.007 and an inclination
of 0.51°. Since Callisto has a rotation period of 16.689 days,
it is in synchronous rotation and therefore keeps the same
hemisphere facing Jupiter.

Planetary scientists believe that Callisto, sometimes
called JIV, consists of equal portions of rock and water-ice.
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The Voyager 2 spacecraft took this interesting nine-frame photomosaic of
Callisto on July 7, 1979, at a range of 390,000 kilometers. The impact crater
distribution is uniform across the moon’s surface. Scientists make a
special note of the very young, bright rayed craters and the giant impact
structure near the limbh. Many hundreds of moderate-sized impact craters
also appear, a few with bright radial ray patterns. The smoothness of the
limb and the lack of high topography indicate Callisto’s icy composition.
(Courtesy of NASA/JPL)

Callisto lacks mountains and is the most heavily cratered
moon in the solar system. (See figure.) The equatorial subsur-
face temperature is 168 K and the surface composition is
dirty ice. Callisto has a visual albedo of 0.19. The moon’s
crust appears very ancient, probably dating back about 4 bil-
lion years to just after the formation of the solar system.

Magnetometer data collected in the late 1990s by
NASA’s Galileo spacecraft suggest to scientists that some-
thing interesting is hidden below Callisto’s icy, ancient sur-
face—quite possibly a salty ocean. Specifically, these Galileo
spacecraft data indicate that Callisto’s magnetic field, like
Europa’s, is variable, which can be explained by the presence
of varying electrical currents associated with Jupiter that flow
near Callisto’s surface. Because Callisto’s atmosphere is
extremely tenuous and lacks charged particles, scientists
examining these magnetic field data believe this wisp of an
atmosphere (primarily carbon dioxide) is not responsible for
variations of the moon’s magnetic field. The likely candidate
currently is the possible presence of a layer of salty, melted
ice beneath the surface.

See also GALILEAN SATELLITES; JUPITER; JUPITER ICY
MOONS ORBITER (JIMO).
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calorie (symbol: cal) A unit of thermal energy (heat)
originally defined as the amount of energy required to raise
1 gram of water through 1°C. This energy unit (often called
a small calorie) is related to the joule as follows: 1 cal =
4.1868 J. Scientists use the kilocalorie (1,000 small calo-
ries) for one big calorie when describing the energy content

of food.

Caloris basin A very large, ringed impact basin (about
1,300 km across) on Mercury.
See also MERCURY.

Calypso A small moon of Saturn that orbits the planet at a
distance of 294,660 km, the same distance as Tethys but
trailing behind the larger moon by 60°. For this reason
astronomers often call Calypso (as well as Telesto) a Tethys
Trojan. Calypso has an orbital period of 1.888 days. Discov-
ered in 1980, the tiny moon is irregularly shaped (30 km by
16 km by 16 km), has a mass of approximately 4 x 1015 kg,
has a mean density of 1.0 gm/cm3 (1,000 kg/m3), and has a
visual geometric albedo of 0.7. Astronomers sometimes refer
to Calypso as SXIV or $/1980 S25.

See also LAGRANGIAN LIBRATION POINTS;
TETHYS.

SATURN;

Campbell, William Wallace (1862-1938) American Astro-
nomer Early in the 20th century William Campbell made
pioneering spectroscopic measurements of stellar motions that
helped astronomers better understand the motion of our solar
system within the Milky Way galaxy and the overall phe-
nomenon of galactic rotation. He perfected the technique of
photographically measuring radial velocities of stars and dis-
covered numerous spectroscopic binaries. Campbell also pro-
vided a more accurate confirmation of ALBERT EINSTEIN’s
theory of general relativity when he carefully measured the
subtle deflection of a beam of starlight during his solar eclipse
expedition to Australia in 1922.

The astronomer was born on April 11, 1862, in Han-
cock County, Ohio. Campbell experienced a childhood of
poverty and hardship on a farm in Ohio. He had originally
enrolled in the civil engineering program at the University
of Michigan. However, his encounter with SIMON NEWw-
COMB’s work Popular Astronomy convinced him to become
an astronomer. Upon graduation from the University of
Michigan in 1886, he accepted a position in the mathemat-
ics department at the University of Colorado. After work-
ing two years in Colorado, Campbell returned to the
University of Michigan in 1888 and taught astronomy
there until 1891. While teaching in Colorado he also met
the student who became his wife. Betsey (“Bess”) Campbell
proved to be a very important humanizing influence in her
husband’s life, since he was often domineering and inflexi-
ble—personal traits that made him extremely difficult to
work with or for.

In 1890 Campbell traveled to the West from Michigan
to became a summer volunteer at the Lick Observatory of
the University of California, located on Mount Hamilton
about 20 kilometers east of San Jose. His hard work and
observing skills earned him a permanent position as an

astronomer on the staff of the observatory the following
year. On January 1, 1901, he became director of the Lick
Observatory and ruled that facility in such an autocratic
manner that his subordinates often privately called him “the
tsar of Mount Hamilton.” In 1923 he accepted an appoint-
ment as president of the University of California, Berkeley,
but he also retained his former position as the director of the
Lick Observatory.

Campbell’s move to California proved to be a major
turning point in his career as an astronomer. Up until then
he had devoted his observational efforts to the motion of
comets, but, at the Lick Observatory he brought about a
revolution in astronomical spectroscopy when he attached a
specially designed spectrograph to the observatory’s 36-inch
(91.44-centimeter) refractor telescope, then the world’s
largest. He used this powerful instrument to measure stellar
radial (that is, line-of-sight) velocities by carefully examin-
ing the telltale Doppler shifts of stellar spectral lines. He
noted that when a star’s spectrum was blueshifted, it was
approaching Earth; when redshifted, it was receding. He
perfected his spectroscopic techniques and in 1913 pub-
lished Stellar Motions, his classic textbook on the subject.
In that same year Campbell also prepared a major catalog
listing the radial velocities of more than 900 stars. He later
expanded the catalog in 1928 to include 3,000 stars. His
precise work greatly improved knowledge of the Sun’s
motion in the Milky Way and the overall rotation of the
galaxy.

Campbell also used his spectroscopic skills to show that
the Martian atmosphere contained very little water vapor—a
finding that put him in direct conflict with other well-known
astronomers at the end of the 19th century. Using the huge
telescope and clear sky advantages of the Lick Observatory,
Campbell, who was never diplomatic, quickly disputed the
plentiful water vapor position of SIR WiLLIAM HUGGINS, SIR
JOSEPH LOCKYER, and other famous European astronomers.
While Campbell was indeed correct, the abrupt and argu-
mentative way in which he presented his data earned him
few personal friends within the international astronomical
community.

Campbell also enjoyed participating in international solar
eclipse expeditions. His wife joined him on these trips, and
she was often put in charge of the expedition’s provisions.
During the 1922 solar eclipse expedition in Australia, Camp-
bell measured the subtle deflection of a beam of starlight just
as it grazed the Sun’s surface. His precise measurements
helped confirm Albert Einstein’s theory of general relativity
and reinforced the previous, but less precise, measurements
made by SIR ARTHUR EDDINGTON during the 1919 solar
eclipse.

In 1930 Campbell retired as the president of the Univer-
sity of California, Berkeley, and as the director of the Lick
Observatory. Then he and his wife moved to Washington,
D.C., where he served as the president of the National Acade-
my of Sciences from 1931 to 1935. Returning to California,
he spent the last three years of his life in San Francisco. On
June 14, 1938, he died by his own hand, driven to suicide by
declining health and approaching total blindness.



Canadian Space Agency (CSA) The government organi-
zation that serves as the leader of the Canadian space pro-
gram. CSA operates under a legislated mandate to “promote
the peaceful use and development of space, to advance the
knowledge of space through science, and to ensure that space
science and technology provide social and economic benefits
for Canadians.” The Agency is currently pursuing five specif-
ic areas considered to be of critical importance to Canada:
Earth and the environment, space science, human presence in
space, satellite communications, and generic space technolo-
gies (including excellence in robotics).

canali The Italian word for channels, used in 1877 by the
Italian astronomer GIOVANNI SCHIAPARELLI to describe natu-
ral surface features he observed on Mars. Subsequent
pre-space age investigators, including PERCIVAL LOWELL,
took the Italian word quite literally as meaning canals and
sought additional evidence of an intelligent civilization on
Mars. Since the 1960s many spacecraft have visited Mars,
dispelling such popular speculations and revealing no evi-
dence of any Martian canals constructed by intelligent
beings.
See also MARS.

canard A horizontal trim and control surface on an aero-
dynamic vehicle.

candela (symbol: Cd) The SI unit of luminous intensity. It
is defined as the luminous intensity in a given direction of a
source that emits monochromatic light at a frequency of 540
x 1012 hertz and whose radiant intensity in that direction is
1/683 watt per steradian. The physical basis for this unit is
the luminous intensity of a blackbody radiator at a tempera-
ture of 2,046 K (the temperature at which molten platinum
solidifies).
See also LUMEN.

cannibalism 1. (galactic) The process in which a larger
galaxy devours or swallows up a smaller galaxy. 2. (stellar)
The process that takes place in a binary star system when a
giant star devours or swallows up its nearby companion.

cannibalize The process of taking functioning parts from a
nonoperating spacecraft or launch vehicle and installing these
salvaged parts in another spacecraft or launch vehicle in
order to make the latter operational.

Cannon, Annie Jump (1863-1941) American Astronomer
Annie Jump Cannon worked at the Harvard College Observa-
tory (HCO) under EDWARD CHARLES PICKERING. She was
instrumental in developing a widely used system for classify-
ing stellar spectra known as the Harvard Classification Sys-
tem. Cannon accomplished this by refining the alphabetical
classification sequence introduced by WILLIAMINA P. FLEMING
and then arranging stars into categories according to their
temperatures, with type O stars being the hottest and type M
stars being the coolest. Her efforts culminated in the publica-
tion of the Henry Draper Catalogue, a nine-volume work
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(completed in 1924) that contained the spectral classification
of 225,300 stars.
See also SPECTRAL CLASSIFICATION.

Canopus (o Car) Formally called Alpha Carinae, this
giant star is the brightest in the constellation Carina (the
Keel). Excluding the Sun, it is the second-brightest star in the
sky after Sirius. Classified as spectral type FOII, Canopus is
about 310 light-years away.

Cape Canaveral Air Force Station (CCAFS) The
region on Florida’s east central coast along the Atlantic
Ocean from which the U.S. Air Force and NASA have
launched more than 3,000 rockets since 1950. (See figure.)
It is the first station in the 16,000-kilometer-long Eastern
Range. Together with Patrick Air Force Base (some 32 km
to the south), Cape Canaveral Air Force Station forms a
complex that is the center for Department of Defense
launch operations on the East Coast of the United States.
The adjacent NASA Kennedy Space Center serves as the
spaceport for the fleet of space shuttle vehicles. CCAFS cov-
ers a 65-square-km area. Much of the land is now inhabited
by large populations of animals, including deer, alligators,
and wild boar. The nerve center for CCAFS and the entire
Eastern Range is the range control center, from which all
launches as well as the status of range resources are moni-
tored. The range safety function also is performed in the
range control center (RCC).

Launch sites include space launch complexes 40 and 41
in the Integrated Transfer Launch Facility (ITLF), where
preparation and launch of powerful Titan rocket vehicles has
taken place. (See figure.) Delta rocket vehicles are processed
and launched from space complexes 17A and 17B, while

Looking north at the rocket launch complexes of Cape Canaveral Air
Force Station in the early 1970s. During the ballistic missile race of the
cold war, this unique collection of launch facilities, situated along the
shore of the Atlantic Ocean in central Florida, became known as “missile
row.” The Titan rocket launch complex (called Complex 40) appears in
the distance. (Courtesy of NASA and the U.S. Air Force)
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A Titan 34D space launch vehicle is shown ready for launch from Complex
40 at Cape Canaveral AFS, Florida (ca. 1982). Other portions of the U.S. Air
Force’s Integrated Transfer Launch Facility (ITLF) appear in the background.
(Courtesy of the U.S. Air Force and Lockheed-Martin Company)

Atlas vehicles are launched from Complexes 36A and 36B.
Space launch complex 20 is used for suborbital launches, and
meteorological sounding rockets are launched from the Mete-
orological Rocket Launch Facility.

Cape Canaveral: The American Stairway
To the Stars

The fate of civilizations during pivotal moments in history is often
attributed to decisive actions accomplished by a daring few persons
on some hallowed piece of ground. The 20th century witnessed
many important technical, social, and political events. However,
none of these events are equivalent in long-term significance to the
future of the human race as was the first rocket launch from a deso-
late patch of coastal scrubland in central Florida. On July 24,1950,
Bumper 8, a modified German V-2 rocket with a WAC Corporal sec-
ond stage, roared off a primitive launch pad located among the
scrub palmettos of an isolated place called Cape Canaveral.

This modest technical achievement represented the first in a
long procession of rocket launches from Cape Canaveral—launch-
es that now mark a major milestone in the migration of conscious
intelligence beyond the confines of our tiny planetary biosphere.

See also UNITED STATES AIR FORCE; VANDENBERG AIR
FORCE BASE.

capital satellite A very important or very expensive satel-
lite, as distinct from a decoy satellite or a scientific satellite of
minimal national security significance.

See also ANTISATELLITE (ASAT) SPACECRAFT.

capsule 1. In general, a boxlike container, component, or
unit that often is sealed. 2. A small, sealed, pressurized cabin
that contains an acceptable environment for human crew,
animals, or sensitive equipment during extremely high-alti-
tude flight, space flight, or emergency escape. As these pres-
surized cabins became larger, such as during NASA’s Apollo
Project, the term spacecraft replaced the term capsule within
the American aerospace program. 3. An enclosed container
carried on a rocket or spacecraft that supports and safely
transports a payload, experiment, or instrument intended for
recovery after flight.

captive firing The firing of a rocket propulsion system at
full or partial thrust while the rocket is restrained in a test
stand facility. Usually aerospace engineers instrument the
propulsion system to obtain test data that verify rocket
design and demonstrate performance levels. Sometimes called
a holddown test.

capture 1. In celestial mechanics, the process by which the
central force field of a planet or star overcomes by gravita-
tional attraction the velocity of a passing celestial object
(such as a comet or tiny planetoid) or spacecraft and brings
that body under the control of the central force field. 2. In
aerospace operations, that moment during the rendezvous
and docking of two spacecraft when the capture mechanism
engages and locks the two orbiting vehicles together. 3. In
space shuttle operations, the event of the remote manipulator
system (RMS) and effector assembly making contact with
and firmly attaching to a payload grappling fixture. A payload

The destiny of the human race would never be the same. Consider
the fact that here on Earth, the last such major evolutionary unfold-
ing occurred about 350 million years ago, when prehistoric fish,
called crossopterygians, first left the ancient seas and crawled up
on the land. Scientists regard these early “explorers” as the ances-
tors of all terrestrial animals with backbones and four limbs. Simi-
larly, future galactic historians will note how life emerged out of
Earth’s ancient oceans, paused briefly on the land, then boldly ven-
tured forth from Cape Canaveral to the stars. Humanity’s bold leap
toward the stars from Cape Canaveral also serves as a fitting epi-
logue to this region’s rich and colorful past—a sometimes forgotten
historical legacy replete with Native American lore, daring adven-
turers, sunken treasure, and hardy pioneers.

Decades after the arrival of Christopher Columbus at San Sal-
vador (in the Bahamas) in 1492, rival European powers began to bit-
terly contest the ownership of Florida, primarily because it sat
astride the main sea route between the Gulf of Mexico and the Old



The first rocket launch from Cape Canaveral took place on July 24,
1950. The Bumper 8 rocket, shown here lifting off, was a modified
German V-2 rocket with a WAC Corporal second stage. (Courtesy
of the U.S. Air Force)

World. While Cape Canaveral remained a virtual wilderness with
respect to European settlement, its coastal waters echoed with the
sounds of cannon and muskets as pirates and privateers preyed
upon Spanish treasure ships. The Ais, a warlike and sometimes
cannibalistic Native American people, lived in the area and sur-
vived chiefly on seafood and indigenous vegetation. They plun-
dered the large number of Spanish shipwrecks that came ashore
near Cape Canaveral, but rarely made prisoners of any survivors. In
fact, fear of the fierce Ais was the primary reason that Spanish set-
tlers did not occupy the portion of Florida near Cape Canaveral.

By the early 18th century the Cape witnessed the arrival of
English settlers and their Native American allies (who later became
known as the Seminoles) from settlements in Georgia and South
Carolina. This marked the beginning of a new era of expansion and
conflict in the area, which continued until the end of the Second
United States—Seminole War in 1842. Then, in the years following
the American Civil War, small rural towns and communities sprang
up along a 110-kilometer stretch of mainland, rivers, barrier islands,
and sandy beaches that later became known as Brevard County,
Florida. Through World War Il the principal industries of Brevard
County were agriculture, fishing, and tourism.

But the development of the modern ballistic missile (especial-
ly the German V-2 rocket) and the American atomic bomb during
World War 1l soon generated military needs that placed Brevard
County at the very center of the world stage. By virtue of its most
prominent geographical feature, Cape Canaveral, this obscure
region of central Florida became the focal point of a new era of
exploration—the exploration of outer space. But this transition did
not occur without a bit of luck and a lot of hard work.

As discussed here, the “Cape” is the geographic area on the
east central coast of Florida (within Brevard County) that currently
includes Cape Canaveral Air Force Station (CCAFS), NASA's
Kennedy Space Center (KSC), the Merritt Island National Wildlife
Refuge, Cape Canaveral National Seashore, and Port Canaveral.
Although Cape Canaveral is possibly the most well-recognized
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space launch facility on the planet, just after World War Il the
American government almost did not select the site for long-range
missile testing. The United States emerged from World War Il as
the world’s only nuclear-armed superpower. The former Soviet
Union soon challenged this dominant political and technical posi-
tion. In 1946, responding to an anticipated cold war need to test mil-
itary missiles over long distances, the Joint Chiefs of Staff (through
their Joint Research and Development Board) established the Com-
mittee on the Long-Range Proving Ground. As the name implies, the
purpose of this committee was to study possible locations for a
long-range rocket proving ground. The committee considered loca-
tions in California, Florida, and Washington State. The committee’s
first choice was El Centro, California; Cape Canaveral earned only a
second-place ranking. The committee reasoned that the El Centro
site was near the aerospace industry in Southern California, and a
long-range rocket testing ground down the coast of Baja California
was viewed as a convenient approach in the development of new
missile systems.

However, fate intervened in a very unpredictable way and
changed aerospace history. President Aleman of Mexico refused to
allow American missile flights over Baja California. On the other
hand, the United Kingdom was willing to allow American missile
flights near the Bahamas Islands (then a British colony). Therefore,
the El Centro site was abandoned and Cape Canaveral selected as
the nation’s principal site for long-range rocket testing over water.

Cape Canaveral proved to be ideal for this task. Virtually unin-
habited (in the early 1950s), the remote location let aerospace engi-
neers and technicians inspect, fuel, and launch rockets without
endangering nearby communities. Test rockets fired from the Cape
were launched over open water instead of over populated land
areas. In addition, the area’s sunny, subtropical climate permitted
year-round operations. And, as an important performance bonus,
this location provided a natural (“free”) velocity boost to rockets
launched eastward due to the west-to-east rotation of Earth. The
United States also developed Vandenberg Air Force Base in Cali-
fornia to launch polar (north-south) orbiting spacecraft.

The international range site agreements were barely in place
when a military-civilian team conducted the first rocket launch
from the Cape on July 24, 1950. A tarpaper shack served as an
impromptu “press site,” and the launch pad service structure was
composed of painter’s scaffolding.

Despite the primitive facilities, Bumper 8 successfully flew.
This launch inaugurated the new American rocket test range, a
range that extended barely 320 kilometers at the time. The launch
of Bumper 7 followed within just four days, on July 29, 1950. This
second successful flight marked the end of the U.S. Army’s Project
Bumper, an early ballistic missile test program that started at the
White Sands Proving Grounds in New Mexico and involved the use
of captured German V-2 rockets. Wernher von Braun and his team
of German rocket scientists, who had emigrated to the United
States after World War Il as part of Operation Paperclip, provided
technical support for the U.S. Army’s missile program. Von Braun’s
rocket engineering skills played a significant role in many other
important launches from the Cape, including the first American
satellite (Explorer 1), the first American to fly in space (astronaut

(continues)
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Cape Canaveral: The American Stairway
To the Stars (continued)

Shepard in the Mercury Redstone 3 vehicle), and, of course, the
incomparable Apollo lunar landing missions.

Immediately following the successful Bumper 8 and 7 launch-
es came the “Age of the Winged Missiles.” In the early 1950s the
fledgling U.S. Air Force began testing the Matador, Snark, Bomarc,
Mace, and many other interesting winged guided missiles at the
Cape. The Air Force's most frequently launched missile, the Mata-
dor, was first flight tested at the Cape on June 20, 1951.

Learning from all-too-frequent failures was an integral part of
the early missile test and development business. Erratic winged
missiles often made spectacular splashes in the waters near Cape
Canaveral. For example, the frequent test failures of the Snark, a
particularly error-prone bird, inspired local humorists to affection-
ately refer to the ocean waters off Cape Canaveral as “Snark-
infested” waters.

Despite numerous tests and reasonable engineering progress,
the days of the early winged missiles were numbered, as more
powerful ballistic missiles began to make their appearance. For
instance, in August 1953 the U.S. Army launched its first Redstone
rocket from Cape Canaveral. The Redstone was a medium-range,
liquid-propellant ballistic missile that was a direct technical
descendant of the German V-2 rocket. By the late 1950s, in
response to a perceived missile gap with respect to the Soviet
Union, American national security emphasis began shifting to the
rapid development of a much longer-range type of ballistic missile,
called the intercontinental ballistic missile (ICBM).

By the mid-1950s flight testing requirements for the Snark and
Navaho winged missiles prompted the U.S. Air Force to expand the
Eastern Test Range all the way down to Ascension Island, a tiny
British Crown territory in the middle of the South Atlantic Ocean
near the equator. With Cape Canaveral as Station One, the Ameri-
can long-range rocket test range extended a distance of about
8,000 km into the South Atlantic Ocean. However, the frequent test-
ing of more powerful ballistic missiles, which eventually became
the main users of the rocket range’s most distant outposts, soon
eclipsed the long-range testing of winged missiles. Eventually, bal-
listic missile tests from the Cape extended all the way past the
southern tip of Africa into the Indian Ocean—a total distance of
about 16,000 kilometers. To accommodate the need for timely and
precise missile performance data all along flight paths, the U.S. Air
Force supplemented its collection of down-range tracking sites
with a fleet of specially instrumented tracking ships.

After a slow start, ballistic missile and space programs took
root at the Cape and quickly dominated use of the range after 1957.
The frequent flights of the winged missiles were replaced by
launches of the U.S. Army’s Jupiter, the U.S. Navy's Polaris, and the
U.S. Air Force’s Thor, Atlas, Titan, and Minuteman ballistic missiles.
All this activity focused on developing powerful and accurate deliv-
ery systems for nuclear warheads—weapons of mass destruction
that had grown even more lethal through improvements in Ameri-
can nuclear weapon engineering, especially with the arrival of the
hydrogen bomb.

With the birth of the space age on October 4, 1957, the rocket
testing equation became far more complicated. From a secret mis-

sile test facility in central Asia (now called the Baikonur Cosmod-
rome in the independent republic of Kazakhstan), the Soviet Union
used its most powerful ballistic missile (called the R-7) to place the
world’s first artificial satellite, Sputnik 1, into orbit around Earth.

Rockets and missiles were no longer only part of the military
nuclear arms race; they became an integral part of the game of
global politics. During the cold war a superpower’s international
prestige was deemed directly proportional to its technical achieve-
ments in space. Caught up in this East-West competition, the Cape
served as a major technology showcase for Western democracy.

In the late evening (local time) of January 31, 1958, the ground
near Launch Complex 26 shook as a hastily modified U.S. Army Juno
rocket roared from its pad and successfully inserted the first Ameri-
can satellite, called Explorer 1, into orbit around Earth. This effort
was the culmination of a joint project of the U.S. Army Ballistic Mis-
sile Agency (ABMA) in Huntsville, Alabama, and the Jet Propulsion
Laboratory (JPL) in Pasadena, California. Von Braun supervised the
rocket team, while James Van Allen of the State University of lowa
provided the instruments that detected the inner of Earth’s two
major trapped radiation belts that now bear his name.

As the United States turned its attention to the scientific
exploration of outer space, an act of the U.S. Congress formed the
National Aeronautics and Space Administration (NASA)—the civil-
ian space agency that opened its doors for business on October 1,
1958. Soon, Cape Canaveral thundered with the sound of military
rockets that aerospace engineers had converted from warhead-
carrying ballistic missiles to space launch vehicles. While the civil-
ian aspects of space exploration and artificial satellite applications
made headlines, military satellites—many flown or tested from
Cape Canaveral—became an integral part of national defense. For
example, the U.S. Air Force launched missile surveillance satellites
(first Midas and later Defense Support Program satellites) to guard
North America against a surprise ballistic missile attack and to
ensure the efficacy of the American strategic nuclear retaliatory
policy, called mutually assured destruction (MAD).

Modern post-cold war efforts by the United States and the
Russian Federation in nuclear disarmament can trace their heritage
to the family of Vela nuclear treaty monitoring satellites that the
U.S. Air Force also launched from Cape Canaveral. The successful
launch of the first pair of Vela spacecraft encouraged President
John F. Kennedy to sign the Limited Test Ban Treaty (LTBT) in 1963.
This treaty, verified by satellite systems, marked the end of atmo-
spheric nuclear weapons testing by the United States, the Soviet
Union, and the United Kingdom and represented the beginning of
the end of the nuclear arms race that dominated the cold war.

In a magnificent wave of scientific exploration, NASA used
the Cape to send progressively more sophisticated robot space-
craft to the Moon, around the Sun, and to all of the major planets in
our solar system (save tiny Pluto). One epic journey, the Voyager 2
mission, started from Complex 41 when a mighty Titan/Centaur
launch vehicle ascended flawlessly into the Florida sky on August
20, 1977. This hardy, robotic explorer conducted a “Grand Tour”
mission of all the giant outer planets (Jupiter, Saturn, Uranus, and
Neptune). Then, like its twin (Voyager 1), it departed the solar sys-
tem on an interstellar trajectory.

To date, four human-made objects (NASA's Pioneer 10 and
11 spacecraft and the Voyager 1 and 2 spacecraft) have achieved



deep space trajectories that allow them to wander among the
stars. Each spacecraft carries a message from Earth. Pioneer 10
and 17 carry a special plague, while Voyager 7 and 2 bear a spe-
cial recorded message. Thus, our first interstellar emissaries
departed on their journeys through the galaxy from Cape
Canaveral.

Spacecraft launched from the Cape have also revolutionized
meteorology, global communications, navigation, astronomy,
astrophysics, and cosmology. For example, the geostationary com-
munications satellite (comsat), suggested in 1945 by Sir Arthur C.
Clarke, became a reality in 1963 when Syncom 2 successfully lifted
off from the Cape. Today an armada of modern comsats has creat-
ed a “global village” through which information travels at the
speed of light. NASA's four great astronomical observatories, the
Hubble Space Telescope (HST), the Compton Gamma Ray Obser-
vatory (CGRO), the Chandra X-Ray Observatory (CXQ), and the
Spitzer Infrared Telescope Facility (SIRTF) all reached outer space
following a rocket ride from the Cape area. Data from these and
many other scientific spacecraft have changed our understanding
of the universe and revealed some of its most majestic and excit-
ing phenomena.

Any celebration of the Cape's significance in human history
must pay homage to the political decisions and technical efforts
that allowed American astronauts to first walk on another world.
Responding to President Kennedy’s 1961 mandate, NASA focused
the Mercury, Gemini, and Apollo Projects to fulfill his bold vision of
sending American astronauts to the Moon and returning them
safely to Earth in less than a decade. The Apollo Project, in partic-
ular, required the largest American rocket ever built, the colossal
111-meter-tall Saturn V rocket that was the brainchild of Wernher
von Braun and a technical descendant of the V-2 rocket.

Cape Canaveral Air Force Station, which had served the
nation’s space program so well up to that point, was inadequate
(too small) as a launch site for this monstrous vehicle. Conse-
quently, NASA acquired scrubland and marsh for buffer space to
accommodate flight of this giant rocket. (See figure.) NASA called
the new Saturn V launch sites Complex 39A and 39B. In November
1963 this newly acquired land was named the John F. Kennedy
Space Center as a tribute to the slain president. Following the
Apollo Project, NASA modified Complex 39 to accommodate the
space shuttle.

In the 21st century the Cape will continue to serve the needs
of numerous military, scientific, and commercial customers across
the United States and around the world as ventures in space grow

is considered captured any time it is firmly attached to the
remote manipulator system. 4. In nuclear physics, a process
in which an atomic or a nuclear system acquires an addition-
al particle, such as the capture of electrons by positive ions or
the capture of neutrons by nuclei.

carbon cycle 1. (astrophysics) The chain of thermonuclear
fusion reactions thought to be the main energy-liberating
mechanisms in stars with interior temperatures much hotter
(> 16 million K) than the Sun. In this cycle hydrogen is con-
verted to helium with large quantities of energy being
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A panoramic view of the mammoth Saturn V launch vehicle as it
lifted off from Complex 39 at Cape Canaveral, Florida, on July 16,
1969. Astronauts Neil Armstrong, Edwin (Buzz) Aldrin, and
Michael Collins were on their way to the Moon at the start of the
historic Apollo 11 lunar landing mission. (Courtesy of NASA)

more and more international and cooperative. Drawing upon a les-
son from history, some aerospace visionaries even suggest that
the Cape, as the world’s premier spaceport, will eventually
become the terrestrial center of solar system commerce, banking,
art, and law.

Access to space from the Cape is really a grand celebration
of evolving human intelligence. Because of the Cape we have suc-
cessfully started on the pathway to the stars. There is no turning
back. For us now, it is truly the universe or nothing.

released and with carbon-12 serving as a nuclear reaction cat-
alyst. The main sequence of nuclear reactions is as follows:

R2C+1H - BN +vy
BN - BC+et+vV
H+1BC— MUN+y
H + N — 150 +vy
BO - BN +et+v

1H + 15N - 12C + 4He
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where e* is a positron, Y is a gamma ray, and v is a neutrino.
Since the isotope carbon-12 appears at the beginning and the
end of the cycle, astrophysicists regard it as the catalyst in the
overall nuclear reaction

4H+12C—>4He+12C+2e*+2v+37y

Recognizing that each positron will seek a normal electron
and then experience an annihilation radiation reaction that
releases two gamma rays, some astrophysicists chose to
express the net nuclear reaction for the overall carbon cycle
as follows:

4H+12C—o>4He+12C+2v+7y

Both reaction summaries are equivalent. Also called the
carbon-nitrogen (CN) cycle, the carbon-nitrogen-oxygen
(CNO) cycle, or the Bethe-Weizsdcker cycle. 2. (Earth sys-
tem) The planetary biosphere cycle that consists of four cen-
tral biochemical processes: photosynthesis, autotrophic
respiration (carbon intake by green plants), aerobic oxida-
tion, and anaerobic oxidation. Scientists believe excessive
human activities involving the combustion of fossil fuels, the
destruction of forests, and the conversion of wild lands to
agriculture may now be causing undesirable perturbations in
our planet’s overall carbon cycle, thereby endangering
important balances within Earth’s highly interconnected bio-
sphere.
See also GLOBAL CHANGE; GREENHOUSE EFFECT.

carbon dioxide (symbol: CO,) A colorless, odorless, non-
combustible gas present in Earth’s atmosphere. Carbon diox-
ide is formed by the combustion of carbon and carbon
compounds (e.g., fossil fuels, wood, and alcohol), by respira-
tion, and by the gradual oxidation of organic matter in the
soil. Carbon dioxide is removed from the atmosphere by
green plants (during photosynthesis), and by absorption in
the oceans. Since it is a greenhouse gas, the increasing pres-
ence of CO, in Earth’s atmosphere could have significant
environmental consequences, such as global warming. The
pre—industrial revolution atmospheric concentration of CO,
is estimated to have been about 275 parts per million by vol-
ume (ppmv). Environmental scientists now predict that if cur-
rent trends in the rise in atmospheric CO, concentration
continue (currently about 340 to 350 ppmv), then sometime
after the middle of the 21st century the atmospheric concen-
tration of CO, will reach twice its pre-industrial revolution
value. This condition might severely alter Earth’s environ-
ment through global warming, polar ice cap melting, and
increased desertification.
See also EARTH SYSTEM SCIENCE; GLOBAL CHANGE.

carbon star A relatively cool (low-temperature) red giant or
AGB star that has reached an advanced stage of evolution and
displays an overabundance of carbon relative to oxygen in its
outer layers. (An AGB star is one found in the asymptotic
giant branch of the Hertzsprung-Russell diagram.) The extra
carbon originates in the mature star’s helium-burning shell
and is then carried to its surface by convection. As a result,
this type of star has a spectrum that features strong carbon
compound bands, such as CH, CN, and C,. Mass loss is

another characteristic of the carbon star. The ejected outer
atmosphere (called a planetary nebula) of a low-mass star car-
ries carbon and other byproduct elements of thermonuclear
burning (such as nitrogen and oxygen) into interstellar space.
Once this chemically enriched material leaves the star, it mixes
with the resident interstellar gas, thereby increasing the chemi-
cal diversity of the universe. Sometimes called a C star.

See also PLANETARY NEBULA; HERTZSPRUNG-RUSSELL
DIAGRAM; STAR.

cardinal points With respect to the celestial sphere,
astronomers often find it convenient to identify and use four
principal (or cardinal) points on an observer’s horizon. By
convention, the north point (n) occurs where the celestial
meridian crosses the horizon nearest the north celestial pole;
the south point (s) lies diametrically opposite the north
point and represents the intersection of the celestial meridi-
an with the horizon nearest the south celestial pole. The east
point (e) and west point (w) occur at the intersection of the
horizon and the celestial equator. The east point lies 90°
and the west point 270° in a clockwise direction from the
north point.
See also CELESTIAL COORDINATES; CELESTIAL SPHERE.

cargo bay The unpressurized midpart of the space shuttle
orbiter vehicle fuselage behind the cabin aft (rear) bulkhead
where most payloads are carried. Its maximum usable pay-
load envelope is 18.3 meters long and 4.6 m in diameter.
Hinged doors extend the full length of the cargo bay.

See also SPACE TRANSPORTATION SYSTEM.

Carme A moon of Jupiter discovered in 1938 by the Amer-
ican astronomer SETH BARNES NICHOLSON (1891-1963).
This lesser Jovian satellite has a diameter of about 40 km, a
mass of 9 x 1016 kg, a density of 2.6 g/cm3 (2,600 kg/m3),
and a visual geometric albedo of 0.04. It is in a retrograde
orbit around Jupiter at a mean distance of 22,600,000 km,
with a period of 692 days, an inclination of 164°, and an
eccentricity of 0.207. Sometimes called Jupiter XI or JXI.
See also JUPITER.

Carnot cycle An idealized reversible thermodynamic cycle
for a theoretical heat engine, first postulated in 1824 by the
French engineer Nicolas Sadi Carnot (1746-1832). As shown
in the figure, the Carnot cycle consists of two adiabatic (no
energy transfer as heat) stages alternating with two isother-
mal (constant temperature) stages. In stage 1 an ideal work-
ing fluid experiences adiabatic compression along path ab.
Since no thermal energy (heat) is allowed to enter or leave the
system, the mechanical work of compression causes the tem-
perature of the working fluid to increase from T, (the sink
temperature) to T, (the source temperature). During stage 2
of the Carnot cycle the working fluid experiences isothermal
expansion. While the working fluid expands in traveling
along path bc, heat is transferred to it from the source at tem-
perature T,. Then in traveling along path c¢d during stage 3,
the working fluid undergoes adiabatic expansion. Travel
along this path essentially completes the “power stroke” of
the cycle, and the work of expansion causes the temperature



of the working fluid to fall from T, to T;. Finally, in stage 4
the working fluid undergoes isothermal compression while
traveling along path da. Mechanical work is performed on
the working fluid, and an equivalent amount of heat is reject-
ed to the sink (environment), which is at the lower tempera-
ture, T;. The working fluid is now back to its initial state and
is ready to repeat the cycle again.

The thermal efficiency (n.,) of the Carnot cycle is given
by the expression

N = 1= (T4/T5)

where T is the sink (lower) temperature and T, is the source
(higher) temperature expressed on an absolute scale (i.e., tem-
perature in kelvins). The thermal efficiency of the Carnot
cycle is the best possible efficiency of any heat engine operat-
ing between temperatures T; and T,. This fact is sometimes
referred to as the Carnot principle. Therefore, for maximum
efficiency in a reversible heat engine, the source temperature
(T,) should be as high as possible (within the temperature
limits of the materials involved), while the sink or environ-
mental reservoir temperature (T;) should be as low as possi-
ble. Heat engines operating on Earth must reject thermal
energy to the surrounding terrestrial environment. Therefore,
T, typically is limited to about 300 K (depending on the local
environmental conditions). Heat engines operating in space
have the opportunity (depending on radiator design) to reject
thermal energy to the coldest regions of outer space (about 3
K). Although the Carnot cycle is a postulated, idealized cycle,
it is very useful in understanding the performance limits of
real heat engines that operate using the somewhat less than
idealized Brayton cycle or Rankine cycle.
See also RANKINE CYCLE; SPACE NUCLEAR POWER.

b
@ W (source)
a
\J (smk)
volume

Pressure-volume relationships for an ideal working fluid undergoing the
four stages of the Carnot cycle—an ideal, reversible heat engine cycle
(Drawing courtesy of the U.S. Department of Energy)
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Carpenter, Scott (1925- ) American Astronaut, U.S.
Navy Officer On May 24, 1962, Scott Carpenter flew the
second American manned orbital spaceflight. His Aurora 7
space capsule made three revolutions of Earth as part of
NASA’s Mercury Project.

See also MERCURY PROJECT.

carrier wave (CW) In telecommunications, an electro-
magnetic wave intended for modulation. This wave is trans-
mitted at a specified frequency and amplitude. Information
then is superimposed on this carrier wave by making small
changes in (i.e., modulating) either its frequency or its
amplitude.

See also TELECOMMUNICATIONS.

Carrington, Richard Christopher (1826-1875) British
Astronomer Richard C. Carrington made important studies
of the rotation of the Sun by carefully observing the number
and positions of sunspots. Between 1853 and 1861 he discov-
ered that sunspots at the solar equator rotated in about 25
days, while those at 45° solar latitude rotated in about 27.5
days. In 1859 (without special viewing equipment) he report-
ed the first visual observation of a solar flare, although he
thought the phenomenon he had just witnessed was the result
of a large meteor falling into the Sun.

Carte du Ciel A whole-sky photographic atlas produced
in the late 19th century. The effort involved 18 observatories
and used standardized 0.33-meter refracting telescopes,
which were especially designed in France in about 1880 to
support this extensive effort in astrophotography.

Cartesian coordinates A coordinate system developed by
the French mathematician René Descartes (1596-1650) in
which locations of points in space are expressed by reference
to three mutually perpendicular planes, called coordinate
planes. The three planes intersect in straight lines called the
coordinate axes. The distances and the axes are usually
marked (x,y,z), and the origin is the zero point at which the
three axes intersect.

case (rocket) The structural envelope for the propellant in
a solid-propellant rocket motor.
See also ROCKET.

Cassegrain, Guillaume (ca. 1629-1693) French Instru-
ment Maker In 1672 Guillaume Cassegrain invented a spe-
cial reflecting telescope configuration. Now called the
CASSEGRAIN TELESCOPE, his optical device has become the
most widely used reflecting telescope in astronomy. Unfor-
tunately, except for this important fact, very little else is
known about this mysterious man who is rumored to have
been possibly a priest, a teacher, an instrument maker, or a
physician.

Cassegrain telescope A compound reflecting telescope in
which a small convex secondary mirror reflects the conver-
gent beam from the parabolic primary mirror through a
hole in the primary mirror to an eyepiece in the back of the
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convex secondury mirror
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light rays pass through
hole in parabolic mirror
to focal point

The basic components of the Cassegrain reflector telescope, the most
widely used reflecting telescope in astronomy (Drawing courtesy of
NASA)

primary mirror. Designed by the French instrument maker
GUILLAUME CASSEGRAIN in 1672.

Cassini, César-Francgois (Cesare Francesco  Cassini)
(1714-1784) French Astronomer The French astronomer
César-Francgois Cassini, the grandson of GIOVANNI DOMENI-
co CassiNI, succeeded his father, JACQUES CASSINI, as direc-

tor of the Paris Observatory. He started the development of
the first topographical map of France, a task completed by
his son, JACQUES-DOMINIQUE CASSINI. In 1761 he traveled to
Vienna, Austria, to observe a transit of Venus across the Sun’s

disk.

Cassini, Giovanni Domenico (Jean-Dominique Cassini)
(1625-1712) Italian (naturalized French) Astronomer In
1669 King Louis XIV of France invited the Italian
astronomer Giovanni Domenico Cassini to establish and then
direct the Paris Observatory. Cassini settled in France and
began to use the French version of his name, Jean-Dominique
Cassini. An accomplished astronomical observer, Cassini
studied Mars, Jupiter, and Saturn. In 1672 he determined the
parallax of Mars using observations he made in Paris and
those made by JEAN RICHER in Cayenne, French Guiana.
These simultaneous but geographically dispersed measure-
ments of Mars allowed Cassini to make the first credible
determination of distances in the solar system—including the
all important Earth-Sun distance, which he estimated at 140
million kilometers. One astronomical unit is actually 149.6
million kilometers, so Cassini’s efforts were quite good for
17th-century astronomy. In 1675 Cassini discovered that Sat-
urn’s rings are split largely into two parts by a narrow gap,
since known as the Cassini Division. By using improved tele-
scopes, between 1671 and 1684 he discovered four new
moons of Saturn: lTapetus (1671), Rhea (1672), Dione (1684),
and Tethys (1684). He was the patriarch of four generations
of influential astronomers and cartographers who directed
the Paris Observatory, the first national observatory of any
country.
See also CASSINI MISSION; SATURN.

Cassini, Jacques (Giacomo Cassini) (1677-1756) French
Astronomer As the son of GIOVANNI DOMENICO CASSINI,
Jacques Cassini continued his father’s work as director of the
Paris Observatory. By carefully observing Arcturus in 1738,
he became one of the first astronomers to accurately deter-
mine the proper motion of a star.

Cassini, Jacques-Dominique (1748-1845) French Astro-
nomer Jacques-Dominique Cassini was the great grandson
of GIOVANNI CASSINI. Maintaining a family tradition in
astronomy, he succeeded his father, CESAR-FRANCOIS CASSINI,
as director of the Paris Observatory. He published Voyage to
California, a discussion of an expedition to observe the 1769
transit of Venus across the Sun’s disk. He also completed the
topographical map of France started by his father.

Cassini mission The Cassini mission was successfully
launched by a mighty Titan IV-Centaur vehicle on October
15, 1997, from Cape Canaveral Air Force Station, Florida. It
is a joint NASA and European Space Agency (ESA) project to
conduct detailed exploration of Saturn, its major moon
Titan, and its complex system of other moons. The Cassini
spacecraft (see figure) took a similar tour of the solar system
as did the Galileo spacecraft—namely, following a Venus-
Venus-Earth-Jupiter gravity assist (VVEJGA) trajectory. After
a nearly seven-year journey through interplanetary space cov-
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This line drawing shows the Cassini spacecraft in its interplanetary flight configuration. (Drawing courtesy of NASA)

ering 3.5 billion kilometers, the Cassini spacecraft arrived at
Saturn on July 1, 2004 (eastern daylight time). The spacecraft
is named in honor of the Italian-born French astronomer
GI10VANNI DOMENICO CASSINI, who was the first director of
the Royal Observatory in Paris and conducted extensive
observations of Saturn.

The most critical phase of the mission after launch was
Saturn orbit insertion (SOI). When Cassini arrived at Saturn
the sophisticated robot spacecraft fired its main engine for 96
minutes to reduce its speed and allow it to be captured as a
satellite of Saturn. Passing through a gap between Saturn’s F
and G rings, the intrepid spacecraft successfully swung close
to the planet and began the first of some six dozen orbits it
will complete during its four-year primary mission.

The arrival period provided a unique opportunity to
observe Saturn’s rings and the planet itself, since this was the
closest approach the spacecraft will make to Saturn during
the entire mission. As anticipated, the Cassini spacecraft went
right to work upon arrival and provided scientific results. Sci-
entists examining Saturn’s contorted F ring, which has baffled
them since its discovery, have found one small body, possibly
two, orbiting in the F ring region and a ring of material asso-
ciated with Saturn’s moon Atlas. Cassini’s close-up look at
Saturn’s rings revealed a small object moving near the outside
edge of the F ring, interior to the orbit of Saturn’s moon Pan-
dora. This tiny object, which is about 5 km in diameter, has
been provisionally assigned the name $/2004 S3. It may be a
tiny moon that orbits Saturn at a distance of 141,000 km
from Saturn’s center. This object is located about 1,000 km

from Saturn’s F ring. A second object, provisionally called
$/2004 S4, has also been observed in the initial imagery pro-
vided by the Cassini spacecraft. About the same size as
$/2004 S3, this object appears to exhibit some strange
dynamics that take it across the F ring.

This artist's rendering shows the Cassini spacecraft approaching Saturn
and its magnificent rings. The glint of light behind the magnetometer
boom at the bottom of the spacecraft represents the reflection of the Sun,
some 1,490 million kilometers away. (Drawing courtesy of NASA)
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This artist's rendering shows the Huygens probe nearing the surface of
Saturn’s most intriguing moon, Titan. The Cassini spacecraft, which
delivered the Huygens probe, flies overhead with its high-gain antenna
pointed at the descending probe. The planet Saturn appears dimly in the
background through Titan's thick atmosphere. Titan's surface may hold
lakes of liquid ethane and methane, sprinkled over a thin veneer of frozen
methane and ammonia. Note that the illustration contains a degree of
artistic license with respect to the size of the Cassini spacecraft (upper
right background), the sharpness of Titan's icy features, the tilt of Saturn’s
rings, and the visibility of the planet through Titan’s thick, murky
atmosphere. (Courtesy of NASA/JPL)

In the process of examining the F ring region, scientists
also detected a previously unknown ring, now called $/2004
1R. This new ring is associated with Saturn’s moon Atlas.
The ring is located 138,000 km from the center of Saturn in
the orbit of the moon Atlas, between the A ring and the F
ring. Scientists estimate the ring has a width of 300 km.

The Huygens probe was carried to the Saturn system by
the Cassini spacecraft. Bolted to the Cassini mother space-
craft and fed electrical power through an umbilical cable,
Huygens rode along during the nearly seven-year journey
largely in a “sleep mode.” However, mission controllers
awoke the Huygens probe about every six months for three-
hour-duration instrument and engineering checkups. Huygens
is sponsored by the European Space Agency and named after
the Dutch physicist and astronomer CHRISTIAAN HUYGENS,
who first described the nature of Saturn’s rings and its major
moon, Titan.

The Cassini spacecraft released the Huygens probe on
December 24, 2004. This release activity was scheduled to
occur about 20 days before the probe hit the top of Titan’s
atmosphere. With its umbilical cut and bolts released, Huy-
gens sprang loose from its mother spacecraft and traveled on
a ballistic trajectory to Titan. Spinning at about 7 revolutions
per minute (rpm) for stability, the probe switched on its sys-
tems just before it reached the upper portions of Titan’s
atmosphere.

Two days after the probe’s release, the Cassini orbiter
spacecraft performed a deflection maneuver. This maneuver

kept the orbiter from following Huygens into Titan’s atmo-
sphere. The deflection maneuver also established the required
geometry between the probe and the orbiter for radio com-
munications during the probe’s descent. The probe descent
took place on January 14, 2005.

Huygens entered Titan’s atmosphere at a speed of almost
22,000 kilometers per hour. Aerospace engineers designed the
probe to withstand the extreme cold of space (about —200°C)
and the intense heat of atmospheric entry (a maximum tem-
perature of more than 1,500°C is estimated). Titan is the only
moon in the solar system with a sensible atmosphere.
Parachutes further slowed the descent of the probe, allowing
Huygens to conduct an intensive program of scientific obser-
vations all the way down to Titan’s surface. (See figure.)
When the probe’s speed had moderated to about 1,400 kilo-
meters per hour, its cover was pulled off by a drogue (pilot)
parachute. An 8.3-meter-diameter main parachute then
deployed to ensure a slow and stable descent. To limit the
duration of the descent to a maximum of 2.5 hours, the main
parachute was jettisoned 900 seconds after the probe entered
the top of the atmosphere. A smaller, 3-meter diameter
parachute was then deployed to support the probe for the
remainder of the descent.

During the first part of the probe’s descent, instruments
onboard Huygens were controlled by a timer. For the final 10
to 20 kilometers of descent, a radar altimeter onboard the
probe controlled its scientific instruments on the basis of alti-
tude. Throughout the descent the probe’s atmospheric struc-
ture instrument measured the physical properties of Titan’s
atmosphere. The gas chromatograph and mass spectrometer
determined the chemical composition of the moon’s atmo-
sphere as a function of altitude. The aerosol collector and
pyrolyzer instrument captured aerosol particles and heated
them, sending the resulting vapor to the chromatograph for
analysis.

The probe’s descent imager and spectral radiometer
instrument took pictures of cloud formations and of Titan’s
surface. This instrument also measured the visibility within
Titan’s atmosphere. As the surface loomed closer, the instru-
ment switched on a bright lamp and measured the spectral
reflectance of the surface. Throughout the probe’s descent,
the motion-induced Doppler shift of the probe’s radio signal
was measured by the sensitive Doppler wind experiment
onboard the Cassini mother spacecraft. As the descending
probe was shifted about by winds, the frequency of its radio
signal changed slightly due to the phenomenon in physics
known as Doppler shift. Scientists will use these small
changes in frequency to deduce the wind speed experienced
by the probe.

As Huygens neared impact its surface science package
activated a number of sensors to measure surface properties.
The probe impacted the surface of Titan at about 25 kilome-
ters per hour. The major uncertainty was whether its landing
would be a thud or a splash. If Huygens landed in some type
of cold liquid, these instruments would measure the property
of that liquid, while the probe floated for a few minutes. For
example, if the Huygens probe landed in liquid ethane, it
would not be able to return data for very long because the
extremely low temperature of this liquid (about —-180°C)



would prevent its chemical batteries from operating. Further-
more, if liquid ethane permeated the probe’s science instru-
ment package, the radio would be badly tuned and probably
not operate. Assuming, however, that Huygens successfully
landed on a relatively soft, solid surface or else managed to
“float well,” the probe still could send back data from Titan’s
surface for only a maximum of about 30 minutes. At that
point, electrical power from the probe’s chemical battery was
expected to run out. In addition, the line-of-sight geometry
needed for radio contact with the orbiting mother spacecraft
ended as the Cassini orbiter disappeared over the horizon.

Upon arrival at Saturn and the successful orbit insert
burn (July 2004), the Cassini spacecraft began its extended
tour of the Saturn system. This orbital tour involves at least
76 orbits around Saturn, including 52 close encounters with
seven of Saturn’s known moons. The Cassini spacecraft’s
orbits around Saturn are being shaped by gravity-assist flybys
of Titan. Close flybys of Titan also permit high-resolution
mapping of the intriguing, cloud-shrouded moon’s surface.
The Cassini orbiter spacecraft carries an instrument called the
Titan imaging radar, which can see through the opaque haze
covering that moon to produce vivid topographic maps of the
surface.

The size of these orbits, their orientation relative to Sat-
urn and the Sun, and their inclination to Saturn’s equator are
dictated by various scientific requirements. These scientific
requirements include: imaging radar coverage of Titan’s sur-
face; flybys of selected icy moons, Saturn, or Titan; occulta-
tions of Saturn’s rings; and crossings of the ring plane.

The Cassini orbiter will make at least six close, targeted
flybys of selected icy moons of great scientific interest—
namely, lapetus, Enceladus, Dione, and Rhea. Images taken
with Cassini’s high-resolution telescopic cameras during these
flybys will show surface features equivalent in spatial resolu-
tion to the size of a major league baseball diamond. At least
two dozen more distant flybys (at altitudes of up to 100,000
kilometers) will also be made of the major moons of Saturn
other than Titan. The varying inclination of the Cassini
spacecraft’s orbits around Saturn will allow the spacecraft to
conduct studies of the planet’s polar regions as well as its
equatorial zone.

In addition to the Huygens probe, Titan will be the sub-
ject of close scientific investigations by the Cassini orbiter.
The spacecraft will execute 45 targeted, close flybys of Titan,
Saturn’s largest moon—some flybys as close as about 950
kilometers above the surface. Titan is the only Saturn moon
large enough to enable significant gravity-assist changes in
Cassini’s orbit. Accurate navigation and targeting of the point
at which the Cassini orbiter flies by Titan will be used to
shape the orbital tour. This mission planning approach is sim-
ilar to the way the Galileo spacecraft used its encounters of
Jupiter’s large moons (the Galilean satellites) to shape its very
successful scientific tour of the Jovian system.

As currently planned, the prime mission tour of the
Cassini spacecraft will end on June 30, 2008. This date is
four years after arrival at Saturn and 33 days after the last
Titan flyby, which will occur on May 28, 2008. The aim
point of the final flyby is being chosen (in advance) to posi-
tion Cassini for an additional Titan flyby on July 31, 2008,
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providing mission controllers the opportunity to proceed
with more flybys during an extended mission if resources
(such as the supply of attitude control propellant) allow.
Nothing in the present design of the orbital tour of the Saturn
system precludes an extended mission.

The Cassini spacecraft, which includes the orbiter and
the Huygens probe, is the largest and most complex inter-
planetary spacecraft ever built. The orbiter spacecraft alone
has a dry mass of 2,125 kg. When the 320-kg Huygens probe
and a launch vehicle adapter were attached and 3,130 kilo-
grams of attitude control and maneuvering propellants load-
ed, the assembled spacecraft acquired a total launch mass of
5,712 kg. At launch the fully assembled Cassini spacecraft
stood 6.7 meters high and 4 meters wide.

The Cassini mission involves a total of 18 science instru-
ments, six of which are contained in the wok-shaped Huy-
gens probe. This ESA-sponsored probe detached from the
main orbiter spacecraft after Cassini arrived at its destination
and then conducted its own investigations as it plunged into
the atmosphere of Titan. The probe’s science instruments
include: the aerosol collector pyrolyzer, descent imager and
spectral radiometer, Doppler wind experiment, gas chromato-
graph and mass spectrometer, atmospheric structure instru-
ment, and surface science package. The orbiter spacecraft’s
science instruments include: a composite infrared spectrome-
ter, imaging system, ultraviolet imaging spectrograph, visual
and infrared mapping spectrometer, imaging radar, radio sci-
ence, plasma spectrometer, cosmic dust analyzer, ion and neu-
tral mass spectrometer, magnetometer, magnetospheric
imaging instrument, and radio and plasma wave science.
Telemetry from the spacecraft’s communications antenna will
also be used to make observations of the atmospheres of
Titan and Saturn and to measure the gravity fields of the
planet and its satellites.

Electricity to operate the Cassini spacecraft’s instruments
and computers is being provided by three long-lived radioiso-
tope thermoelectric generators (RTGs). RTG power systems
are lightweight, compact, and highly reliable. With no mov-
ing parts, an RTG provides the spacecraft electric power by
directly converting the heat (thermal energy) released by the
natural decay of a radioisotope (here plutonium-238, which
decays by alpha particle emission) into electricity through
solid-state thermoelectric conversion devices. At launch (on
October 15, 1997), Cassini’s three RTGs were providing a
total of 885 watts of electrical power from 13,200 watts of
nuclear decay heat. By the end of the currently planned pri-
mary tour mission (June 30, 2008), the spacecraft’s electrical
power level will be approximately 633 watts. This power
level is more than sufficient to support an extended explo-
ration mission within the Saturn system should other space-
craft conditions and resources permit.

The Cassini mission (including Huygens probe and orbiter
spacecraft) is designed to perform a detailed scientific study of
Saturn, its rings, its magnetosphere, its icy satellites, and its
major moon Titan. Cassini’s scientific investigation of the plan-
et Saturn includes: cloud properties and atmospheric composi-
tion, winds and temperatures, internal structure and rotation,
the characteristics of the ionosphere, and the origin and evolu-
tion of the planet. Scientific investigation of the Saturn ring
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system includes: structure and composition, dynamic processes
within the rings, the interrelation of rings and satellites, and
the dust and micrometeoroid environment.

Saturn’s magnetosphere involves the enormous magnetic
bubble surrounding the planet that is generated by its internal
magnet. The magnetosphere also consists of the electrically
charged and neutral particles within this magnetic bubble.
Scientific investigation of Saturn’s magnetosphere includes: its
current configuration; particle composition, sources and
sinks; dynamic processes; its interaction with the solar wind,
satellites, and rings; and Titan’s interaction with both the
magnetosphere and the solar wind.

During the orbit tour phase of the mission (from July 1,
2004 to June 30, 2008), the Cassini orbiter spacecraft will
perform many flyby encounters of all the known icy moons
of Saturn. As a result of these numerous satellite flybys, the
spacecraft’s instruments will investigate: the characteristics
and geologic histories of the icy satellites, the mechanisms for
surface modification, surface composition and distribution,
bulk composition and internal structure, and interaction of
the satellites with Saturn’s magnetosphere.

The moons of Saturn are diverse—ranging from the
planetlike Titan to tiny, irregular objects only tens of kilome-
ters in diameter. Scientists currently believe that all of these
bodies (except for perhaps Phoebe) hold not only water ice
but also other chemical components, such as methane,
ammonia, and carbon dioxide. Before the advent of robotic
spacecraft in space exploration, scientists believed the moons
of the outer planets were relatively uninteresting and geologi-
cally dead. They assumed that (planetary) heat sources were
not sufficient to have melted the mantles of these moons
enough to provide a source of liquid, or even semiliquid, ice
or silicate slurries. The Voyager and Galileo spacecraft have
radically altered this view by revealing a wide range of geo-
logical processes on the moons of the outer planets. For
example, Saturn’s moon Enceladus may be feeding material
into the planet’s F ring, a circumstance that suggests the exis-
tence of current activity, such as geysers or volcanoes. Several
of Saturn’s medium-sized moons are large enough to have
undergone internal melting with subsequent differentiation
and resurfacing. The Cassini mission will greatly increase
knowledge about Saturn’s icy moons.

Two-way communication with the Cassini spacecraft
takes place through the large dish antennas of NASA’s Deep
Space Network (DSN). The spacecraft transmits and receives
signals in the microwave X-band using its own parabolic
high-gain antenna. The orbiter spacecraft’s high-gain antenna
is also used for radio and radar experiments and for receiving
signals from the Huygens probe as it plunged into Titan’s
atmosphere.

Because of the enormous distances involved (on average
Saturn is 1.43 billion kilometers away from Earth), real-time
control of the Cassini spacecraft is not feasible. For example,
when the spacecraft arrived at Saturn on July 1, 2004, the
one-way speed-of-light time from Saturn to Earth was 84
minutes. During the four-year orbital tour mission, the one-
way speed-of-light time from Saturn to Earth (and vice
versa) will range between 67 and 85 minutes, depending on
the relative position of the two planets in their journeys

around the Sun. To overcome this problem aerospace engi-
neers have included a great deal of machine intelligence
(using advanced computer hardware and software) to enable
the sophisticated robot spacecraft to function with minimal
human supervision.

For example, each of the Cassini spacecraft’s science
instruments is run by a microprocessor capable of controlling
the instrument and formatting/packaging (packetizing) data.
Ground controllers run the spacecraft at a distance by using a
combination of some centralized commands to control sys-
tem-level resources and some commands issued by the micro-
processors of the individual science instruments. Packets of
data are collected from each instrument on a schedule that
can vary in the orbit tour phase of the mission. These data
packets may be transmitted immediately to Earth or else
stored within Cassini’s onboard solid-state recorders for
transmission at a later time.

Because the Cassini spacecraft’s science instruments are
fixed, the entire spacecraft must be turned to point them. The
spacecraft is frequently reoriented either through the use of
its reaction wheels or by firing its set of small onboard
thrusters. Most of the science observations are being made
without real-time communications to Earth. However, the
science instruments have different pointing requirements.
These different requirements often conflict with each other
and with the need to point the spacecraft toward Earth to
transmit data home. Reprogrammable onboard software with
embedded hierarchies that determine “who and what goes
first” guides the onboard microprocessors and the space-
craft’s main computer/clock subsystem as they resolve
scheduling conflicts. Mission designers have also carefully
built into the design of the orbiter tour a sufficient number of
periods during which the spacecraft’s high-gain antenna
points toward Earth.

Mission controllers, engineering teams, and science
teams monitor telemetry from the Cassini spacecraft and look
for anomalies in real time. The flight systems operations team
retrieves engineering data to determine the health, safety, and
performance of the spacecraft. Members of this team also
process the tracking data to determine and predict the space-
craft’s trajectory. Data from Cassini is normally received by
the Deep Space Network with one tracking pass by one
antenna per day, with occasional extra coverage for special
radio science experiments.

The Cassini program is an international cooperative
effort involving NASA, ESA, and the Italian Space Agency
(Agenzia Spaziale Italiana [ASI]), as well as several separate
European academic and industrial contributors. Through this
marvelous mission, some 260 scientists from 17 countries are
now gaining a greatly improved understanding of Saturn, its
stunning rings, its magnetosphere, Titan, and its other icy
moons.

See also GALILEO PROJECT/SPACECRAFT; SATURN; SPACE
NUCLEAR POWER; TITAN.

cataclysmic variable (CV) A binary star system that con-
sists of a white dwarf primary and a normal star companion.
Typically, the two stars orbit very close to each other and
often have a short orbital period ranging between 1 to 10



hours. Astronomers generally refer to the white dwarf star as
the primary star of the binary, while they call the normal star
the secondary or companion. In a cataclysmic variable, the
companion star, usually a normal star like our Sun, loses
material onto the nearby white dwarf through the process of
accretion. Since the white dwarf is very dense, it exerts an
enormous gravitational influence on its stellar companion. As
material leaves the outer regions of the companion star, it
becomes intensely heated as it swirls around the accretion
disk and spirals toward the surface of the white dwarf. This
very hot gas can emit radiation in the ultraviolet and X-ray
portions of the electromagnetic spectrum.

Astronomers classify CVs according to the properties of
the observed outbursts. The two major types of CVs are clas-
sical novae and dwarf novae. Classical novae erupt once, and
the amplitude of their outbursts is usually the largest
observed among the cataclysmic variables. Classical nova
outbursts occur when the companion’s hydrogen-rich materi-
al collects on the surface of the white dwarf and suddenly
undergoes thermonuclear fusion. Because a white dwarf is a
essentially dense, hot cinder (the glowing remnant of a sun-
like star), this cataclysmic nuclear burning occurs only in the
layer of hydrogen accreted onto its surface.

A dwarf nova outburst results from temporary increases
in the rate of accretion onto the surface of the nearby white
dwarf. Dwarf nova outbursts may be smaller in amplitude
and higher in frequency than classical novae. The first dwarf
nova discovered is called U Geminorum (U Gem), and its
behavior is typical of many other dwarf novae. The optical
brightness of U Gem increases 100-fold every 120 days or so
and then returns to the original level after a week or two.

Optical astronomers have also categorized several other
types of CVs. There are recurrent novae, systems with erup-
tive outbursts that fall in between the behaviors of classical
and dwarf novae. Then there are novalike systems, stars that
have visual light spectra similar to other types of CVs but
have not been observed erupting.

X-ray astronomers have observed that many CVs are
weak X-ray sources. This is not surprising, since matter
accreting from the companion can easily reach 100 million K
or so near the surface of the white dwarf. Orbiting X-ray
observatories have collected data that reveal the details of the
accretion process near the primary. In the majority of CVs
the flow of material from the companion to the primary pro-
ceeds by means of an accretion disk. This happens because
the material leaving the secondary has angular momentum
due to orbital motion in the binary system, and so accretion
cannot take place in a straight line. Rather, a disklike struc-
ture forms in the plane of the binary orbit. Friction within the
disk heats up the accreting material and forces this hot mate-
rial to gradually spiral down onto the surface of the white
dwarf. Astrophysicists speculate that the X-rays observed
from CVs come from the boundary layer of the white
dwarf—the region where the accretion disk hits the surface of
the white dwarf. The CVs that are the strongest X-ray emit-
ters appear to have a magnetic white dwarf as the primary.

cavitation The formation of bubbles (or cavities) in a fluid
that occurs whenever the static pressure at any point in the
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fluid becomes less than the fluid vapor pressure. In the flow
of a liquid the lowest pressure reached is the vapor pressure.
If the fluid velocity is further increased, the flow condition
changes and cavities are formed. The formation of these cavi-
ties (or vapor regions) alters the fluid flow path and therefore
the performance of hydraulic machinery and devices, such as
pumps. The collapse of these bubbles in downstream regions
of high pressure creates local pressure forces that may result
in pitting or deformation of any solid surface near the cavity
at the time of collapse. Cavitation effects are most noticeable
with high-speed hydraulic machinery, such as liquid-propel-
lant rocket engine turbopumps.

celestial Of or pertaining to the heavens.

celestial body Any aggregation of matter in space consti-
tuting a unit for astronomical study, such as the Sun, Moon,
a planet, comet, asteroid, star, nebula, and so on. Also called
a heavenly body.

celestial coordinates In general, a mathematically logical
and physically convenient system of coordinates for locating
an object on the celestial sphere. A particular celestial coor-
dinate system is usually characterized by the point chosen
for observation (the origin) and a reference plane used. For
example, geocentric coordinates use the center of Earth as
the origin, while heliocentric coordinates use the Sun as the
origin.

Geocentric equatorial coordinates use the celestial equa-
tor as a convenient reference plane. The equatorial coordi-
nate system is the most commonly used coordinate system in
astronomy. The coordinates commonly used in this system
are the right ascension (RA), which is roughly the equivalent
of longitude on Earth, and the declination (3), which is
roughly the equivalent of latitude on Earth. The ecliptic coor-
dinate system uses the ecliptic as the fundamental reference
plane. Within this system astronomers define celestial latitude
(B) as the angular distance of a celestial body from 0° to 90°
north (considered positive) or south (considered negative) of
the ecliptic and celestial longitude (A) as the angular distance
of a celestial body from 0° to 360° measured eastward along
the ecliptic to the intersection of the body’s circle of celestial
longitude. The vernal equinox is taken as 0°. Sometimes
astronomers call these coordinates ecliptic latitude and eclip-
tic longitude.

In a topocentric coordinate system astronomers use a
point on Earth’s surface as the origin. A horizontal coordi-
nate system represents one type of topocentric coordinate
system. The horizontal system typically specifies the angular
position of a celestial object relative to an observer’s horizon
at a given time. Often horizontal coordinates are expressed
in terms of altitude (angular distance above the horizon) and
azimuth (the clockwise bearing of an object from north).
When astronomers use a topocentric coordinate system to
locate objects in the solar system with high-precision mea-
surements, they experience a slight difference compared to
the values given by a geocentric coordinate system. Howev-
er, when describing the location of more distant objects,
such as a star and a galaxy, the subtle differences between
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the two types of geocentric coordinate systems are no longer
significant.

In a heliocentric coordinate system the center of the Sun
serves as the origin, and the ecliptic generally serves as the
reference plane. Astronomers often use heliocentric latitude
and heliocentric longitude to express the relative positions of
celestial objects within the solar system. Heliocentric latitude
(b) describes the angular position (0° to 90°) of an object
north (considered positive) or south (considered negative) of
the ecliptic when viewed from the center of the Sun. Helio-
centric longitude (l) describes the angular position (0° to
360°) measured clockwise around the ecliptic starting at the
vernal equinox.

Finally, astronomers develop galactic coordinates with
reference to the plane of the Milky Way galaxy—that is, they
describe the position of a celestial object in terms of its galac-
tic latitude and longitude with respect to the galactic equator.
Galactic latitude (b) gives the angular position (0° to 90°) of
a celestial object north (considered positive) or south (consid-
ered negative) of the galactic equator. The galactic equator is
the great circle on the celestial sphere that denotes the plane
of the Milky Way galaxy. The galactic longitude (/) provides a
measure of the angular position (0° to 360°) of a celestial
object when measured clockwise along the galactic equator,
starting from the point that marks the galactic center (or
nucleus) of our galaxy (as seen from Earth), which is some
26,000 light-years away in the constellation Sagittarius. In
1959 astronomers made an international agreement to pre-
cisely define the position of zero galactic longitude (as viewed
from Earth). However, recent astronomical observations sug-
gest that the actual center of the Milky Way galaxy resides a
few arc minutes away from the nominal position defined by
this agreement. Because of the orientation of our solar system
within the Milky Way, the galactic plane is inclined about 63°
to the celestial equator.

See also CELESTIAL EQUATOR; CELESTIAL SPHERE.

celestial equator Astronomers have found it very conve-
nient to define the celestial equator as the great circle
formed by the extension of Earth’s equator as it intersects
with the celestial sphere. The plane of the celestial equator
serves as the reference plane for measuring the right ascen-
sion (RA) and declination (8) in the equatorial coordinate
system.
See also CELESTIAL SPHERE.

celestial guidance The guidance of a missile or other
aerospace vehicle by reference to celestial bodies.
See also GUIDANCE SYSTEM.

celestial-inertial guidance The process of directing the
movements of an aerospace vehicle or spacecraft, especially
in the selection of a flight path, by an inertial guidance sys-
tem that also receives inputs from observations of celestial
bodies.

See also GUIDANCE SYSTEM.

celestial latitude (symbol: B) With respect to the celestial
sphere, the angular distance of a celestial body from 0° to 90°

north (considered positive) or south (considered negative) of
the ecliptic. Sometimes called ecliptic latitude.
See also CELESTIAL SPHERE.

celestial longitude (symbol: A) With respect to the
celestial sphere, the angular distance of a celestial body
from 0° to 360° measured eastward along the ecliptic to the
intersection of the body’s circle of celestial longitude. The
vernal equinox is taken as 0°. Sometimes called the ecliptic
longitude.

See also CELESTIAL SPHERE.

celestial mechanics The scientific study of the dynamic
relationships among the celestial bodies of the solar system.
Analyzes the relative motions of objects under the influence
of gravitational fields, such as the motion of a moon or artifi-
cial satellite in orbit around a planet.

See also KEPLERIAN ELEMENTS; KEPLER’S LAWS; ORBITS
OF OBJECTS IN SPACE.

celestial navigation The process of directing an aircraft,
aerospace vehicle, or spacecraft from one point to another by
reference to celestial bodies of known coordinates. Celestial
navigation usually refers to the process as accomplished by a
human operator. The same process accomplished automati-
cally by a machine usually is called celestial guidance.

See also GUIDANCE SYSTEM.

celestial sphere To create a consistent coordinate system
for the heavens, early astronomers developed the very useful
concept of a celestial sphere. It is an imaginary sphere of very
large radius with Earth as its center and on which all observ-
able celestial bodies are assumed projected. The rotational
axis of Earth intersects the north and south poles of the celes-
tial sphere. An extension of Earth’s equatorial plane cuts the
celestial sphere and forms a great circle, called the celestial
equator. Consequently, the celestial poles and celestial equa-
tor are analogs of the corresponding constructs on the surface
of Earth. Astronomers can specify the precise location of
objects on the celestial sphere by giving the celestial equiva-
lents of their latitudes and longitudes. For an observer on
Earth’s surface the point on the celestial sphere directly over-
head is the zenith. Astronomers call an imaginary arc passing
through the celestial poles and through the zenith the observ-
er’s meridian. The nadir is the direction opposite the zenith.
For an observer on Earth’s surface the nadir is the direction
straight down to the center of the planet.

In the very widely used equatorial coordinate system the
coordinates are the declination and the right ascension, and
the fundamental reference circle is the celestial equator. The
declination is the celestial sphere’s equivalent of latitude The
celestial equator has a declination of 0°, the north celestial
pole a declination of +90°, and the south celestial pole a
declination of —90°. Consequently, declination values expressed
in positive values of degrees extend from the celestial equator
to the north celestial pole, while declination values expressed
in negative values of degrees extend from the celestial equator
to the south celestial pole. Similiarly, the right ascension is
the celestial equivalent of terrestrial longitude. Astronomers



can express right ascension in degrees, but more commonly
they prefer to specifiy it in hours, minutes, and seconds. They
do this because as Earth rotates, the sky appears to turn 360°
in 24 hours, and that corresponds to 15° per hour. As a
result, an hour of right ascension is 15° of sky rotation.

Another important feature intersecting the celestial
sphere is the ecliptic plane. When astronomers use the ecliptic
coordinate system, they can plot the direction to any star or
other celestial body in two dimensions on the inside of this
large imaginary sphere by using celestial latitude and celestial
longitude.

See also CELESTIAL COORDINATES.

Celsius, Anders (1701-1744) Swedish Astronomer Anders
Celsius published a detailed account of the aurora borealis
(northern lights) in 1733 and was the first scientist to associate
the aurora with Earth’s magnetic field. In 1742 he introduced a
temperature scale (the CELSIUS TEMPERATURE SCALE) that is still
widely used today. He initially selected 100° on this scale as the
freezing point of water and 0° as the boiling point of water.
However, after discussions with his colleagues, he soon reversed
the order of these reference point temperatures.

Celsius temperature scale The widely used relative tem-
perature scale, originally developed by ANDERS CELSIUS, in
which the range between two reference points (ice at 0° and
boiling water at 100°) is divided into 100 equal units or
degrees.

See also ABSOLUTE TEMPERATURE.

Centaur (rocket) A powerful and versatile upper-stage
rocket originally developed by the United States in the 1950s
for use with the Atlas launch vehicle. Engineered by KRAFFT
EHRICKE, it was the first American rocket to use liquid
hydrogen as its propellant. Centaur has supported many
important military and scientific missions, including the
Cassini mission to Saturn (launched October 15, 1997).

Centaurs A group of unusual celestial objects residing in
the outer solar system. These objects exhibit a dual aster-
oid/comet nature. Named after the centaurs in Greek
mythology, who were half-human and half-horse beings.
CHIRON is an example.

center of gravity For a rigid body, that point about which
the resultant of the gravitational torques of all the particles of
the body is zero. If the mass of a rigid body can be considered
as concentrated at a central point, called the CENTER OF
MASS, then the “weight” of this body (i.e., its response to a
gravitational field) also may be considered concentrated at
this point, such that the center of mass is also the center of
gravity.

center of mass That point in a given body, or in a system
of two or more bodies acting together in respect to another
body (for example, the Earth-Moon system orbiting around
the Sun), which represents the mean position of matter in the
bodies or system of bodies. For a body (or system of bodies)
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in a uniform gravitational field, the center of mass coincides
with the CENTER OF GRAVITY.
See also BARYCENTER.

centi- (symbol: ¢) The prefix in the SI unit system that
denotes one hundredth (1/100).

central force A force that for the purposes of computation
can be considered to be concentrated at one central point
with its intensity at any other point being a function of the
distance from the central point. For example, gravitation is
considered a central force in celestial mechanics.

central processing unit (CPU) The computational and
control unit of a computer—the device that functions as the
“brain” of a computer system. The CPU interprets and exe-
cutes instructions and transfers information within the com-
puter. Microprocessors, which have made possible the
personal computer “revolution,” contain single-chip CPUs,
while the CPUs in large mainframe computers and many
early minicomputers contain numerous circuit boards each
packed full of integrated circuits.

Centre National d’Etudes Spatiales (CNES) The public
body responsible for all aspects of French space activity
including launch vehicles and spacecraft. CNES has four main
centers: Headquarters (Paris), the Launch Division at Evry, the
Toulouse Space Center, and the Guiana Space Center (launch
site) at Kourou, French Guiana, in South America.

See also ARIANE; EUROPEAN SPACE AGENCY.

centrifugal force A reaction force that is directed opposite
to a CENTRIPETAL FORCE, such that it points out along the
radius of curvature away from the center of curvature.

centripetal force The central (inward-acting) force on a
body that causes it to move in a curved (circular) path. Con-
sider a person carefully whirling a stone secured by a strong
(but lightweight) string in a circular path at a constant speed.
The string exerts a radial “tug” on the stone, which “tug”
physicists call the centripetal force. Now as the stone keeps
moving in a circle at constant speed, the stone also exerts a
reaction force on the string, which is called the CENTRIFUGAL
FORCE. It is equal in magnitude but opposite in direction to
the centripetal force exerted by the string on the stone.

Cepheid variable A type of very bright, supergiant star
that exhibits a regular pattern of changing its brightness as a
function of time (typically over periods that range from 1 to
50 days). Between 1908 and 1912, while observing Cepheids
in the Small Magellanic Cloud, the American astronomer
HENRIETTA SWAN LEAVITT discovered the important period-
luminosity relationship. Since the period of this pulsation pat-
tern is directly related to the star’s intrinsic brightness,
astronomers can use Cepheid variables to determine astro-
nomical distances.

Cepheid variables oscillate between two states: compact
and expanded. In one state the star is compact, and large pres-
sure and temperature gradients build up in the star’s interior.
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These large internal pressures then cause the star to expand.
When the Cepheid variable reaches its expanded state, the star
has a much weaker pressure gradient. Without this pressure
gradient to support it against the inward pull of gravity, the
star contracts and then compresses to the compact state.

The name of this interesting group of stars comes from
the star Delta Cephei, the first recognized member of this
class. The more luminous the Cepheid variable, the longer it
takes to complete its cycle. This important period-luminosity
relationship allows astronomers to use the Cepheid variables
as indicators, or standard candles, of the distances to galaxies
beyond the Milky Way. Astronomers use the term standard
candle to describe a star that is very bright (so that it can be
observed at great distances) and has a known luminosity.

Astronomers divide Cepheid variables into two general
categories: classical Cepheids and W Virginis stars. Classical
Cepheids are the brighter of the two categories. They are
young massive (Population I) stars located in the spiral arms
of galaxies. W Virginis stars, or type II Cepheids, are older,
less massive (Population II) stars found in either the central
region (nucleus) or halo of a galaxy.

Ceres The first and largest asteroid to be found. It was dis-
covered on January 1, 1801, by the Italian astronomer
GIUSEPPE P1aZzI1. Ceres is about 940 km in diameter and has a
mass of approximately 8.7 x 1020 kg. This asteroid has a densi-
ty of 2.0 g/cm3 (2,000 kg/m3), an acceleration of gravity (on its
surface) of 0.26 m/s2, and an escape velocity of 0.5 km/s. Ceres
has an orbital period of 4.60 years (1,680 days), an inclination
of 10.6°, and an eccentricity of 0.079. The large asteroid orbits
the Sun at an average distance of 414 million km (2.77 AU),
with a periapsis of 381 million km (2.55 AU) and an apoapsis
of 447 million km (2.98 AU). Ceres has a rotation period of 9.1
hours and an estimated mean surface temperature of —105°C. It
has a low albedo (0.10) and cannot be observed with the naked
eye. Since Ceres has a reflectance spectrum that suggests its
composition is similar to carbonaceous chondrite meteorites,
astronomers classify it as a G-type asteroid, which is a subdivi-
sion of the C-type (carbonaceous) asteroids that is distinguished
spectroscopically by virtue of differences in the absorption of
ultraviolet radiation. Also called Ceres-1.
See also ASTEROID.

Cernan, Eugene A. (1934- ) American Astronaut, U.S.
Navy Officer Eugene Cernan was the lunar module pilot on
NASA’s Apollo 10 mission (May 16-26, 1969) that circum-
navigated the Moon. He then went back to the Moon as the
spacecraft commander for the Apollo 17 lunar landing mis-
sion (December 6-19, 1972). As part of the Apollo 17 mis-
sion he became the last human being to walk on the lunar
surface in the 20th century.
See also APOLLO PROJECT.

Cerro Tololo Inter-American Observatory (CTIO) An
astronomical observatory at an altitude of about 2.2-km on
Cerro Tololo mountain in the Chilean Andes near La Serena.
The main instrument is a 4-m reflecting telescope, and the
observatory is operated by the Association of Universities for
Research in Astronomy (AURA).

Chaffee, Roger B. (1935-1967) American Astronaut, U.S.
Navy Officer Roger B. Chaffee was assigned to the crew of
NASA’s first crewed Apollo Project flight (called Apollo 1).
Unfortunately, he and his crewmates (VIRGIL “GUs” GRISSOM
and EDWARD H. WHITE, II) died on January 27, 1967, in a
tragic launch pad accident at Cape Canaveral when an oxy-
gen-fed flash fire swept through the interior of their Apollo
space capsule. This fatal accident took place as the astronauts
were performing a full-scale launch simulation test, and they
could not escape from the inferno that raged within their
spacecraft and consumed its interior.

chain reaction A reaction that stimulates its own repeti-
tion. In nuclear physics a fission chain reaction starts when a
fissile nucleus (such as uranium-235 or plutonium-239)
absorbs a neutron and splits, or “fissions,” releasing addi-
tional neutrons. A fission chain reaction is self-sustaining
when the number of neutrons released in a given time equals
or exceeds the number of neutrons lost by escape from the
system or by nonfission (parasitic) capture.
See also FISSION (NUCLEAR).

Challenger accident The space shuttle Challenger lifted
off Pad B, Complex 39, at the Kennedy Space Center (KSC)
in Florida at 11:38 A.M. on January 28, 1986, on shuttle
mission STS 51-L. At just under 74 seconds into the flight an
explosion occurred, causing the loss of the vehicle and its
entire crew, consisting of astronauts FRANCIS R. (DIcK)
SCOBEE (commander), MICHAEL JOHN SMITH (pilot), ELLI-
SON S. ONIZUKA (mission specialist one), JUDITH ARLENE
RESNIK (mission specialist two), RONALD ERWIN MCNAIR
(mission specialist three), S. CHRISTA MCAULIFFE (payload
specialist one), and GREGORY BRUCE JARVIS (payload spe-
cialist two). (See figure.) Christa McAuliffe was a
schoolteacher from New Hampshire who was flying
onboard the Challenger as part of NASA’s Teacher-in-Space
program, and Gregory Jarvis was an engineer representing
the Hughes Aircraft Company. The other five were members
of NASA’s astronaut corps.

In response to this tragic event, President Ronald Reagan
appointed an independent commission, the Presidential Com-
mission on the Space Shuttle Challenger Accident. The com-
mission was composed of people not connected with the STS
51-L mission and was charged to investigate the accident
fully and to report their findings and recommendations back
to the president.

The consensus of the presidential commission and partic-
ipating investigative agencies was that the loss of the space
shuttle Challenger and its crew was caused by a failure in the
joint between the two lower segments of the right solid rock-
et booster (SRB) motor. The specific failure was the destruc-
tion of the seals (O-rings) that were intended to prevent hot
gases from leaking through the joint during the propellant
burn of the SRB. The commission further suggested that this
joint failure was due to a faulty design that was unacceptably
sensitive to a number of factors. These factors included the
effects of temperature, physical dimensions, the character of
materials, the effects of reusability, processing, and the reac-
tion of the joint to dynamic loading.
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Challenger accident

The crew members of the ill-fated STS 51-L mission (left to right): payload specialist Christa McAuliffe, payload specialist Gregory Jarvis, mission
specialist Judith Resnik, commander Francis R. Scobee, mission specialist Ronald E. McNair, pilot Michael J. Smith, and mission specialist Ellison
Onizuka (Courtesy of NASA)

Hazards of Space Travel

Current experience with human performance in space is mostly for
individuals operating in low-Earth orbit (LEO). However, the estab-
lishment of permanent lunar bases, three-year duration and longer
expeditions to Mars, and the construction of large space settle-
ments will require extensive human activities in space beyond the
protection offered travelers in LEQ by Earth’s magnetosphere. The
maximum continuous time spent by any single human being in
space is now just several hundred days, and the people who have
experienced extended periods of space travel generally represent
a small number of highly trained and highly motivated individuals.

Expeditions to the International Space Station (ISS) are
intended to expand human spaceflight experience, but the Space
Shuttle Columbia accident (February 2003) has caused a significant
curtailment in the crew size, crew rotation, and scientific and bio-
physical experiment schedules.

The available technical database, although limited to essentially
low-Earth-orbit spaceflight, now suggests that with suitable protec-
tion people can live and work in space safely for extended periods of

time and then enjoy good health after returning to Earth. Data from the
three crewed Skylab missions, numerous long-duration Mir space
station missions, and the first 10 expeditions to the ISS are especially
pertinent to answering the important question of whether people (in
small, isolated groups) can live and work together effectively in space
for more than a year in a confined and relatively isolated habitat.
Human factor data collected from international crew performance
during extended ISS expeditions will provide a modest inkling of how
best to prepare the human beings for one-year or more remote duty in
establishing a lunar surface base or three-year or more remote duty
on the first human expedition to Mars.

One recurring issue is the overall hazard of space travel.
Three major accidents in the American space program, the Apollo
7 mission fire (January 27, 1967), the Challenger accident (January
28, 1986), and the Columbia accident (February 1, 2003) have
impressed on the national consciousness that space travel is and
will remain for a significant time into the future a hazardous under-
taking. Some of the major cause and effect factors related to

(continues)
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space traveler health and safety are shown below. Many of these
factors require “scaling up” from current medical, safety, and
occupational analyses to achieve the space technologies neces-
sary to accommodate large groups of space travelers and perma-
nent inhabitants. Some of these health and safety issues include:
preventing launch-abort, spaceflight and space-based assembly
and construction accidents; preventing failures of life-support sys-
tems; protecting space vehicles and habitats from collisions with
space debris and meteoroids; protecting the crew from the ioniz-
ing radiation hazards encountered in outer space; and providing
habitats and good-quality living conditions that minimize psycho-
logical stress. The hiomedical effects of the substantial accelera-
tion and deceleration forces when leaving and returning to Earth,
living and working in a weightless (microgravity) environment for
long periods of time, and chronic exposure to space radiation are
three main factors that must be dealt with if people are to live in
cislunar space (space between Earth and the Moon) and eventual-
ly populate heliocentric space.

Astronauts and cosmonauts have adapted to microgravity
conditions for extended periods of time in space and have experi-
enced maximum acceleration forces up to an equivalent of six
times Earth’s gravity (that is, 6 g). No acute operational problems,
permanent physiological deficits, or adverse health effects on the
cardiovascular or musculoskeletal systems have been observed
from these experiences. However, short-term physical difficulties,
such as space adaptation syndrome, or “space sickness,” as well
as occasional psychological problems (such as feelings of isolation
and stress) and varying postflight recovery periods after long-dura-
tion missions have been encountered.

Scheduled to be phased out by the year 2010, the United States
Space Transportation System, or space shuttle, can be thought of as
the forerunner of more advanced “space traveler” launch vehicles.
The shuttle was designed to limit acceleration/deceleration loads to
a maximum of 3 g, thereby opening space travel to a larger number of
individuals.

As previously mentioned, some physiological deviations have
been observed in American astronauts and Russian cosmonauts
during and following extended space missions, including Skylab,
Mir, and the ISS. Most of these observed effects appear to be relat-
ed to the adaption to microgravity conditions, with the affected
physiological parameters returning to normal ranges either during
the missions or shortly thereafter. No apparent persistent adverse
consequences have been observed or reported to date. Neverthe-
less, some of these deviations could become chronic and might
have important health consequences if they were to be experienced
during extended missions in space, such as an approximately three-
year expedition to Mars, repeated long-term tours in a space
assembly facility at Lagrangian point four or five in cislunar space,
or at a permanent lunar surface base with its significantly reduced
(1/6th-g) gravitational environment. The physiological deviations
experienced by space travelers due to microgravity (weightless-
ness) have usually returned to normal within a few days or weeks
after return to Earth. However, bone calcium loss appears to require
an extended period of recovery after a long-duration space mission.

Strategies are now being developed to overcome these physio-
logical effects of weightlessness. An exercise regimen can be
applied, and body fluid shifts can be limited by applying lower-body
negative pressure. Anti-motion sickness medication is also useful for
preventing temporary motion sickness or “space sickness.” Proper
nutrition, with mineral supplements and regular exercise, also
appear to limit other observed effects. One way around this problem
in the long term, of course, is to provide acceptable levels of “artifi-
cial” gravity in 