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Can light beams catch a gravity wave?

Explaining the clumpy structure of the universe.

Spider silks: nature’s high-tech fibers.
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Tiny pipette isolates a pore-forming protein that
allows signals to pass through cell membranes.
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WE CAN'T PROVET
ARE BETTER DRIVERS,
MAYBE THER

Ask the owners of one of
the current crop of new lux-
ury automobiles why he or
she bought the car he orshe
bought, and you'll no doubt
get a variety of answers.

Somewill probably cite the
image and prestige of the
automaker. Others may wax |
poetic about the car’s quiet
operation and fine craftsman-
ship. Still others may offer up
the concept that acaris just
a caris just a car, so why not
buy the one that costs less?

o \

While these are all sound
reasons for buying a home
appliance, BMW believes that
acaris not just a car and
a car with a premium ptice
should do more than simply
improve the drivers image.

It should improve nothing
less than the drivers ability.

Our owners seem to agree.

© 1992 BMW of North America, Inc. The BMW trademark and logo are registered

& “You sit up high in a BMW, there’s glass all around. It's easy to
see,you've got lots of visibility to take in what's going on around
you. | like that” Don Orman, Owner 1969 BMW 2000A

& “When | took the car for a test drive, | knew the
difference. | could feel it in the steering wheel...we
were one’ Dr. Jim Dacey, Owner 1980 BMW 320i

“The BMW brakes, accel-
erates and handles so well, it
will correct your mistakes
much quicker than a lot of
other vehicles. Victor Bruno,
owner BMW 850i Coupe.

And when you con-
sider that from the be-
ginning BMWhaslooked
*¥ upon the driver as an
B integral, fully function-
ing part of the car itself,
the human part of the
equation which com-
pletes the car's mechan-
ical system, it becomes
clear rather quickly why a
BMW owner confronted with

the same question of why

® “The car gives
you a fair under- ==
standing of where

it's at, at all times.
It constantly gives
you feedback
through the steer-
ing wheel and
other controls. Its
very predictable’
Jeff Parks,

Owner 1988
BMW M6
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2 this car versus that car would

| like putting on a leather glove.

3 of myself.” Howard Rogers,

"« tions are made not

say,“Whenlget intothe car it's

| become united with the car
and it becomes an extension

owner 1991 BMW Mb.

Improving the driver’s abil-
ity means that every BMW de-
sign begins not with a clean
sheet of paper, but instead,
with the driver,

Research conducted at
the University of Freiburg, for

& “The car feels strong. It handles well. It doesn't
slip and slide. It's easy to drive. It's enjoyable to
drive!’ Monica Dragul, Owner 1987 BMW 325ES

example, gives dramatic im-
portance to the kind of steer-
ing response that should be
designed into your car.

This research con-
cludes that typical
emergency correc-

with a conscious
thought but by auto-
matic,subconscious




HAT BMW OWNERS
BUT IF THEY BELIEVE IT,

E'SAREASON.

reflexes. And therefore that
the single most meaningful
source of information for the
driver conceming the behav-

& "“In a BMW you drive the car It

Victor Bruno, Owner 1991 BMW 73:5:/8%8);
ior of his automobile, and the
condition of the road surface
is not, as generally supposed,
his eyes, but rather, his steer-
ing wheel.

So rather than deprive the
driver of road feel —as do
the “dead” steering systems
found in many of today’s

® “Nomatter how
good a driver you
are, it's hard to be
100% focused on
driving all of the
time...havinga
car that can react &
whenyou demand &
itis critical in the
traffic | drive in”
Melissa Hilton-
Silver, Owner
1992 BMW 325i

passive, auto-piloted luxury
sedans — BMWSs are de-
signed with a positive offset
steering geometry to better
connectthe driver to the func-
tioning parts of the suspen-

{rive you

sion system through the steer-
ing wheel itself.

Thus providing him with
all of the information needed
to react instantly and confi-
dently whenever the occasion
happens to arise.

In other words, “The car is
so connected to you that it
barely needs any stimulus be-
yond your own
thoughts to re-
spond in the cor-
rect manner. That
leaves more of
your Conscious
energy available
to apply to other
areas of safety when you're
driving” Jeff Parks, owner
1988 BMW M6.

Inside a BMW, any BMW,
you'll findadriving
compartment
designed with the
understanding
that the driver is
more than merely
human luggage.

Driver physiology and the
critical interrelationship be-
tween steering wheel angle,
seat location, visual position,
pedal direction and pedal

THE ULTIMATE DRIVING MACHINE. *
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pressure have all been studied
for thousands of hours by de-
signers, engineers, and medi-
cal doctorsto optimize control
under all driving conditions,
while atthe sametime, greatly
reducing fatigue.

Fulfiling what may very
well be the most obvious way
to improve a drivers ability.

4 ‘Thesecars
have a remark-
able ability to
make the driver
feel that the car
Is almost human.
The car works
withyou....lt
practically talks
to you through
the suspension”’
Howard Rogers,
Owner

1991 BMW M5

Keeping the driver awake.

To receive literature, or for
the location of the authorized
BMW dealer nearest you, call
800-334-4BMW.

We also invite you in for a
thorough test drive. It will give
you an opportunity to discov-
er what BMW owners mean
when they say things like, “It
just feels different” Or “It
spoils you for driving any other
car” And of course, our own
personal favorite,“It
reallyis the ultimate &%
driving machine’




For the growth of your business, the prosperity of power we are putting into your hands when we design
your business, there is no more powerful tool than that network for you.
the telecommunications network. For one of the nation’s leading retailers, we are now

And at GTE, there is nothing vague about the implementing one of the largest satellite-based private

THE POWER OF A NETWORK DESIGNED
FOR YOUR BUSINESS ALONE.
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data and video communications networks in the world.
A network built around the advanced technology of GTE
Spacenet. A network like no other because it was created

to power the success strategies of that company alone.

=

The power of a personalized telecommunications
network. It is an unmistakable advantage.
We've given it to others. And we can give it to you.
Because at GTE. the power is on.

-~ —

- -

THE POWER IS ON N
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Building a Market Economy in Poland
Jeffrey Sachs

Disgruntled residents of the former Soviet Union, who were greeted on the new

year by astonishing prices and virtually bare shelves, may take some comfort from
the example of Poland. When similar economic shock therapy was administered in
1990, prices and unemployment also soared. That economy is imperiled by unpri-
vatized industry, but affordable goods are available: entrepreneurs are flourishing.

The Patch Clamp Technique

Erwin Neher and Bert Sakmann

Over the past 15 years researchers have learned an immense amount about the
transmission of electrical and chemical signals by neurons and other cells. They
owe their success to a simple technique that won the authors a 1991 Nobel
Prize. By isolating a tiny section of membrane on a living cell, scientists can ma-
nipulate the pore-forming proteins that permit ions to enter or leave cells.

Textures and Cosmic Structure
David N. Spergel and Neil G. Turok

A bugbear of the big bang theory is that it fails to explain how the matter in the
initially smooth universe clumped into vast sheets and bubbles of galaxies. Cos-
mologists have proposed numerous theories, from inflation to cosmic strings.
The latest explanation to be offered, called textures, builds on the theories of
particle physics to derive testable predictions of cosmic structure.

Why Aromatic Compounds Are Stable

Jun-ichi Aihara

The closed-carbon rings of the aromatic compounds are built to endure. They are
found in soot and meteorites and have been identified among the gases of distant
nebulae. In industrial chemistry, aromatics are essential as solvents and as
reagents for dyes and resins. Chemists have only recently understood their incred-
ible stability by drawing on quantum mechanics and topology.

Spider Webs and Silks
Fritz Vollrath

Spider webs are marvels of engineering. The silks from which they are spun are
highly variable materials whose properties are adapted to the design of these gos-
samer tension structures. The elaborate orb webs of the common garden cross
spider, the heroine of E. B. White’s Charlotte’s Web, achieve remarkable effective-
ness by turning to advantage an inherent weakness of silk—its softness when wet.
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Infrared Video Cameras

Jerry Silverman, Jonathan M. Mooney and Freeman D. Shepherd

The difference between images that capture light and those made from thermal ra-
diation is like that between night and day. But there is more to infrared imaging
than seeing in the dark. Video cameras based on silicon heat detectors can pene-
trate foul weather, monitor industrial processes and observe distant galaxies.

The Gundestrup Cauldron

Timothy Taylor

Who created this ancient silver cauldron embellished with elephants and deities?
Scholars have sought the answer since it was dug from a Danish peat bog a centu-
ry ago. The author believes the cauldron was made in southeastern Europe by
silversmiths of a transcultural caste whose ritual traditions can be traced to Asia.

TRENDS IN ASTROPHYSICS
Catching the Wave

Russell Ruthen, staff writer

The gravitational waves that ripple the fabric of space have never been
conclusively observed. A team of U.S. scientists hopes by the end of the decade
to be the first to build a device that will detect these extremely weak undula-
tions. If they succeed, their unique telescope may also illuminate black holes and
detect unknown cosmic structures invisible in the electromagnetic spectrum.

DEPARTMENTS

Science and the Citizen

Making medicine reflect the differ-
ences between women and minori-
ties.... Probing the ozone hole....
The lingering toll of Bhopal.... Can-
nibalism and kin selection.... Planets
and pulsars.... PROFILE: Murray Gell-
Mann, the coiner of quarks.

Science and Business

Enlightened silicon.... Is Quayle’s
Competitiveness Council out of
bounds?... Less friction on airplane
wings.... Bugs are besting an unbeat-
able pesticide.... THE ANALYTICAL
ECONOMIST: No peace dividend for
the former Soviet Union.
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Letters to the Editors
Scientifical jargon.... On the
(bucky)ball..... Behaviorism lives.

50 and 100 Years Ago
1942: Proof that brain weight
parallels intelligence.

The Amateur Scientist

Viewing the world in a new light
with heat-sensing liquid crystals.

Book Reviews
Biological bystanders.... Con-
sciousness comprehended.

Essay: Kenneth H. Mayer and
Chatrles C. J. Carpenter
Don’t ignore women with AIDS.
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microphone input (PowerBook 140/170 only) — Speaker/headphone jack
SCS1 port for up to 6 external external data/fax modem
peripherals port (140/170 only)
%=
T internal data/fax modem 1D port for priniter/network port
4 (standard on PowerBook 170 only)  miose or keypad
-
!
.

The PowerBook 100 The PowerBook 140 outperforms con
outperforms comparably configured  rably configured 16MHz and 20ME
286 PCs running Windows 3.0.* 386sx PCs running Windows 3.0.**

The Applelalk’ Remote Access software
(included) gives you access to your Macintosh
personal computer via phone line- so you
can use all your files or e-mail, or an entire
AppleTalk network, from wherever you are.

WordPerfect

A trackball and palm rests make the PowerBook
extraordinarily comfortable for both left- and

right-handed people to use.
PowerBook offers a new level of compatibility - its built-
in Apple SuperDrive” disk drive reads from and writes to
Macintosh and MS-DOS formatted disks. Add SoftPC and
you can run MS-DOS programs, too. (You can even run
MS-DOS and Macintosh programs at the same time.)
PowerBook  Weight ~ Memory Hard Disk  SuperDrive  Processor Internal Modem
100 51l 2MB 20MB Optional ext. 16 MHz 68000  Optional
140 6.81b.  2/4MB  20/40MB  Internal 16 MHz 68030 Optional
170 68l  4MB 40MB Internal 25 MHz 68030/ Standard
068882 coprocessor

All PowerBook models expandable to 8MB RAM.

For the name of your nearest authorized Apple reseller. call 800-446-3000, ext. 700. *1o run MS-DOS. all you need is a program called SoftPC and an
are based on a 1991 research study co 1 by Ingram Laboratories that tested a variely of personal computers running applications ¢
registered trademarks. and PowerBook and SuperDrive are trademarks of Apple Computer. Inc. MS-DOS is a registered trademark and Windouws is a tr
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THE COVER painting depicts the patch
clamp technique, in which a microscopical-
ly thin glass tube traps proteins embedded
in a living cell’s membrane. Researchers
long suspected that porelike proteins regu-
lating the flow of ions participated in the
generation of nerve impulses and the con-
trol of secretion and other processes. Only
since the advent of the patch clamp tech-
nique has it been possible to analyze the
function of individual ion channel mole-
cules (see “The Patch Clamp Technique,” by
Erwin Neher and Bert Sakmann, page 44).
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Cover painting by Tomo Narashima
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28 August—5 September 1992, Washington, D.C.

Preview Prime Real Estat
The World Space Gongre

The World Space Congress, the flagship event in the United States for International Space Year (ISY), offers an
unprecedented opportunity to preview the future of space science, engineering, and policy from a global perspective.
Never before has the world’s principal space leadership—industry, government, and academia—gathered in a single
setting to advance present and future initiatives in the spirit of Discovery, Exploration,
and Cooperation. 5

These nine historic days will foster a unique array of international venues in
featuring over 30 concurrent technical and scientific sessions, more than 3,000
papers, over 20 hours of panel presentations from the world’s most distinguished Y
science and space personalities, a major exhibition from every space-faring
nation, and a series of memorable special events.

We invite industry, government, and individual attendance, as well as exhibition registration. No event has ever
afforded such an all-encompassing forum for global space cooperation, information exchange, and marketing
outreach. For details, call the WSC Hotline at 202/646-7569, or write to World Space Congress, c/o AIAA,

The Aerospace Center, 370 L’Enfant Promenade, SW, Washington, D.C. 20024-2518, USA.
This event combines for the first time the 43rd Congress of the Intemational Astronautical Federation, the 35th Intemational Colloquium on the Law of Outer Space, and the 29th Plenary Meeting of the Committee on Space

Research, under the auspices of the National Aeronautics and Space Adminustration, the National Academy of Sciences, and organized and hosted by the American Institute of Aeronautics and Astronautics.
The United Nations views the World Space Congress as a strong encouragement for international cooperation in space science and applications for the betterment of humanity.
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MATHEMATICA IN ACTION
Stan Wagon

Stan Wagon guides the reader through
the spectrum of Mathematica functions
—exploring the program’s enormous
power, its tremendous graphics capabili-
ties, and its ability to create unprece-
dented insights into mathematical
materials—from standard computations
to the frontiers of mathematics.

419 pages, illus., $29.95 paper

(ISBN 2202)

$39.95 cloth (ISBN 2229)

Your price $31.99

FRACTALS, CHAOS,

POWER LAWS

Minutes from an Infinite Paradise
Manfred Schroeder

A distinguished physicist traces the
development of the concept of self-sim-
ilarity in mathematics and reveals the
fascinating implications for the nature
of physical reality. Schroeder explores
self-similar symmetries in physics,
chemistry, music, and the visual arts,
aided by more than 200 illustrations,
including 8 pages in full color.

432 pages, illus., $32.95 cloth

(ISBN 2136)

Your price $26.59

VISIONS OF SYMMETRY
Notebooks, Periodic Drawings, and
Related Work of M.C. Escher

Dorts Schattschneider

This beautiful volume presents M.C.
Escher’s theory of symmetry and the
interplay of art and science. The book
features the artist’s complete set of sym-
metry drawings—about 80 of which
have never before been published—
reproduced in full color. It also includes
the two notebooks in which Escher out-
lined his theory of symmetry.

354 pages, illus., $42.50 cloth

(ISBN 2126)

Your price $34.00

VISUALIZATION

The Second Computer Revolution
Richard Mark Friedhoff

Visualization is the first book to
describe in nontechnical language all
the technologies underlying the gener-
ation and manipulation of computer
images. An indispensable resource for
learning how phenomena are being
depicted today, Visualization also
reveals hdw the computer enhances
new kinds of thinking in the arts,
architecture, science, medicine, engi-
neering, and communications.

216 pages, illus., $25.95 paper

(ISBN 2231)

Save 20%
on clothbound
books from
W. H. Freeman
and Company

FRACTALS,

CHAOs

POWER LAWS

THE SHADOWS OF
CREATION

Dark Matter and the Structure

of the Universe

Michael Riordan and

David N. Schramm

Foreword by Stephen W. Hawking
The authors explore the mystery of
dark matter—the more than ninety
percent of the universe that is unseen
and unknown. Why do cosmologists
say this “‘missing mass’’ must exist?
What is it? What do recent discoveries
tell us about the birth and structure of
our universe? ‘‘Fascinating....””—Isaac
Asimov

278 pages, illus., $18.95 cloth

(ISBN 2157) Your price $15.59

Nore

THE HOUR OF

OUR DELIGHT

Cosmic Evolution, Order,

and Complexity

Hubert Reeves

One of France’s most distinguished
researchers examines the evolution of
our universe from both scientific and
philosophical perspectives. This
thoughtful analysis, a bestseller in
France, won the prestigious Prix Blaise
Pascal.

246 pages, illus., $17.95 cloth

(ISBN 2220)

Your price $14.59

SCHIZOPHRENIA GENESIS
The Origins of Madness

Irving 1. Gottesman

“For anyone who has ever had an
interest in understanding schizophre-
nia, [this] is the definitive source
book. It is a clearly written book that
is, nevertheless, so packed with infor-
mation about all aspects of schizo-
phrenia...that readers will find
themselves going back again and
again to absorb the full fare that
is offered””—L. Erlenmeyer-Kimling,
Columbia University

297 pages, illus., $14.95 paper

(ISBN 2147)

THE VANISHING MIND

A Practical Guide to Alzheimer’s
Disease and Other Dementias
Leonard L. Heston, M.D., and

June A. White

The authors provide a concise, author-
itative introduction to the dementias,
including Alzheimer’s disease. First
published under the title Dementia,
this greatly expanded version covers
the probable causes, characteristics,
and treatment of these debilitating dis-
eases to help the afflicted and their
families plan for proper care.

208 pages, illus., $13.95 paper

(ISBN 2192)

$22.95 cloth (ISBN 2131)

Your price $18.59
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MIND SIGHTS

Original Visual Illusions,
Ambiguities, and Other Anomalies,
with a Commentary on the Play of
Mind in Perception and Art

Roger N. Shepard

Shepard introduces us to his wonder-
fully original visual tricks as he dis-
cusses the origins of his scientific and
artistic work and reflects on the nature
of art, perception, and the mind. Mind
Sightsis an elegantintroduction to vis-
ual perception.

228 pages, illus., $14.95 paper

(ISBN 2133)

MIND-S8IGHTS

ROGER N. SHEPARD

Wb o o the P of Ml Mgt ind At

onlier:

Our Most Popular

Reference Books

MOLECULAR CELL BIOLOGY
Second Edition

James Darnell, Harvey Lodish, and
David Baltimore

Scientific American Books

1100 pages, $54.95 cloth

(ISBN 1981)

Your Price $43.99

CALCULUS

Harley Flanders

984 pages, $49.95 cloth
(ISBN 1643)

Your price $39.99

ECOLOGY

Third Edition

Robert E. Ricklefs

912 pages, illus., $44.95 cloth
(ISBN 2077)

Your price $35.99

THE FRACTAL GEOMETRY
OF NATURE

Benoit Mandelbrot

460 pages, illus., $39.95 cloth
(ISBN 1186)

Your price $31.99

ORNITHOLOGY

Frank B. Gill

680 pages, illus., $49.95 cloth
(ISBN 2065)

Your price $39.99

FUNDAMENTALS OF HUMAN
NEUROPSYCHOLOGY

Third Edition

Bryan Kolb and Ian Q. Whishaw
912 pages, illus., $41.95 cloth
(ISBN 1973)

Your price, $33.59

BIOCHEMISTRY

Third Edition

Lubert Stryer

1089 pages, illus., $54.95 cloth
(ISBN 1843)

Your price $43.99

For Your Video Library

FRACTALS

An Animated Discussion with Edward
Lorenz and Benoit B. Mandelbrot

H.-O. Peitgen, H. Jurgens, D. Saupe, and

C. Zahlten

This 63-minute video turns the Mandelbrot
set and the Lorenz attractor into visible
objects as their discoverers discuss the details
of their work. It also features new computer-
graphic illustrations of chaos and self-similar-
ity, as well as music composed according to
fractal principles.

63-minute VHS video $59.95 (ISBN 2213)
Your price $47.96

POWERS OF TEN

The Films of Charles and Ray Eames

This famous, award-winning film takes us on
a trip whose distance spans forty powers of
ten, out to the cosmic reaches of the universe
(10m) and back to the heart of the atom
(10-'ém). The cassette also includes ‘A Rough
Sketch for a Proposed Film Dealing with the
Powers of Ten,” a remarkable film in its own
right. Introduction by Gregory Peck.
21-minute VHS video $39.95 (ISBN 5029)
Your price $35.00

CAN YOU WIN?

The Real Odds for Casino Gambling,
Sports Betting, and Lotteries
Michael Orkin

Michael Orkin, statistician and expert
on games of chance, shows how to
calculate the real odds of winning
lotteries, casino games, and sports
bets in an entertaining and thorough
manner. ‘‘Required reading for anyone
interested in sports betting.”—
Michael ““Roxy” Roxborough, head
oddsmaker, Las Vegas

181 pages, illus., $11.95 paper

(ISBN 2155)

EXPLORING COMPLEXITY
An Introduction

Grégoire Nicolis and Ilya Prigogine
This provocative book chronicles
unexpected discoveries in nonequili-
brium physics that are changing our
understanding of complex phenom-
ena. It offers innovative views on non-
linear systems, complexity, and chaos
that might further challenge the laws
of science.

313 pages, illus., $24.95 cloth

(ISBN 1859)

Your price $19.99

THE EPICUREAN
LABORATORY

Exploring the Science of Cooking
Tina L. Seelig

The art of cooking is also a fascinating
science, whose principles explain why
gelatin works in a salmon mousse;
why bread rises; and why the tongue
burns from red peppers. Each culinary
principle discussed is followed by a
mouth-watering, kitchen-tested recipe
that demonstrates the chemistry

behind the dish. Includes 22 recipes.
163 pages, illus., $15.95 paper
(ISBN 2162)
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LETTERS TO THE EDITORS

Life Science, Old and New

Perhaps I was not the only reader to
observe with fascination the juxtaposi-
tion of “Antichaos and Adaptation,” by
Stuart Kauffman, and “Smart Genes,”
by Tim Beardsley [SCIENTIFIC AMERICAN,
August 1991]. Kauffman’s article was
the first of its kind I have ever seen.
It brought into focus for me that for
decades, microbiologists have been pre-
occupied with a bits-and-bytes view of
biological processes. I have seen little
evidence that they would acknowledge
the importance of the architectural ap-
proach Kauffman is pursuing.

Modern microbiology is an undeni-
able tour de force with all its genet-
ic engineering mechanics, but when it
comes to actual illumination of the life
process, much of its thinking misses
the point. Maybe Scientific American can
serve as an early crucible for bringing
the architectural and mechanical views
together.

RICHARD MELMON
Objective Software, Inc.
Palo Alto, Calif.

Jarring Jargon

In her October 1991 essay on “Quan-
tum English,” Anne Eisenberg fails to
mention one of the worst sources
of misuse of technical terms: scien-
tists themselves. I have yet to see def-
initions of such terms as modality,
methodology or dynamical that distin-
guish them in any significant way from
mode, method or dynamic, respective-
ly. These terms appear to be no more
than the pitiful efforts of some scien-
tists to sound more “scientifical.” More
pitiful yet is that these terms have be-
come almost universal instead of being
thrown on the linguistic trash heap
where they belong.

If Eisenberg really wants to illus-
trate how scientific terms have become
whimsical, she should turn to the nam-
ing of fruit fly mutations. Quarks and
fuzzy logic may be whimiscal, but nam-
ing fruit flies “tricky-dick,” “hedgehog,”
“shaven*baby” and “killer of prune” is
lunacy. (All these names come from
characteristics of the flies.)

K. A. BORISKIN
Bellingham, Mass.
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I'd like to offer organized science a
deal: I will stop using “quantum leap” if
you will stop using “forward” to denote
the prefatory remarks to your books
and papers. Much obliged.

GARETH PENN
San Rafael, Calif.

Trail of the Wolf

“Howls of Dismay,” by John Rennie
[“Science and the Citizen,” SCIENTIFIC
AMERICAN, October 1991], correctly in-
dicates that my studies of fossils ar-
gue against a hybrid origin for the red
wolf. An even better argument is pro-
vided by a large series of skulls collect-
ed in southeastern North America be-
tween about 1890 and 1930. Had the
red wolf actually been a hybrid between
the gray wolf and the coyote, this series
should have shown a complete blend,
without geographic or morphological
lines separating the three entities. In
fact, such blending is restricted to cen-
tral Texas, and even there it is limited
to red wolves and coyotes. Hybridiza-
tion with the coyote spread but nev-
er totally engulfed the red wolf. I re-
cently examined skulls of animals from
the current red-wolf breeding program
and found them statistically insepara-
ble from those of the original species.

RONALD M. NOWAK

Office of Scientific Authority
U.S. Fish and Wildlife Service
Washington, D.C.

After Thoughts

In his essay “Animal Thinking” [ScI-
ENTIFIC AMERICAN, November 1991],
Donald R. Griffin apparently finds it
necessary to set up a behaviorist straw
person to make his point. The problem
is that the behaviorism he criticizes was
beginning to be replaced as early as
1938, with the publication of B. F. Skin-
ner’'s The Behavior of Organisms, and
is now of historical interest only.

Any reading of modern behaviorism
(no, it is not dead) shows quite clear-
ly that behavior analysts do not reject
events just because they are unobserv-
able. They deal with unobservables as
in the other natural sciences: they in-
terpret the events according to estab-
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lished scientific laws and principles.
Most such analysts simply attempt to
show that the behaviors from which
mental events are inferred can be ex-
plained without speculation about mind,
thoughts or consciousness.

HENRY D. SCHLINGER
Department of Psychology
Western New England College
Springfield, Mass.

Having a (Bucky)Ball

For readers like me, an article such
as “Fullerenes,” by Robert F. Curl and
Richard E. Smalley [SCIENTIFIC AMERI-
CAN, October 1991], is the ultimate re-
ward. Few researchers make the effort
to write about what has been learned
over time. Few bother to assess the im-
pact of scientific branches or twigs for
which they have not been personal-
ly responsible. Of those who do try, al-
most none can match the balance of de-
tail and personal discovery delivered
by Curl and Smalley.

To both those scientists and Scientif-
ic American: Thank you! Please stay on
the ball(s) and get back to us with an
update soon.

Candlelight will never be the same.

PHILIP W. TOWER
Dow Chemical Company
Midland, Mich.

ERRATA

In the caption on page 55 of “The Ear-
ly Life of Stars,” by Steven W. Stahler
[July 1991], the tracks of stellar lumi-
nosity and temperature are mistakenly
called Hayashi tracks. They are actually
Iben tracks, named for Icko Iben, Jr., of
the University of Illinois, who first com-
puted them. A Hayashi track is one fea-
ture of an Iben track.

The caption on page 49 of “Firearms,
Violence and Public Policy,” by Franklin
E. Zimring [November 1991], should
have read, “Handguns were involved in
half of the 23,000 homicides in the U.S.
last year.”

On page 102 of “Chemical Fuels from
the Sun,” by Israel Dostrovsky [Decem-
ber 1991], an exajoule should have been
defined as one billion billion (10'8)
joules. In the first equation in the box
on page 104, the term “1/SO,” should
read “1/, 0,.”
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50 AND 100 YEARS AGO

MARCH 1942

“While it is not news to tell of the in-
roads that war-time production is mak-
ing on civilian materials of all kinds,
it seems proper to record here some
things that will influence the future
course of this magazine. The paper will
incline more toward a natural or yellow
shade. This is due to restrictions on
civilian uses of chlorine, the chemical
that is used to bleach the pulp from
which paper is made. Also, as will be
noticed, the issue now in your hands is
set in a different type from that of pre-
vious numbers. This new type, while
just as readable as the former font, is a
bit more compact; as a result it is pos-
sible to get about 10 percent more
words on a page.”

“Although the living eye automatical-
ly focuses objects at varying distances,
optical engineers have looked askance
at many ingenious proposals to accom-
plish this purpose in a photographic
lens. But a four-element motion picture
lens has now been developed by
Bausch & Lomb in which one double-
concave element is electronically oscil-
lated on its axis. The oscillating ele-
ment is confined to a movement of
three-tenths of a millimeter, but the os-
cillations are at the rate of 23,200
times per minute, thus continuously al-
tering the focus so that all objects are

uniformly in register from four feet to
infinity. Although all objects are slight-
ly softer in focus than with convention-
al lenses, many photographers regard
this as an improvement.”

“Bischoff, one of the leading anat-
omists of Europe, thrived some 70
years ago. He carefully measured brain
weights, and after many years’ accumu-
lation of much data he observed that
the average weight of a man’s brain
was 1350 grams, that of a woman only
1250 grams. This at once, he argued,
was infallible proof of the mental supe-
riority of men over women. Throughout
his life he defended this hypothesis with
the conviction of a zealot. Being the true
scientist, he specified in his will that his
own brain be added to his impressive
collection. The postmortem examina-
tion elicited the interesting fact that his
own brain weighed only 1245 grams.”

MARCH 1892

“Compressed air is, perhaps, the
chief rival of electrical transmission. It
is at present used mainly in mines,
where it is still a very successful rival
of electricity, but from present appear-
ances it is likely that it will gradually be

Mry. Tesla lecturing in Paris
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replaced by the latter method. In Paris
there is a large central station for the
distribution of compressed air, and it
seems to be in successful operation.
From a paper by Professor Unwin it ap-
pears that the transmission of power
by compressed air is practical to a dis-
tance of at least 20 miles. It seems that
10,000 horse power can be transmitted
20 miles in a 30-inch main at 132.3
pounds per square inch with a loss of
pressure of only 12 per cent.”

“If you take a good conductor like
copper, and run the temperature down,
its resistance almost disappears at very
low temperatures. Hundreds of de-
grees below zero, copper is almost a
perfect conductor. If you heat it up, it
becomes more and more resisting. Let
us take glass—a good insulator—or
any insulating material, and run its
temperature up, it loses its insulating
power, and if we run it up until it gets
to red heat, it approaches a conductor;
so that all substances are conductors
when they are hot enough.”

“The philosopher known to fame as
Sir William Thomson has joined the
ranks of the British aristocracy under
the new name of Lord Kelvin. This lord
lately took his seat in the House of
Lords, being introduced by scientific
nobleman Lord Rayleigh.”

“C.R.W. asks: What power prevents
the bottom course of brick in our large
structures from crushing with the
tremendous weight above it? A: A sin-
gle common red brick, when properly
laid in strong cement, is equal to a load
of 12 tons, and it will require a column
of cement-laid brick nearly 10,000 feet
high to crush the bottom course.”

“Mr. Nikola Tesla terminated his lec-
ture with a few experiments in the il-
lumination of tubes of rarefied gases
without wires or electrodes, the tubes
being simply placed in the periodical
electrostatic field produced between
one of the insulated poles of the bob-
bin on the one hand and an insulated
metallic plate placed above the experi-
menter and communicating with the
other pole of the bobbin on the other
hand. The accompanying figure shows
one of these experiments, in which Mr.
Tesla is producing the illumination of
two tubes at once.”



AVOID THE WORLDWIDE GLUT
F ANONYMOUS CARS.

They look alike and drive alike.
Camouflaged by their sameness, they
vanish in parking lots,
lost among mirror images
of one another.

Cars may well be on
their way toward becom-
ing interchangeable. But
if they ever get there,
they’ll do so without the
help of the Saab 900, the car no cookie
cutter could ever create.

The 900 is what becomes of a car
when form follows function instead
of fashion.

Take its odd-looking profile. That
vaguely hunchbacked shape houses
one of the world’s most protective steel
safety cages. One reason why, based
upon actual highway accident reports,
the Saab 900 has repeatedly been

es, license, freight, dealer charges and options. Prices subject to change. Prices do not include the 9000 CD Turbo Griffin Edition

A, Inc

The Saab 900 Series: From
$19,880 to $36,230."

The Saab 9000 Series: From
$25,465 to $37,615.*

For more information, call
1-800-582-SAAB.

ranked among the safest cars in its class.

That eccentric profile also houses
the largest carrying capacity
in its class. Fold down the
rear seat, and there’s 53 cu.
ft. of cargo space, rivaling
some station wagons.

But nowhere is the dif-
ference between conven-
tional cars and a 900 more
apparent than out on the road.

There, its front-engined, front-wheel-
drive system provides the superior trac-
tion required of a car engineered for
Swedish winters. A nimble suspension
and tactile steering system unite car,
road and driver in the same lively enter-
prise; no one was ever anesthetized by a
Saab 900.

Or shortchanged on amenities. Be-
sides a spirited fuel-injected engine, stan-
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dard equipment includes a driver’s-side
air bag, anti-lock brakes, air-condition-
ing, power windows, central locking—
even electrically heated front seats.

The result is a complete car instead
of a compromise, combining rather
than choosing between the virtues of
safety, utility, performance and value—
all in a package that’s been described as,
well, idiosyncratic.

But then cars, like people, are made
infinitely more interesting by their
idiosyncrasies. A point your Saab dealer
will be happy to prove through a test
drive of the 900.




SCIENCE_~SCOPE"*

U.S. Air Force helicopter pilots flying low level missions in total darkness and inclement weather are
being aided by the combat-proven Hughes Aircraft Company Night Vision System, designated the
AN/AAQ-16. The Q-16 is currently being installed on U.S. Air Force MH-60G Pavehawks assigned to
Special Operations Forces. Search and Rescue Pavehawks are being equipped with Q-16 displays and
electronics to accommodate future integration of the total system. The turret-mounted infrared system
can detect survivors on land or in the water, providing TV-like imagery on a cockpit panel display.

Hughes’ Maverick missile was vital to the defense of coalition forces during Operation Desert Storm.
Over 5,000 Mavericks were fired against tanks, artillery, APCs, surface-to-air batteries, antiaircraft
guns, and SCUD missile launchers. In fact, against enemy tanks, Mavericks achieved virtual “one
missile, one tank” exchanges. U.S. pilots praised the extraordinary success of the Maverick, which
was one of many different Hughes systems deployed to the Persian Gulf.

Ultra-bright, high-resolution, large-screen video displays are now available for many commercial

and business applications, with a new series of image projectors from Hughes. Using Hughes’
patented liquid crystal light valve technology, these projectors amplify a low-light-level video signal
into a full-color, real-time image that is five times brighter than a typical CRT projector and has near
film-quality resolution. Earlier models, limited to displaying computer-generated graphics and alpha/
numeric data, were mainly used in military command-and-control centers and high-end commercial
businesses. The new Series 300 units, which can now handle video-rate material, will be used in
general presentation systems markets, including corporate videoconferencing, training, and education.

Mobile air defenses can now detect and track enemy aircraft while maintaining radar silence, using
a high-performance system developed by Hughes. The Electro-Optical Tracking System (EOTS)

combines thermal imaging and TV sensors, and also incorporates a high-repetition rate, eyesafe laser
rangefinder. It can silently track helicopters and high-performance aircraft in darkness, smoke, haze,
and inclement weather. And, using its automatic dual-mode tracker, it can lock onto them as they

fly through clutter, such as hills and trees. Designed for moving combat vehicles, the EOTS can be
adapted for fixed installation or shipboard use.

Hughes Research Laboratories is discovering, developing and applying new science and new
technologies to improve and extend the Company’s product lines. We seek talented, creative people
with uncommon vision to extend the frontiers of our technology. Select opportunities exist for skilled
researchers with a MS or PhD in Electrical Engineering, Physics, Computer/Information Science,
Material Science, and Chemistry/Chemical Engineering. Please send resume to: Hughes Research
Laboratories, Attn: Employment Department, 3011 Malibu Canyon Road, Malibu, CA 90265. Proof
of U.S. citizenship may be required. Equal Opportunity Employer.

For more information write to: P.O. Box 80032, Los Angeles, CA 90080-0032
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Reflecting Differences

Health care begins to address
needs of women and minorities

ntil the 1940s, it was medical
I l doctrine that blacks did not suf-
fer heart attacks. Chest pains
were often thought to be a symptom of
something else—indigestion perhaps.
And although heart diseases kill more
than 250,000 American women every
year, two studies that appeared last
July in the New England Journal of
Medicine pointed out that women are
not diagnosed or treated as aggressive-
ly as men, unless their condition is dire.
“Primary care professionals don’t think
women get heart disease,” says Joanne
Howes of the Society for the Advance-
ment of Women’s Health Research in
Washington, D.C.

Prejudice and preconceptions may
well play a role in the different treat-
ment women and minorities receive at
the hands of physicians, but health care
providers are increasingly recognizing
another, significant factor. Despite the
risk of accusations of fueling discrim-
ination, researchers are examining dif-
ferences between men and women,
whites and minorities. “I used to think
I was going to have rotten tomatoes
thrown at me,” says Elaine Eaker of the
division of surveillance and epidemiol-
ogy at the Centers for Disease Control,
referring to meetings where she dis-
cussed differences between the sexes.
Now the idea that “women are different,
not only physically but psychological-
ly,” is more readily accepted, she says.

Some of these changes were initiated
several years ago, when congressional
hearings brought attention to women’s
health. A report by the General Account-
ing Office (GAO) found the National In-
stitutes of Health unresponsive to the
medical needs of minorities and wom-
en. As a result, the offices of Research
on Women's Health and of Minority Pro-
grams were created at the NIH.

Part of the reason for the relatively
abrupt action—after all, women and mi-
norities have been pushing for health
care reform since the 1960s—seems to
have been demographic. The numbers
could no longer be ignored, notes Flor-
ence Haseltine, a physician and director
of the center for population research at
the NIH. By 2010 more than 21 million

HEALTH CARE reform will continue to be slow until “legislators really deal with the
problems on all levels,” says Irving S. Rust of Planned Parenthood. Photo: Jason Goltz.

women will become menopausal. Hasel-
tine says these women have economic
clout and are politically savvy. “Some-
thing is going on here; women are get-
ting a voice,” she says.

Responding to the political direc-
tive, the medical community is begin-
ning to redress traditional research im-
balances. Clinical trials of new drugs
and large research studies have of-
ten been based on the notion of same-
ness—a human body is a human body.
In most cases, though, the model has
been white males. Many studies of pre-
vention and intervention in coronary
heart disease—including the U.S. Physi-
cians Study, which examined the bene-
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fit of taking an aspirin a day, and the
Multiple Risk Factor Intervention Tri-
al—focused exclusively on men.

In addition, Phase I clinical drug tri-
als have often excluded women of re-
productive age because of concerns
about liability and the potentially dam-
aging effects of a compound on a fetus.
As aresult, drugs can reach the market
untested in women—only to be con-
sumed by women and pregnant wom-
en. Sex-related effects have been re-
ported for some antidepressants, anti-
convulsants and sedatives. “Women
have more fatal drug reactions than
do men, and they seem to be greatest
during the reproductive years,” says Su-
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Desktop discovery:
IRIS Indigo RISC/PC.

We’ve built a system that hits the cool
price point of Macs and PCs, but delivers
the hot performance of workstations —
the IRIS Indigo™ family.

These are the machines that can take your
work to new heights of discovery.

Run leading productivity software and
thousands of technical and graphics
programs for General Science and Biology,

Physics and Medicine. Plus, use
IRIS Explorer™ to build your own
visual applications. And with
Showcase," our integrated drawing
and presentation tool, turn
concepts into funded projects.

Imagine the amazing power: interactive
2D and lifelike 3D graphics — in a range of
affordable configurations — put together by
the leader in visual computing.

But don’t just take our word for it.
Systems Integration magazine says IRIS
Indigo has, “the best price/performance
ratio we’ve seen on a workstation — or
any product for that matter.” And we’ve
been given the BYTE Award of Distinction
and a Digital Review Editor’s Choice award.

Discover them for yourself. Get our free
20-page full-color capabilities brochure,
and find out where you can check out the
IRIS Indigo family, as well as our full line

of servers and supercomputers.

Call 1 (800) 800-7441. Ext.14
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Tuning in Hot Signals

reating ghostly pictures from radiated heat is usually work for infrared
C detectors made from semiconductor materials [see “Infrared Video

Cameras,” by Jerry Silverman, Jonathan M. Mooney and Freeman D.
Shepherd, page 78]. Yet the sensitivity of these detectors is limited.

Researchers at the National Institute of Standards and Technology (NIST) in
Boulder, Colo., believe they can significantly improve the sensitivity of in-
frared detectors by changing the design. At the heart of their nascent system
are two unusual components: detectors made from low-temperature niobium
superconductors and a spiral antenna no bigger than a grain of sand.

These new detectors, researchers say, should enable them to tune in a
wide range of infrared frequencies, in much the way channels are selected
on a radio. Moreover, they hope the tunable devices will evolve into a new
generation of sensors for analyzing contaminants in the atmosphere or the
composition of galactic clouds by detecting their characteristic emissions.

NIST physicists Donald G. McDonald, Erich N. Grossman and Joseph E.
Sauvageau have spent the past two years developing the devices. Although
superconductors have long promised to be sensitive to infrared radiation,
“no one had made a useful infrared detector before,” McDonald recalls.

The workers knew that very small superconducting detectors would be
highly sensitive to infrared radiation, particularly if the size of the detector
was smaller than the wavelength of the incoming radiation, say, about one
micron across. (In this way, the incoming photons would make the greatest
perturbations in the electronic structure of the superconductor.) The catch:
at that size, the detector’s ability to absorb radiation suffers.

Radio receivers must also pick up wavelengths too large for their detec-
tors—and do so by using antennas. As a result, McDonald and his colleagues
designed a spiral antenna about 60 microns wide. They used conventional
lithographic techniques to lay down the gold pattern on top of niobium.

The gold antenna conveys 50 percent of the signal power it receives to the
niobium detector—an efficiency comparable to that of a high-quality radio
antenna. The superconductor, meanwhile, responds to a sizable range of
signals, from five to 30 microns in wavelength. By embedding the detector
in “the most sensitive of all amplifiers,” a superconducting quantum interfer-
ence device, or SQUID, McDonald reckons that the overall system will be far
more sensitive than current infrared detectors.

That enhanced sensitivity, McDonald says, means that the devices may
prove particularly handy for atmospheric or galactic spectroscopy. “Every
molecule has a frequency associated with it, often more than one,” McDon-
ald points out. To scout out molecular contaminants in the atmosphere, the
researchers plan to add an oscillator to the detector-antenna, then hook the
system to a telescope. By tuning the oscillator until it is synchronized with
incoming frequencies, they should be able to pick out specific molecules.

The researchers are still far from building a complete detection system,
which would include an array of hundreds of antennas and superconducting
detectors. By the end of the year they hope to have more experimental data
on the sensitivity and bandwidth of their devices. But nature already offers
them some cause for optimism, they say. Insects, too, rely on spiral anten-
nas for detecting infrared radiation. “So you can ask the question, ‘Is infrared
detection important?’” McDonald offers. His answer: “It must be, because bi-
ological evolution has produced it.” —Elizabeth Corcoran
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san J. Blumenthal, chief of the behav-
ioral medicine program at the National
Institute of Mental Health and member
of the board of directors of the Nation-
al Women’s Health Resource Center.

Many scientists argue that researchers
and companies may have hidden behind
the question of fetal damage. “The
phantom fetus is not an issue,” Hasel-
tine says. “What’s wrong with giving an
abortion to a woman who gets pregnant
during treatment? Abortion is available,
and no one wants to use the word.”

Some steps have already been tak-
en to assure that future studies in-
clude a cross section of society. Re-
search grant applications to the NIH
must now include women and minori-
ties or else provide a good reason why
they do not. The Food and Drug Ad-
ministration may loosen its guidelines
for some Phase I clinical studies. And
the Institute of Medicine is examining
some of the ethical concerns about in-
cluding women of childbearing age in
studies. These moves are “already hav-
ing a very profound effect,” Blumenthal
notes. “Both groups have not been well
represented in research studies, and
sharpening the focus on both popula-
tions is very important.”

Indeed, researchers are just beginning
to recognize that women and minorities
may have disease etiologies or respons-
es to therapies unlike those of white
males. For instance, studies have found
that when levels of estrogen fall after
menopause, levels of low-density lipo-
proteins—those correlated with heart
disease—rise.

Disorders such as fibroids, which af-
fect a third of all premenopausal wom-
en, autoimmune diseases such as lu-
pus, which for the most part afflict
black women, and depression, which is
twice as common in women than in
men, are still not well understood, says
Cindy Pearson, program director at the
National Women’s Health Network. One
in nine women dies of breast cancer
every year, and black women have a
much poorer survival rate than white
women. Yet a recent GAO report on
breast cancer notes that “there has been
no progress in preventing the disease”
since 1971.

In addition, women make up the
fastest-growing segment of the popula-
tion with AIDS, Blumenthal notes. Most
studies of the disease and of related
treatments, however, have been con-
ducted in men. Not all these data can
be extrapolated to women. For instance,
“AIDS appears to have a more virulent
course in women; they die sooner after
being diagnosed,” Blumenthal says.

Disparities between ethnic groups
are not as obvious as those between
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men and women. Most discrepancies
found in studies can be attributed to
environmental factors, such as socio-
economic status and diet. And—except
for well-known genetic diseases such
as sickle cell anemia and Tay-Sachs—
researchers are often careful about rais-
ing the issue of race. “There’s been his-
torical mischief with putative genetic
differences with populations,” says Her-
bert W. Nickens of the Association of
American Medical Colleges.

Certain differences, however, seem
to be biological. For instance, hyper-
tension in black Americans occurs two
to six times more frequently than in
whites, says Richard A. Williams of the
Minority Health Institute in Beverly Hills,
Calif. Blacks are 10 times more likely to
die from related complications.

A study released last summer sug-
gested that genes may be responsible
for the prevalence of glaucoma in blacks.
The condition strikes black Americans

four to six times more frequently than
it does whites. The trait may also be
responsible for different responses to
treatment. Jonathan C. Javitt of the Cen-
ter for Sight at Georgetown University
notes that surgeons are now aware that
there is a greater tendency in black
patients to scar during glaucoma oper-
ations. William W. Stead of the Arkan-
sas Department of Health suspects that
blacks may have a genetic susceptibility
to tuberculosis that causes the disease
to progress rapidly. In whites, tuberculo-
sis tends to be chronic rather than acute.

Still, many researchers argue that
pervasive changes in the health care
system may not be realized until all
groups are well represented in the medi-
cal and research establishment. Wom-
en now make up about 38 percent of
medical students—up from 25 percent
a decade ago—but they are rarely di-
rectors of laboratories, and at present
no dean of a medical school is a wom-

an, according to Janet Bickel of the As-
sociation of American Medical Colleges.
Minorities fare even worse. Blacks be-
tween the ages of 20 and 29 make up
13.2 percent of the population but only
5.7 percent of all medical students. “We
need more input from minorities,” says
Irving S. Rust, medical director of the
Bronx Planned Parenthood clinic.

The new offices at the NIH say they
are working to promote research on
and by women and minorities. A study
of more than 60,000 postmenopausal
women has been designed to answer
questions about the effect of diet and
estrogen replacement therapy on car-
diovascular health and the prevention
of breast cancer and osteoporosis. And
$1.5 million has been set aside to study
hypertension and coronary disease in
blacks. “Increased research brings in-
creased hope for the future,” Blumen-
thal says.

—Marguerite Holloway and Philip Yam

provided experimental support for the extension of

recent experiment with a cannibalistic creature has
1 & Darwin’s theory of natural selection known as kin

Relative Hunger

noted.

ing with relatives does not prove kin selection, Grafen

David W. Pfennig of Cornell University thinks his experi-

selection. Tadpoles of the spadefoot toad, when fed on
whole-animal prey, develop into a specialized form that
eats members of its own species. Yet they tend to avoid
feeding on their close relatives.

Kin selection was proposed in the early 1960s by the
British evolutionist William D. Hamilton. He argued that nat-
ural selection should favor genes that make animals act
more altruistically toward their close relatives than toward
unrelated animals. Aiding relatives could help genes
spread through the population because close relatives are
likely to carry copies of the same genes.

Hamilton’s theory, which he expressed mathematically,
is one of the principal planks of sociobiology. It spurred
many biologists to examine how animals behave toward
their kin, and researchers soon found that animals indeed
often behave differently with close relatives than with oth-
er individuals. Many creatures, for example, will choose to
be near their kin, as opposed to unrelated individuals.

Although these demonstra-
tions have often been taken as
evidence for kin selection, Alan
Grafen, a theoretical biologist
at the University of Oxford who
is a scourge of uncritical exper-
imenters, has chastised inves-
tigators for not ruling out oth-
er explanations. Grafen argued
recently that some purported
proofs of kin selection were
nothing more than demonstra-
tions that animals tend to associ-
ate with others that smell like
themselves—a phenomenon that
could have evolved for any num-
ber of reasons. Simply associat-
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ment with the cannibalistic tadpoles stands up to Grafen’s
critique and proves kin selection has tempered their ap-
petites. Spadefoot tadpoles not fed on a whole-animal
diet, he points out, become omnivores and do not eat
members of their species. The omnivorous form, like
many other creatures, shows a preference for associating
with relatives. The carnivores, in contrast, prefer to asso-
ciate with nonrelatives. When hungry, they swim around,
“nipping” at any other tadpole they come across. A nonrel-
ative unfortunate enough to be nipped is likely to be eat-
en, but a sibling is usually let go.

Pfennig believes the carnivores use chemical cues to
recognize relatives. Because their preference for eating
and associating with nonrelatives runs counter to the
preference of the omnivorous form, even though they are
genetically similar, Pfennig asserts kin selection is the
most likely explanation.

Then why isn’t cannibalism more common? Although
kin selection might prevent the
evolution of animals that eat
close relatives, it would seem to
favor the consumption of weak
nonrelatives that would easily be
subdued. Pfennig says he has
one possible answer. In studies
on larvae of tiger salamanders,
he found that individuals that
indulged in cannibalism were
more likely to die from the ef-
fects of pathogenic bacteria and
parasitic worms. That risk, he
suggests, is one good reason
not to take up the practice. I
wouldn’t eat another human,” he
says. —-Tim Beardsley
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Unlikely Places

Planets show up where
nobody expected to see them

ver look everywhere for some-

thing only to find it in the least

likely place imaginable? Astron-
omers seeking signs of planets around
other stars know how you feel. For
decades, they have scrutinized mild,
sunlike stars for signs of planetary sys-
tems like our own. Their search has
come to naught. Instead the first strong
evidence of distant planets has come
from observations of pulsars, those
tiny, ultradense, rapidly spinning stel-
lar corpses that remain after supernova
explosions.

In January, Alexander Wolszczan of
Arecibo Observatory in Puerto Rico and
Dale A. Frail of the National Radio As-
tronomy Observatory reported that two
or perhaps three planets are orbiting
around a pulsar known as PSR 1257+12
(the unglamorous name refers to its po-
sition in the sky). The pulsar, located
about 1,500 light-years away in the con-
stellation Virgo, was discovered by Wol-
szczan in February 1990.

Soon afterward Wolszczan noticed
some odd behavior from PSR 1257+12.
As pulsars rotate, their powerful mag-
netic field causes sharp bursts of radia-
tion to sweep by the earth. Radio sig-
nals from pulsars usually remain high-
ly stable. But sometimes this pulsar’s
radio blips arrived slightly ahead of
schedule, other times a tiny bit late.
Moreover, the timings did not vary ran-
domly. Rather the signals showed two
superimposed cycles having periods of
98.2 and 66.6 Earth days.

Wolszczan inferred that the pulsar
was being tugged back and forth by
two unseen orbiting objects. When the
pulsar nudged closer to the earth, its
radiation took a little less time to travel
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here, so that the signals arrived early,
and vice versa. Based on the tiny back-
and-forth motion of the pulsar (only
about 900 kilometers), Wolszczan and
Frail concluded that the invisible bod-
ies are not stars but planets, each about
three times the mass of the earth.

The history of searches for planets
around other stars is littered with spu-
rious discoveries—even some involving
pulsars with planets. Last July a team
of radio astronomers at the University
of Manchester announced the discovery
of a planet around another pulsar, PSR
1829-10. But on January 15 Andrew G.
Lyne, one of the members of the team,
informed the American Astronomical
Society that their data had been thrown
off by a slight error in the measured
position of the pulsar.

Nevertheless, astronomers are taking
Wolszczan and Frail’s planets serious-
ly. Frederic A. Rasio, who has collabo-
rated with several co-workers at Cor-
nell University to devise a test to prove
the reality of the planets, comments
that “none of us questions the exis-
tence of the planets.” Rasio points out
that it will be fairly easy to determine
whether the pulsar planets do indeed
exist. Gravitational interactions between
the planets should cause their orbits to
shift, producing a clear and unique
variation in the arrival times of signals
from the pulsar. Such changes should
show up within the next one to three
years. If they do, “the reality of the
planets will be irrefutable,” Rasio says.

There remains the question of hovs
planets could come to circle a pulsar.
Many theorists actually breathed a sigh
of relief when Lyne retracted the claim
of a planet around PSR 1829-10. The su-
pernova explosion that transformed the
central star into a neutron star would
certainly have destroyed or jettisoned
any previously existing planets. And
conjuring up a plausible explanation of
how a planet could have come together
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around PSR 1829-10 proved a tricky
task. The pulsar is young (which means
there has been little time for planets to
coalesce) and rotates slowly (which im-
plies that it has not interacted closely
with another star since the supernova
explosion).

Wolszczan’s pulsar, on the other
hand, is one of a class of extremely
rapidly spinning objects known as mil-
lisecond pulsars; it rotates every 6.2
milliseconds, or 162 times per second.
These are thought to be old pulsars
that have pulled material from a near-
by stellar companion, causing the rota-
tion to increase. Leftover, unconsumed
gas around these pulsars could coa-
lesce into planets.

PSR 1257+12, like many millisecond
pulsars, now travels without a stellar
companion. Many theorists think ener-
getic electromagnetic radiation and par-
ticles emitted from a pulsar could heat
its larger, less evolved companion and,
in effect, boil it away. In fact, two pul-
sars recently have been observed in the
process of vaporizing their stellar
neighbors. Marco Tavani of Lawrence
Livermore National Laboratory has run
simulations on a supercomputer show-
ing that some of the liberated gas could
collect in a stable disk around the pul-
sar, providing raw material for possible
planetary formation. Alternatively, the
planets might have coalesced out of the
debris from the final distintegration of
the companion star.

Clearly, some pulsars do interact with
nearby orbiting stars. Nobody knows for
sure whether these interactions do in
fact create planets. But if the planets
around PSR 1257+12 prove real, it
would suggest that pulsar planets may
be a fairly common phenomenon. “It’s
an exceedingly exciting discovery,” says
Stanford E. Woosley of the University of
California at Santa Cruz. “Perhaps plan-
ets are easier to form than we previ-
ously thought.” —Corey S. Powell
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PLANETS AROUND THE PULSAR (bottom left) are distributed
on about the same scale as planets in the inner solar system
(top left). The existence of pulsar planets is inferred from vari-
ations in the pulsar’s radio emissions (above).
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Pointing Fingers

DNA identification
is called into question

NA fingerprinting has been ad-
mitted as evidence in more
than 2,000 court cases in the
U.S. since 1988. The technique, which
is employed extensively by the Federal
Bureau of Investigation as well as by
private companies, has been decisive in
kidnap, rape and murder trials. But
some population geneticists are ques-
tioning the accuracy of the tests. The
controversy has led to charges that the
FBI is attempting muzzle the critics.
The arguments erupted with the
publication in Science of a paper by
Richard C. Lewontin of Harvard Univer-
sity and Daniel L. Hartl of Washington
University that spells out how differ-
ences within the population undermine
the assumptions made in the calcula-
tions. Their misgivings are likely to be
confirmed by a forthcoming report on
DNA technology in forensic science by
a committee of the National Academy
of Sciences.
The technique involves analyzing

DNA samples for the number of copies
of certain crucial fragments that vary
from individual to individual. If the
numbers of copies of several such se-
quences in a suspect’s DNA—the “fin-
gerprint”—match those in a sample
from the scene of a crime, a simple cal-
culation is done to estimate the odds
of the match being due to chance
alone. Often the odds seem vanishingly
remote—in one case cited by Lewontin
and Hartl, one in 738 trillion.

In their paper, Lewontin and Hartl
contend that such calculations are
based on false assumptions that could
make them wrong by two or more or-
ders of magnitude. They argue that ex-
isting techniques for calculating the
odds of a DNA match fail to account
adequately for the distorting effects
caused by the ethnic and racial varia-
tion. An innocent suspect racially or
ethnically similar to that of a criminal
could have an inflated chance of
matching a forensic sample—and thus
be wrongly convicted. The paper sug-
gested techniques that would minimize
the chances of declaring such a false
match.

Even before their paper appeared in
Science, Lewontin and Hartl had testi-

fied as expert witnesses in several cas-
es, and their critiques of DNA finger-
printing calculations had been widely
circulated among “the defense commu-
nity,” says John W. Hicks, who heads
the FBI's crime laboratory. These re-
ports have led to the rejection of the
FBI's DNA fingerprinting evidence in a
number of recent court cases.

Among them was a consolidated hear-
ing on DNA evidence for 15 separate
cases in the District of Columbia. As in
most jurisdictions, scientific evidence
in the District has to be examined in
a “Frye hearing” and found to be gener-
ally accepted among experts before be-
ing admitted. The judge in the D.C.
case ruled that the underlying genetic
ideas were not generally accepted. (The
U.S. Court of Appeals for the Second
Circuit in Manhattan, in contrast, has
accepted DNA evidence, but it employs
a less stringent standard.)

Not surprisingly, Lewontin and Hartl’s
paper has been bitterly criticized by
proponents of DNA fingerprinting. At-
tempts were also made to persuade
Lewontin and Hartl not to publish their
paper. An assistant U.S. attorney in
Cleveland, Ohio, James Wooley, called
Hartl and told him publication would

Going through Proper Channels

Douglas of the University of Oxford, it is likely that

one of his graduate students will be preparing to
study nerve impulses in a silicon fly. Others may be delv-
ing into the neural intricacies of electronic ants, silicon
slices of mammalian visual cortex and other models of bi-
ological information processing.

The reason for Douglas’s enthusiasm is a neuron on
a chip he has developed with Misha Mahowald of the Cal-
ifornia Institute of Technology. Artificial neurons are an
essential component of so-called neural nets in which
researchers try to duplicate the structure and function
of nerve cells in silicon. Although neural nets are being
designed to create computers that may mimic human
thought, they are also becoming important models of bio-
logical processes. Douglas says the device brings a new
level of verisimilitude to simulations of nerves because it
emulates the flow of calcium and potassium ions that trig-
gers the behavior of biological neurons.

Until now, Douglas says, researchers have had to rely
on digital simulations of neurons, which require large, fast
computers and expensive programming. Even then, the
results still felt “slightly removed” from reality, he says.
The silicon version, which should be both cheaper and
faster than software simulation, provides the feel of work-
ing with living cells—even some of the noise, randomness
and variability that real neurons display. In addition, ex-
perimenters can vary the properties of the silicon neuron
so that it matches the behavior of particular types of neu-
ral cells. For example, the parameters that correspond to
membrane permeability for different ions can be adjusted

B y this time next year, says neuroanatomist Rodney
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to reflect the voltages and current flows of specific cells.

Previous attempts to re-create axons and synapses in
silicon have run into trouble. For example, it is difficult to
connect any significant number of neurons. Long wires on
a chip, necessary to duplicate axons, attenuate or distort
signals. Differences in the fabrication of chips can make a
voltage level “mean” one thing on one chip and indicate
something different on another.

The new neuron, however, produces not a steady volt-
age but rather a train of pulses at a rate that depends on
its activation. “A spike is a spike,” Mahowald says, ex-
plaining that the simplest circuitry can detect its presence
or absence. The neurons are connected by a high-speed
bus so that when a neuron generates a spike, it flashes its
address to all the others. Any neuron that has the firing
neuron as one of its inputs recognizes the address and
changes its activation level accordingly. This system
should allow experimenters to wire together hundreds or
even thousands of neurons on dozens of chips, Douglas
claims. Furthermore, the address circuits of each neuron
are programmable, so that their interconnections can be
changed without rewiring.

Douglas predicts that chips based on the neural micro-
circuit will be widely used both by artificial intelligencers
trying to build simple autonomous systems and by neu-
roanatomists studying the function of the brain. The cir-
cuit can test theories of neural function and interconnection
directly, a luxury “not usually available to neuroscientists,”
he says. “You think you understand it,” he comments, but
the interesting questions arise when “you see it work in
the world.” —Paul Wallich
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be misunderstood and could harm
prosecutions.

Then the paper, which had survived
peer review, was delayed for several
weeks at Science in the galley stage
when a reviewing editor, C. Thomas
Caskey of Baylor College of Medicine
complained about it. Caskey was also
a member of the National Academy’s
forensic DNA committee. Daniel E.
Koshland, Jr., the editor of Science,
published a rebuttal by Ranajit Chakra-
borty of the University of Texas at
Houston and Kenneth K. Kidd of Yale
University in the same issue, dated De-
cember 20, 1991.

The rebuttal concluded that current
techniques for calculating the odds of a
match in a mixed population, which
draw on data banks on gene frequen-
cies in different races, will not lead to
significant error. “It is the general fre-
quency in the total population that is
desired,” they wrote. Chakraborty says,
“If T were on a jury it wouldn’t matter
to me if the odds were eight million or
40 million.”

Defense lawyers find that line of rea-
soning unacceptable. And Hartl, who
with Lewontin plans to publish a re-
sponse to Chakraborty and Kidd, insists
they are arguing the wrong point. “We
are not talking about averages,” Hartl
says. “We are talking about the chance
there is someone else in the world who
matches.”

The day after the publication of
Lewontin and Hartl’s paper, Caskey re-
signed from the National Academy’s
forensic DNA committee. A committee
member says the committee became
concerned about possible conflict of in-
terest. Caskey has substantial financial
interests in DNA fingerprinting tech-
nologies he has developed, and his lab-
oratory has a $200,000 grant from the
National Institute of Justice. The insti-
tute is, like the FBI, an arm of the De-
partment of Justice.

The FBI was also one of the sponsors
of the academy report, but academy
staff were still surprised when Hicks
sent a lengthy unsolicited critique of
a leaked chapter of the report to an
academy official, John E. Burris. “We
were very concerned there wasn’t a bal-
anced perspective,” Hicks declares.

Hicks says he was given a draft chap-
ter of the report by two members
of the committee. The academy, which
asks committee members to keep draft
reports confidential, declined to pass
on Hick’s letter to the committee in the
interests of preserving impartiality. The
academy’s report, which has been two
years in the making, may yet add a
much needed objective viewpoint to
the debate. —Tim Beardsley

SURVIVORS IN BHOPAL receive medical aid after the 1984 chemical spill. Could
the accident have had health effects beyond burns? Photo: Baldev/Sygma.

Trojan Horse

Did a protective peptide
exacerbate Bhopal injuries?

3, 1984, more than 30 tons of

methyl isocyanate, a gaseous tox-
in, escaped from a Union Carbide pes-
ticide factory in Bhopal, India. The gas
reacted furiously with moisture in the
exposed tissues of the sleeping resi-
dents, burning them. Many victims suf-
focated as body fluids poured into their
scorched lungs. Respiratory damage
and infection eventually claimed others.
According to current estimates, more
than 3,500 people have died, and tens
of thousands of others are believed to
have been acutely injured by the meth-
yl isocyanate.

Seven years later medical authorities
are still plumbing how deeply the toxin
may have scarred the survivors. Some
physicians have found that, aside from
the obvious burns on lungs and eyes,
many patients also suffer from unex-
plained cardiovascular, gastrointestinal,
neuromuscular, reproductive and im-
munologic ailments.

Organs throughout the survivors’
bodies seem to have been damaged—

S oon after midnight on December
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tissues that, in theory, the chemical
should not have touched. Some chem-
ists now suspect the toxin was helped
by glutathione, a peptide usually be-
lieved to protect cells from chemical at-
tack. Recent work is tarnishing glu-
tathione’s reputation: at times, it may
act as a Trojan horse, carrying poisons
into the body.

At first, health authorities had gener-
ally assumed that methyl isocyanate
was too reactive to have diffused far
into the tissues of the Bhopal victims.
In 1988, however, two groups, led by
Yves Alarie of the University of Pitts-
burgh and by B. K. Bhattacharya of the
Defence Research and Development Es-
tablishment in India, demonstrated in-
dependently that the chemical could
penetrate tissues. When laboratory ani-
mals inhaled radioactively labeled meth-
ylisocyanate, the molecules quickly en-
tered their blood, urine and bile and
continued to circulate through the body
for several days.

How could the poison move through
tissues without reacting? Thomas A.
Baillie of the University of Washington
and J. Greg Slatter of the Upjohn Com-
pany in Kalamazoo, Mich., think methyl
isocyanate may hitch a ride with glu-
tathione, which is found at high con-
centrations in the lining of the lungs.
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Normally glutathione helps to purge
cells of dangerously reactive radicals
and other compounds by binding with
them. The resulting conjugate molecule
is then swept away and excreted.

Glutathione binds with methyl iso-
cyanate, too, Baillie says, but it does so
reversibly. At Bhopal, glutathione might
have ferried a quantity of methyl iso-
cyanate out of the lungs and occasion-
ally released it deep within the body,
where it could have attacked the sur-
rounding tissues, leading to the multi-
farious illnesses seen in survivors.

Experiments conducted by Baillie
and Slatter support the idea. They have
shown that animals injected with meth-
yl isocyanate do excrete its glutathi-
one conjugate. In the test tube, they
have also demonstrated that the con-
jugate can break down under certain
physiological conditions and that meth-
yl isocyanate delivered in this way can
damage proteins and membranes lo-
cated on cells. “There’s no question
that inhaled substances like methyl iso-
cyanate would come in contact with glu-
tathione,” Baillie says. “What we don't
actually know at this point is, when the
conjugate is generated, whether it can
cross over from the lungs into the
bloodstream.”

“Baillie has certainly come as close as
anybody to showing that this can hap-
pen physiologically,” says William E.
Brown of Carnegie Mellon University,
who has studied methyl isocyanate for
two decades. He notes, however, that
biochemists still debate whether the
methyl isocyanate conjugate does de-
compose inside the body and what the
consequences might be.

Although Baillie’s work represents a
good working hypothesis, Brown cau-
tions, alternative mechanisms might be
at work. Metabolic pathways for detoxi-
fying pollutants in the lungs, for exam-
ple, might transform methyl isocyanate
into longer-lived radicals that could en-
ter the blood. Such reactions are known
to convert some substances into car-
cinogens, he says.

“People are starting to reconsider the
accepted mechanisms of toxicity and
detoxification,” Baillie believes. As he
and Slatter pointed out in a recent re-
view in Accounts of Chemical Research,
glutathione can reversibly conjugate
with several classes of toxins found in
nature and industry, including isothio-
cyanates—compounds found in many
vegetables. Further research should clar-
ify how adversely glutathione’s Jekyll
and Hyde personality affects human
health in Bhopal and elsewhere; it may
also determine whether anything can
be done to remedy the molecule’s ugli-
er aspect. —John Rennie
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Volcanic Disruption

A giant eruption frays
the tattered ozone layer

like Ground Hog Day. Every October

the National Aeronautics and Space
Administrationreleases a satellite image
of the ozone hole lurking over Antarc-
tica. The media remind us that ozone
shields the earth from ultraviolet radia-
tion, which can wither crops and cause
cancer, cataracts and weakened immune
systems in animals, including humans.
Then shifting wind patterns dissipate
the hole, and ozone is forgotten, for the
most part, until the hole reappears dur-
ing the next Antarctic spring.

But this year the story did not dissi-
pate. On October 6, a NASA satellite
recorded the lowest levels of ozone
ever detected above Antarctica, sug-
gesting that the annual hole is growing
larger. Days later the United Nations
Environment Program announced that
the ozone is steadily thinning not just
over the poles but at populated mid-
latitudes during summer months, when
crops grow, people are outdoors and
sunlight peaks in intensity.

Furthermore, evidence has begun ac-
cumulating that Mount Pinatubo, the
gigantic Philippine volcano that erupt-
ed last June, is accelerating the erosion
of stratospheric ozone even in tropical
regions, where intense sunlight nor-
mally suppresses ozone-destroying re-
actions. Based on the preliminary data,
Susan Solomon of the National Oceanic
and Atmospheric Administration
(NoAA) suggests that Pinatubo could
trigger ozone losses of more than 30
percent this spring in mid-latitudes.

If Solomon is right, regions such as
the U.S. and Europe could receive dou-
ble their usual springtime dose of DNA-
damaging ultraviolet radiation, accord-
ing to Sasha Madronich of the National

It has become an annual tradition,
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Center for Atmospheric Research. He
says such increases could have a statis-
tically significant impact on the health
of plants and animals. Owen B. Toon of
the NASA Ames Research Center notes
that as the volcanic cloud disperses
over the next two or three years, its im-
pact will fade. Nevertheless, he says,
“this is not good news.”

The idea that volcanic eruptions
could intensify ozone depletion was
first proposed in 1989 by Solomon and
another NOAA scientist, David J. Hof-
mann. Most ozone loss is thought to
stem from chlorine-catalyzed reactions
occurring on the surface of ice crystals
found in polar stratospheric clouds.
(The major sources of chlorine in the
stratosphere are artificial compounds
called chlorofluorocarbons, or CFCs.)
The NOAA researchers argued that sul-
fur-based aerosols spewed forth by vol-
canoes would create, in effect, tempo-
rary polar stratospheric clouds.

To support their hypothesis, Solomon
and Hofmann pointed out that ozone
levels in the Northern Hemisphere
dipped by some 10 percent during the
year following the 1982 eruption of El
Chich6on in Mexico. After Pinatubo
erupted, Solomon and Hofmann warned
that it could cause much more ozone
depletion than El Chichon, particularly
in middle and upper latitudes.

According to the data available so
far, their warnings were, if anything,
understated. Pinatubo, the largest erup-
tion of the century, coughed up 20 mil-
lion tons of sulfur dioxide, three times
as much as El Chichoén. It created a
cloud estimated to be as large as all the
stratospheric clouds at the North and
South Poles combined.

Perhaps the most dramatic results
come from the Microwave Limb Sounder
on NASA’s Upper Atmosphere Research
Satellite, which was launched just last
September. The MLS has observed
ozone levels in the tropics 10 percent
lower than any previously measured,



GLOBE-GIRDLING CLOUD emitted by Mount Pinatubo was tracked by the Micro-
wave Limb Sounder on the Upper Atmosphere Research Satellite last September.
The cloud was rich in sulfur dioxide (orange band, left) and low in ozone (violet
band, right). Images from Joe W. Waters of the Jet Propulsion Laboratory.

according to Joe W. Waters of the Jet
Propulsion Laboratory, the microwave
instrument’s principal investigator. Sol-
omon and Hofmann had expected trop-
ical losses to be negligible.

Recently, Waters says, the MLS has
revealed “tongues” of ozone-poor air
reaching north and south from the
tropics into higher latitudes, a rever-
sal of the usual course of ozone deple-
tion. In January the instrument also de-
tected “extremely high” values of ozone-
destroying chlorine monoxide—high
enough to reduce ozone levels by 1 per-
cent every day—in a region extending
from the North Pole well into north-
ern Europe. Waters emphasizes that his
data must be considered preliminary,
especially since the instrument was de-

Add Ozone to the Global Warming Equation

ployed so recently. “But my feeling is,”
he added, “that this is very significant.”
Balloon measurements support that
assessment. Last summer balloons loft-
ed above Hawaii by NOAA detected low
ozone within patches of cloud from
Pinatubo, according to Samuel J. Olt-
mans of NOAA In December, he says,
another NOAA balloon recorded the
lowest ozone levels ever observed that
time of year above Boulder, Colo. Bal-
loons released at the extreme northern
border of Canada have detected dips in
ozone in conjunction with sulfurous
aerosols that were “almost certainly”
from Pinatubo, says Hans Fast of Cana-
da’s Atmospheric Environment Service.
Privately, NASA sources reveal that
Pinatubo’s effects have been detected

by the satellite-borne Total Ozone Map-
ping Spectrometer (TOMS) and by an
ER-2 aircraft. Publicly, NASA officials in-
sist the findings are too preliminary for
release. Michael J. Kurylo, manager of
NASA’s upper atmospheric research
program, notes that the TOMS data
may have been distorted by volcanic
debris. He contends the link between
Pinatubo and ozone depletion remains
hypothetical. “It is dangerous to as-
cribe cause and effect,” he says.
Solomon counters that “it begins to
stretch credibility” to assert that all the
correlations observed so far could be
coincidental. She calls the apparent
confirmation of the predictions she and
Hofmann made in their 1989 paper
“extremely exciting.” She adds, howev-
er, that “if ever there was a paper that I
wish was wrong, it’s this one.”
Ironically, the cloud from Pinatubo is
also expected to cool the globe for the
next few years by preventing infrared
radiation and visible sunlight from
reaching the earth. But scientists say
the volcanic cloud does not block out
nearly enough ultraviolet radiation to
offset its ozone-depleting effects.
Reducing stratospheric chlorine lev-
els would blunt the ozone-depleting
effects of volcanoes, but chlorine levels
are headed the other way. “If all CFCs
and other chlorine sources were cut off
today,” remarks Jay R. Herman of the
NASA Goddard Space Flight Center,
“chlorine levels would continue to rise
in the stratosphere for another 20 or 30
years.” The next large volcano, in other
words, may destroy even more ozone
than Pinatubo has. —John Horgan

zone is a paradoxical molecule. In the stratosphere,
O it plays a crucial role as a sunscreen filtering out

ultraviolet radiation. Its relentless decline there
has contributed to global anxiety about increases in skin
cancer and genetic damage to organisms at the base of
the food chain. At ground level, ozone is a dangerous pol-
lutant, causing respiratory diseases and damaging forests.

Then there’s the rest of the troposphere, above the
ground but below about 10 kilometers. Observations
made from balloons suggest that tropospheric ozone lev-
els have been increasing rapidly—by about 10 percent per
decade, according to an assessment for the United Na-
tions Environment Program.

The news should not make anyone breathe more easily.
Because the absolute amount of ozone in the troposphere
is far less than that in the stratosphere, the increase won't
help mop up ultraviolet radiation leaking through from
above.Ratherozone is a “greenhouse gas,” and the buildup
will add to the warming effect of increasing carbon dioxide.

Emissions of nitrogen oxides from aircraft engines are
believed to be one reason for the increase. While nitrogen

oxides cause reactions that deplete ozone in the strato-
sphere, they participate in others that form it in the tropo-
sphere. In Nature, Colin Johnson and his colleagues at the
Harwell Laboratory in Didcot, England, estimated that be-
cause of the ozone they produce, emissions of nitrogen
oxides at altitudes frequented by passenger aircraft have
30 times more effect on surface warming than would the
same emissions at ground level. Johnson believes aircraft
emissions might be as important in global warming as all
other emissions of nitrogen oxides combined.

The results could complicate attempts by the National
Aeronautics and Space Administration to assess the effects
of a future fleet of supersonic passenger aircraft. NASA's
latest studies seem to alleviate concerns that a supersonic
fleet would decrease stratospheric ozone. But they make it
more likely that a supersonic fleet would contribute to tro-
pospheric ozone and so add to global warming.

Researchers caution that ozone is far less important as
a greenhouse gas than carbon dioxide. Nevertheless, “this
is definitely an issue we’re watching,” says Joel M. Levy of
the Environmental Protection Agency.  —Tim Beardsley
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/ PROFILE: MURRAY GELL-MANN

The Lonely Odysseus of Particle Physics

Murray Gell-Mann, a master theo-

retician, has an explanation for the
astonishing range of his own interests.
Whereas most people are either “Apol-
lonian,” that is, detached and analyti-
cal, or “Dionysian,” meaning involved
and intuitive, he combines both traits.
“Some people call that ‘Odyssean,”
Gell-Mann says, distinctly enunciating
each syllable of the word, perhaps to
help me spell it. “It’s a lone-
ly thing to be.”

Gell-Mann, a 62-year-old
professor at the California
Institute of Technology, is
best known as a mere parti-
cle physicist. A Nobel laure-
ate, he is one of the primary
architects of the Standard
Model, the elaborate theo-
retical edifice that accounts
for the behavior of subatom-
ic particles and the forces
ruling them. Among other
contributions, he proposed
that neutrons and protons,
the major constituents of or-
dinary matter, are made of
more fundamental particles
called quarks.

But physics is too small a
realm to contain Gell-Mann’s
restless intellect. His 17-
page “personal statement”
lists such interests as “natu-
ral history (especially bird
study), historical linguistics,
archaeology, history, depth
psychology and creative
thinking.” Then there are
“policy matters related to
world environmental quality
(including conservation of
biological diversity), restraint
in population growth, sus-
tainable economic development and sta-
bility of the world political system (in-
cluding the strategic arms situation).”

Gell-Mann admits he is overextend-
ed. In fact, he has calculated just how
overextended he is. “I take on about 50
times more than anyone can do, and I
work at about 2 percent efficiency. So
every day I'm fighting a factor of 2,500,
and every day I fall eight years more be-
hind. Ninety-eight percent of my time
is wasted, just wasted.” He sighs.

I t should come as no surprise that
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Naturally, there is little time for in-
terviews. One week Gell-Mann is serv-
ing as host and keynote speaker at a
celebration of Caltech’s 100th birthday.
The next week he is flying off to Eu-
rope to attend a physics symposium.
Spare moments are devoted to writing
a book, entitled The Quark and the
Jaguar, about a major current interest:
the interaction in nature between sim-
ple phenomena, such as quarks, and

AMATEUR ANTHROPOLOGIST Murray Gell-Mann, in his
office at Caltech, explains how to play a West African game
known as “Wari.” Photo: James Aronovsky.

complex ones, such as jaguars. But
Gell-Mann does have an unscheduled
morning at the end of a trip to New
York. I can join him for breakfast and
then see him off at La Guardia Airport.

Chewing a lox-draped bagel in a
packed Manhattan restaurant, Gell-
Mann, a compact man with a white crew
cut and black glasses, seems at home.
And so he should. Like several other
prominent physicists of his generation,
he was born and raised—by Jewish im-
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migrants from Europe—in New York
City. His manner of speaking, though a
paragon of erudition and cosmopoli-
tanism, still retains a New York edge.

Perhaps it is the way he serves up
opinions. Science writers, and journal-
ists in general, are “ignoramuses” and “a
terrible breed.” British scientists have a
tendency “to be more concerned with
being clever and paradoxical than with
being right.” Gell-Mann also offers less
than glowing assessments of some
prominent scientists. “But I don’t want
to be quoted insulting people,” he says.
“It's not nice. Some of these
people are my friends.”

We skim over Gell-Mann’s
youth. He entered Yale Uni-
versity in 1944, just after
turning 15, and graduat-
ed four years later along
with another high achiever,
George Bush. Although they
occupied different circles at
Yale, Gell-Mann and Bush
became acquainted decades
later while serving as regents
for the Smithsonian Institu-
tion. Bush is “a nice fellow”
who gives “very good par-
ties,” Gell-Mann says. “I just
wish someone would find
him a better job than run-
ning the country.”

Gell-Mann was heartbro-
ken when he failed to win
a financially acceptable of-
fer from an Ivy League grad-
uate physics program. He
feared that the Massachu-
setts Institute of Technolo-
gy, which offered him a job
as assistant to the physicist
Victor F. Weisskopf, would
be a “grubby place,” a breed-
ing ground for engineers
rather than true scientists.
“But I went there, and it was
fine,” Gell-Mann says. Weiss-
kopf turned out to be “a wonderful
man and an excellent physicist.” More-
over, many of his colleagues were Ivy
League graduates, “so it wasn't like I
was separated from these people.”

After obtaining his doctorate from
M.LT. early in 1951, Gell-Mann strove
to find order beneath the bewildering
variety of hadrons springing up in par-
ticle accelerators. Hadrons are particles
subject to the strong nuclear force,
which clamps neutrons and protons to-



gether in the nuclei of atoms. Gell-
Mann eventually invented a quantum
property, which he termed strangeness,
that accurately predicted the behavior
of the exotic new hadrons.

Building on this insight, Gell-Mann
erected a particle classification system
that he called the eightfold way, after
the Buddhist path to enlightenment.
The term encouraged the notion, popu-
lar in the 1960s, that particle physics
and Eastern mysticism are profoundly
linked. Gell-Mann calls the idea “rub-
bish.” He now says his allusion to Bud-
dhism (another interest) was just “a
joke that some people took seriously.”

Gell-Mann points out that he could
easily follow tradition and concoct
“proper, pompous names for things,
based on Greek and so on. I know how
to do that. But usually they were based
on ideas that turned out to be wrong.
‘Proton,’” for example, meaning first.
‘Atom,” uncuttable. All these things
turned out to be wrong! So I figured it
would be better to come up with some-
thing playful.”

Gell-Mann won the Nobel Prize in
1969 for his work on strangeness and
the eightfold way. Meanwhile, five years
earlier, he had invented a much more
comprehensive theory (also proposed
independently by a former student,
George Zweig). It holds that neutrons,
protons and all other hadrons consist
of more elementary particles called
quarks. Perhaps the most radical prop-
erty of quarks is that they carry frac-
tional charges. A proton, which has a
charge of +1, is made from two +2/3
quarks and one -1/3 quark. A charge-
less neutron consists of two -1/3
quarks and one +2/3 quark. Quarks are
bound together by force-carrying parti-
cles dubbed (not by Gell-Mann) gluons.

Gell-Mann is eager to dispel two com-
mon misconceptions about the histo-
ry of quarks. First, he did not simply
swipe the neologism from Finnegans
Wake. Rather he initially decided that
a sound like “kwork” (pronounced to
rhyme with “fork”) might make a nice
tag for the new particle. Only then,
while perusing James Joyce’s gobbledy-
gookian tome—as Gell-Mann has done
often since its publication in 1939—did
he come on the phrase “three quarks
for muster mark” and decide to adopt
Joyce’s spelling. (Gell-Mann notes that
“quark,” as used by Joyce, evokes both
a quart of ale and the cry of a gull.)

Then there is the matter of Gell-
Mann’s having suggested in an early
paper that quarks are “mathematical”
rather than “real” entities. He made
this distinction, he says, because he be-
lieved quarks would prove to be per-
manently “trapped” inside hadrons by

the gluons and thus would be impossi-
ble to isolate and detect individually. “I
didn’t want to get into an argument
with philosophers, who are an un-
believable pain in the neck, many of
them, saying, ‘What? Real? But it can’t
come out! What do you mean saying
it’s real!””

Experiments in the 1970s provided
indirect yet still compelling evidence
for Gell-Mann’s basic trapped-quark

Gell-Mann regrets
having once proposed
that quarks are
“mathematical” rather
than “real” entities.

model (and for a more detailed quark-
based theory developed by Gell-Mann
and others, called quantum chromody-
namics). “But virtually everybody re-
peats in book after book by science
writers and people like that that I never
really believed in quarks because I said
they were most probably ‘mathemati-
cal,”” Gell-Mann says. “I've suffered ter-
rible insults as a result of being right!”

For the last decade or so, Gell-Mann
has been less involved in day-to-day
particle physics. He is a cheerleader

for—rather than active developer of—
superstrings, extremely small and hy-
pothetical particles whose wrigglings
supposedly give rise to all the observ-
able particles and forces of nature, in-
cluding gravity. Gell-Mann says he feels
paternal toward superstrings, since his
work on something called dispersion
theory in the 1950s helped to inspire
the first string model. He calls critics of
superstrings “crazies”: “They should
try to work out the implications of the
theory instead of attacking it.”

Gell-Mann has been more directly in-
volved in devising a version of quan-
tum mechanics that can be applied to
cosmology. The work stems in part
from a proposal by Stephen W. Hawk-
ing of the University of Cambridge and
James B. Hartle of the University of Cal-
ifornia at Santa Barbara that the entire
universe can be described by a quan-
tum equation, or wave function. There
is a problem, however: a wave function
describes a range of possible paths for
a particle, and the particle “chooses”
one path only when someone observes
it. If the particle is the entire universe,
who and where is the observer?

In the late 1950s, Gell-Mann notes,
Hugh Everett III of Princeton University
invented an observer-free version of
quantum mechanics called the many-
worlds interpretation. It held that a

From beginning
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particle follows all the paths described
by its wave function—in different uni-
verses. With Hartle, a former student,
Gell-Mann is developing a modified ver-
sion of Everett’s concept, called the
many-histories interpretation.

In choosing the word “histories,”
Gell-Mann says, he and Hartle sought
to distance themselves from Everett’s
“flawed” belief in the actuality of alter-
nate universes. Gell-Mann recalls a col-
league’s remark that “if you believe in
Everett’s interpretation, you should
play Russian roulette for high stakes,
because in one of the worlds you will
win a lot of money.”

Gell-Mann has also become an enthu-
siastic student of complexity, which he
says embodies principles underlying
virtually all his other pursuits and in-
terests. In the early 1980s he helped to
found the Santa Fe Institute in New
Mexico, where researchers study such
“adaptive complex systems” as lan-
guages, brains and national economies.
He has also sought to make his mark
on the field by proposing a new term,
“plectics,” which refers to the study of
simplicity and complexity in all their
myriad manifestations. (The term has
not caught on yet, perhaps because it
has a Greek root.)

We have arrived at the airport and
are running out of time. We have

scarcely touched on Gell-Mann’s polit-
ical persona, which extends back to his
childhood. In 1944 he entered Yale late
so he could work as a volunteer in the
reelection campaign of President Frank-
lin D. Roosevelt. In the 1960s, as a sci-
ence adviser to the Pentagon, he helped
to formulate the policy that led the
U.S. and U.S.S.R. to ban all but very lim-
ited defenses against each other’s nu-
clear missiles. Gell-Mann says he was
shocked in 1983, when “that third-rate
actor Ray-gun” proposed a “Star Wars”
system that would abrogate the ban.

After he became a director of the
MacArthur Foundation in 1979, Gell-
Mann began establishing programs to
promote conservation, population con-
trol and “sustainable activities” world-
wide. Recently he has succeeded in di-
verting some MacArthur funds into re-
search on how the subconscious affects
mental health. Intrigued by the role
his own subconscious played in his
creative achievements, Gell-Mann had
urged psychologists and psychoanalysts
to study the subconscious as early as
the 1960s—but was told, basically, to
mind his own business.

I do manage to get in a question
about historical linguistics. “Linguistics
is something I'm very good on,” Gell-
Mann confides. In fact, he is co-editing
and writing a preface and chapter for a

book on that topic. Gell-Mann’s preface
briefly argues for a theory, proposed
by Joseph H. Greenberg of Stanford Uni-
versity, that one can construct a fam-
ily tree for all the world’s languages
by analyzing similarities between them.
Some linguists—full-time, profession-
al linguists—argue that Greenberg’s
linguistic evidence cannot support his
conclusions. Gell-Mann finds this view
“so silly on the face of it that you
wonder how adult human beings can
adopt it.”

As Gell-Mann checks in at the ticket
counter, he begins worrying aloud that
he may not have enough cash to take a
taxi from the airport in California to
his home. I lend him $40, and Gell-
Mann writes me out a check. As he
hands it to me, he suggests that I con-
sider not cashing it because his auto-
graph might be “rather valuable.”

Gell-Mann then rushes toward the
departure gate. ‘I like to be the first
one on the plane,” he says. Trailing be-
hind him, I finally muster enough cour-
age to mention that some scientists,
while acknowledging that he is very
smart, also suggest that he is, well, sort
of a know-it-all. “I don’t know what
that means,” Gell-Mann snaps over his
shoulder. A few seconds later he de-
clares, “I do know a lot about a lot of
things, it’s true!” John Horgan

to end. It’s an Accord.
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When's a wagon not really a wagon?
When it’s a Honda, of course. The strong
140-horsepower, 16-valve fuel-injected

engine, anti-lock brakes (ABS) and
¢—1 double wishbone suspension system
combine for a ride that’s pure Accord.
Sink into the large, comfortable seats.
There’s an impressive amount of leg
and head room. Plus, a driver’s side
airbag is standard. There’s no question
about it. T'his wagon is an Accord through
and through. The Accord EX Wagon EIEZEIEIEIES
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Building a Market Economy

in Poland

How is a previously centralized economy to be transformed?
Poland’s experience thus far offers lessons for other
Eastern Luropean nations and a challenge for the West

uring the past two years, the
D nations of Eastern Europe have

abandoned an economic Sys-
tem based on state ownership and the
centralized control of production and
prices. In its place they hope to con-
struct free-market economies like those
that have brought such visible prosper-
ity to Western Europe during the post-
war period. How is this transformation
to be accomplished?

The changeover was made possible
by the democratic revolutions that end-
ed communist control in Eastern Eu-
rope, but the change in economic direc-
tion reflects more than political develop-
ments. By 1989 the perverse incentives
of communist rule had led to near eco-
nomic collapse. State bureaucrats ex-
panded outmoded heavy industries far
beyond sensible limits while neglecting
the provision of consumer goods and
services. The push to expand industrial

JEFFREY SACHS, who serves as an eco-
nomic adviser to several governments in
Latin America and Eastern Europe, is
one of the architects of Poland’s eco-
nomic reform program. Between 1986
and 1990 Sachs helped to design and im-
plement a stabilization program for Bo-
livia that reduced annual inflation from
40,000 percent to 15 percent. He is cur-
rently leading a team of economic advis-
ers for Russian president Boris Yeltsin.
Educated at Harvard University, Sachs
now holds the Galen L. Stone Chair in
International Trade there.
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by Jeffrey Sachs

production at all costs had led to envi-
ronmental degradation well beyond that
which sparked the environmental move-
ment in the West. The average Czech,
Pole or Hungarian enjoys—though that
is hardly the word—a living standard
far below the levels of even the poorer
countries of the European Community
and about on a par with the some of the
developing nations of Latin America.

Although citizens want the benefits of
a market economy, national leaders still
face political and logistic challenges in
implementing reforms. Last fall’s parlia-
mentary elections in Poland, for exam-
ple, show the limits of people’s patience
for unemployment and lower real wages
during the period of economic transi-
tion. (Architects of other restructurings,
such as Germany’s postwar economic
miracle, were also widely criticized in
early years for the turmoil they allegedly
caused.) Meanwhile the sheer bulk of
state-owned enterprises poses a task of
unprecedented dimensions in turning
them over to private hands.

‘ Q [ estern aid will be essential to
this restructuring. Not only are
vast resources required to re-

build worn-out industries and crum-

bling cities, but the West must make it
clear that the newly free economies,
once established, will be welcomed into
the community of European and global
trade. Failure to do so could threaten
not only the economic health of Eastern
Europe but also its nascent democracy.
I have been most closely involved
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with the restructuring of Poland. Its
economy is widely recognized as one
of the worst-off of Eastern Europe. Its
heavy industrial sector is overgrown,
inefficient and completely protected
from international competition. Light
industry, services and distribution have
been neglected, as has the nation’s
financial system. Millions of poor peas-
ant farmers form the core of the agri-
cultural sector. They work tiny plots of
land, typically no larger than five hect-
ares (2.5 acres).

To remedy these conditions, the coun-
try is aiming to put in place a political
and economic system similar to that of
members of the European Community.
Its fundamental goal, like that of the
other former Soviet bloc countries, is
the closest possible integration with
Western Europe. By the turn of the cen-
tury this course should lead to full
membership in the European Commu-
nity. There is to be no “third way”—the
mix of continued socialist ownership
with market forces rather than central
planning that some have called for as a
compromise between the old system
and modern capitalism.

Former finance minister Leszek Bal-
cerowicz put it bluntly: “Poland is too
poor to experiment. We will therefore
follow working models. Let the rich
countries experiment if they want.”

The urge to harmonize with and even-
tually join the European Community
has deep roots. Poland desires to re-
gain its place in the mainstream of
European society and culture. The slo-



gan of the revolutions of 1989, after
all, was “return to Europe.” In addition,
Poles are virtually unanimous in their
admiration for the social and political
accomplishments of postwar Western
Europe in creating wealthy and large-
ly equitable societies based on private
ownership, social welfare systems and
stable parliamentary democracies.

Not only do the Poles regard Euro-
pean Community nations as a model to
emulate, but they also believe that free
trade and financial relations with the
European Community will directly help
them catch up with Western living stan-
dards. Strong evidence indicates that
the close ties of the European Commu-
nity have helped poorer countries such
as Portugal and Spain close the gap in

living standards between them and
richer nations such as Germany and
France. More generally, the economic
evidence suggests that outward-orient-
ed trade regimes stimulate growth, and
Western Europe is the logical trading
partner for its Eastern neighbors.
Another advantage of early commit-
ment to eventual European Community
membership is symbolic. Many poten-
tial investors naturally fear that the
enormous economic turmoil of restruc-
turing could lead to domestic politi-
cal demands for protectionism or other
actions inimical to long-term growth.
Treaty agreements with the European
Community could irrevocably set Po-
land on a free-trading course and so
make investment there more attractive.
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After Portugal and Spain joined the Eu-
ropean Community in 1986, the rest
of Western Europe increased its invest-
ment in those countries significantly, at
least in part because of the increased
assurances on long-term policies.
Poland’s economic transformation
has two critical components: the re-
forms that convert a command econo-
my to a market-driven one; and the ac-
tual restructuring of industrial and

OUTDATED HEAVY INDUSTRY is a ma-
jor weak spot in Poland’s economy. New-
ly unleashed market forces are shrink-
ing industrial output rapidly. In contrast,
employment in the nation’s previously
neglected service sector is burgeoning.
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business activity that will take place as a
result of the reforms. The reforms can
and should be introduced quickly—
within three to five years at most. Re-
structuring, in contrast, will necessarily
last a decade or more, as investors build
up new sectors of the economy in re-
sponse to the resulting market signals.

‘ ‘ I hile restructuring takes place,
the government must make
certain that a safety net pro-

tects the most vulnerable members of

society—among them, farmers, pen-
sioners and those working in outmod-
ed industries. Much of the safety net
consists of measures held over from
the earlier government, such as health
care, housing and the like. Other parts,
such as unemployment insurance, are
uniquely capitalist requirements. As in
other democracies, public demand for
such spending can easily outpace bud-
getary realities. Maintaining a proper
balance between social needs and bud-
getary possibilities is a key economic
and political challenge that has no easy
solution in sight.

Although the Polish government faces
pressure to modify policies that cause
unemployment and other social dislo-
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cations, it is pressing forward with re-
forms. Three major kinds of measures
dominate the policy landscape: liberal-
ization, stabilization and privatization.
Economic liberalization means introduc-
ing market competition and creating a
legal framework for private property
and privately owned businesses. Stabi-
lization fosters a climate in which enter-
prise of any kind can survive. It involves
limiting budget deficits, reducing the
growth of the money supply and estab-
lishing a realistic, uniform currency ex-
change rate to promote stable prices
and foreign trade.

Privatization, certainly the trickiest
area of reform, transfers existing state
property, such as factories, to the pri-
vate sector. Under the communist re-
gime, 3,000 government-held industrial
enterprises accounted for 90 percent of
industrial output. Another 5,000 state
enterprises operated in areas such as
transport, communications and trade. In
addition to the privatization of state
enterprises, the formation of entirely
new firms made possible by economic
liberalization will also act to privatize
the economy.

As the economy moves toward mar-
ket capitalism, comprehensive, rapid
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reforms can vastly reduce public con-
fusion about the “rules of the game.”
Gradual introduction of new measures
would create ongoing uncertainty, in-
ternal inconsistency and political resis-
tance. The “big bang” approach, in con-
trast, sets clear incentives for the new
economic system in place immediate-
ly. As one wag put it, gradual reforms
would be the rough equivalent of the
British shifting from right-hand to left-
hand driving by just switching over the
trucks at first.

In a strategy now being emulated
more or less closely by other nations of
Eastern Europe, Poland set in place the
three main pillars of reform as rapidly
as possible. On January 1, 1990, it intro-
duced a convertible currency and other
substantial elements of liberalization
and stabilization. It has also begun the
more complex process of privatization.

Before the big bang at the beginning
of 1990, many economists and others
expressed concern about liberalizing
prices while the bulk of industrial pro-
duction was in the hands of a few state-
owned monopolies. Some insisted that
price controls should remain until com-
petitive producers had been established.
Fortunately, they were wrong: free trade



and the resulting availability of reason-
ably priced foreign goods proved a
much quicker and more effective route
to price competition in Polish markets
than any attempt at administrative de-
monopolization could have offered.

Poland also achieved macroeconom-
ic stabilization fairly quickly by elimi-
nating its budget deficit and tightening
monetary policy. The final breakdown
of the old regime led to extraordinary
financial instability and a brief period
of hyperinflation, but as part of the big
bang the government cut subsidies that
had amounted to more than 5 percent
of the gross national product (GNP), in-
creased tax collections, put on wage
controls and sharply devalued the cur-
rency. The budget shifted from a defi-
cit of 7.4 percent of GNP in 1989 to a
surplus of 3.8 percent in 1990.

These measures, together with the
elimination of most price controls,
caused the consumer price level to dou-
ble during January 1990. Soon after this
one-shot jump in prices, however, the
new economic environment brought an
end to high inflation and, even more re-
markably, a rapid end to decades of
chronic shortage and lines.

undreds of thousands of small
Hbusinesses started operation in

1990, creating in a matter of
months a network of shops, service
establishments and firms engaged in
international trade, construction and
transport. The development of the ser-
vice and trade sectors was particular-
ly dramatic in an economy that had
long been starved of them. In the first
few months, most start-up capital came
from unofficial sources rather than
from the official banking sector. House-
holds invested hard currency (as op-
posed to zlotys) that they had accumu-
lated in earlier times. Entrepreneurs’
neighbors and families contributed
money, as did relatives living in the
West. In addition, capital was spun off
either formally or informally from state
enterprises: for example, municipalities
leased tens of thousands of shops to
their workers. Many operations started
informally (for instance, by selling meat
from the back of a truck) and quickly
expanded to full-fledged small business-
es. By the end of 1990 and throughout
1991, the formal banking sector began
to provide an increasing flow of credit
to new small private businesses.

The economy also adjusted quickly
to the opening of markets to interna-
tional trade. Thanks to the new convert-
ibility of the zloty and the favorable ex-
change rate after devaluation, Polish ex-
ports to the West surged from around
$8.5 billion in 1989 to $11.5 billion in

1990. This surge continued in 1991 and
has helped pay for a sharp rise in im-
ports. The import boom reflects the ea-
ger purchase of Western durable goods
previously unavailable and a substan-
tial increase in imported machinery as
well as energy to offset the loss of sup-
plies from the Soviet Union.

Although efforts at liberalizing and
stabilizing the Polish economy have
been largely successful, privatization,
especially of large enterprises, lags dan-
gerously. This is the nation’s key prob-
lem: unremedied, it could lead to the re-
turn of profound economic instability.

The privatization of small enterprises
(those with fewer than 500 employees)
has moved forward rapidly. Trucking,
construction and small industrial units
are now largely in private hands, most
either auctioned off or sold to their em-
ployees. By mid-1991 more than 40,000
shops had been sold or leased to private
operators; combined with the growth
of private firms in the service sector,
this has privatized an estimated 80 to
90 percent of all retail trade.

In contrast, only a small fraction
of Poland’s large industrial enterprises
has been privatized. The sheer mag-
nitude of the task is daunting. Under
the aggressive privatization campaign
of the Thatcher regime in the 1980s,
for example, the U.K. succeeded in pri-
vatizing about five state-owned enter-
prises a year. Even at that rate—which
in the UK. relied on a sophisticated
capital market and a private sector ca-
pable of absorbing state-owned firms—

privatization would take the Poles sev-
eral hundred years. Without a long his-
tory of performance in an open mar-
ket, it is difficult to estimate the val-
ue of the state-owned enterprises, and
without a large stock of private capi-
tal, few can buy at plausible prices. Al-
though foreign investors might have the
resources to snap up Polish firms (as-
suming they wanted to), such a course
would be politically unacceptable.

In the face of such difficulties, a deci-
sion was made last summer to privatize
several hundred large industrial enter-
prises by giving shares to all Poles. The
so-called Mass Privatization Plan calls
for distributing shares among several
private investment funds, each of which
will have a diversified portfolio of enter-
prises. In turn, the shares of the invest-
ment funds will be distributed to adult
citizens, free of charge. Foreign man-
agers will be recruited to help oversee
each of the investment funds, although
the funds will be owned by Polish
households. At the same time, a frac-
tion of each enterprise’s shares, around
10 percent, will be distributed free of
charge to its workers and managers.

Once the shares are in private hands,
the reasoning goes, a market for them
will develop. Workers and managers
may trade their shares to other inves-
tors, and the investment funds may
also trade the shares among one anoth-
er or to other investors, both domestic
and foreign. The households may trade
their shares of the investment funds,
thereby putting market pressure on the

POLISH AGRICULTURE is still inefficient and labor intensive. Most farmers work
plots no more than five hectares in size. Sharp cuts in subsidies are expected to
force consolidation into larger, more efficient farms.
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ECONOMIC LIBERALIZATION has led to a wider availability of consumer goods (al-
beit at higher prices). Photographs above show a butcher shop in 1989 (top), when
price controls were still in force, and in 1990 (bottom), after they had been lifted.

investment funds to manage their port-
folios wisely. Meanwhile the invest-
ment funds will appoint members to
the board of directors of each enter-
prise that they own. These board mem-
bers will scrutinize management as
they do in the West.

Enterprise managers will therefore
face several kinds of scrutiny and incen-
tives that do not exist for state-owned
firms. In addition to being motivated by
their own share holdings, the managers
will be watched by the directors of the
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enterprise, many of whom will be ap-
pointed by the investment funds. They
will also face the market test of the val-
ue of the shares traded in the stock
market. Enterprises whose prospects
are bleak will find their shares falling in
value, rendering them liable to takeover,
or at least to a change of management.
The value of well-run enterprises, in
contrast, will climb, potentially making
additional capital available for invest-
ment. Furthermore, once firms are in
private hands, the political conse-
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quences of restructuring will be re-
duced, because the private sector rather
than the government will be doing the
work. Call for subsidies and protection
should also be easier to resist.

This plan was still moving toward
implementation at the end of 1991, al-
though the inconclusive results of the
parliamentary elections rendered its fu-
ture uncertain. At least some funds will
be established, but the method of dis-
tributing their shares to households re-
mains a matter of debate. The number
of firms that will eventually participate
in the program is aiso open to ques-
tion. Around 200 have been designated,
and policymakers intend to distribute
shares in additional groups of firms if
the program shows signs of success.

large state-owned industry is left

rudderless or worse. Under the com-
munist regime, managers were con-
trolled by state administrators or the
Communist party, their commands
backed up by the threat of state vio-
lence. In the West, and under the plans
of mass privatization, managers are
governed by a board of directors that is
legally obliged to act on behalf of
shareholders. (Although that does not
always happen, at least the basic legal
responsibilities and economic incen-
tives are in place.)

As matters now stand in Poland, how-
ever, most managers answer neither
to administrators nor to their nominal
owner, the Treasury. They operate on
their own behalf or under the control
of a council of workers. Only in a small
minority of cases has the government
appointed a supervisory board to repre-
sent the interests of the Treasury as the
legal owner of enterprises, a measure
known as commercialization.

As aresult, managers are all too ready
to pay out enterprise profits in the
form of higher wages, making industri-
al plants even less competitive than
they already were. What wage control
there is in Poland comes from highly
unpopular centralized income policies,
which are both economically inefficient
and politically debilitating.

In addition, reports indicate wide-
spread self-dealing and conflicts of in-
terest among managers of state-owned
enterprises. Managers have been ac-
cused of intentionally bankrupting firms
in order to buy them out cheaply or es-
tablishing private firms that then receive
preferential contracts with the state-
owned enterprises. They have accepted
unfavorable joint-venture and takeover
offers that provide personal benefits
while rejecting better offers that might
put their jobs at risk. In short, all the ills

In the meantime, most of Poland’s



of unbridled laissez-faire capitalism that
plagued the West in the 19th century
are running amok in Poland.

There are also the “zombie” enterpris-
es, whose incompetent managers have
failed to adjust to new market condi-
tions. Many of the Polish firms hit by the
collapse of the Soviet market, for exam-
ple, simply continued to produce goods
at normal rates and build up invento-
ries while waiting for a miracle. In mid-
1991 the money ran out, and a spate of
politically and economically troubling
insolvencies struck the country.

As long as the privatization of large
industrial enterprises is delayed, wider
use of commercialization is impera-
tive. Although appointing a superviso-
ry board to represent the interests of
the Treasury does not establish private
ownership, it does bring in some mod-
icum of oversight of managerial behav-
ior, and it does subject the enterprise
to normal rules of corporate behavior.

Even this step, however, is being ap-
plied only slowly. Some policymakers
underestimate the importance of estab-
lishing a clear legal framework for state
enterprises, whereas others point to the
real (but surmountable) logistic difficul-
ty of finding qualified individuals to sit
on supervisory boards. Some critics of
commercialization offer concerns that
abuse of power by supervisory boards
could in effect return enterprises to
centralized government control.

r I Yhe structure of the Polish econo-
my is already changing under the
influence of the market forces

that have been unleashed during the

past two years. As additional reforms
such as large-scale privatization take
effect, those changes will accelerate.

Ultimately, the pressure of internation-

al competition will probably play the

largest role in restructuring.

Although it is impossible to predict
long-term effects precisely—which in-
dustrial sectors will flourish and which
will decline—some basic trends are al-
ready emerging. The industrial sector as
a whole is shrinking, while the hereto-
fore neglected service sectors (notably
shops, restaurants, banking and person-
al services such as plumbers and me-
chanics) are growing. Indeed, although
Poland is often characterized as being in
a sharp recession, that is true only of
the industrial sector. The service sectors
of the economy are booming. Between
December 1989 and June 1991, individ-
uals started 460,000 businesses, operat-
ing mostly in services, and the payrolls
of all small private firms grew by an es-
timated 860,000 workers.

Major changes are also afoot in agri-
culture. Poland never completed the

great demographic shift from agricul-
ture to industry and services that has
been traversed by nearly every ad-
vanced industrial country. Agriculture
still accounts for about 20 percent of
total employment and 10 percent of
GNP. Many small farmers are now un-
der financial pressure as a result of the
sharp cuts in Polish agricultural subsi-
dies during the past two years. In the
coming decade or two, most smaller
farms will be consolidated into larger,
more efficient operations.

Most important for the long term,
however, is a complete restructuring
within what remains of the industri-
al sector, away from energy-intensive
heavy industries such as steel and ship-
building and toward more labor-inten-
sive and skill-intensive industries that
can compete in world markets. Poland
offers low-cost skilled labor, particu-
larly in engineering, that should make
it an attractive place to produce high-
value-added goods for export to West-
ern Europe. Already some important
restructuring is under way: the number
of private industrial corporations grew
by about 25,000 between December
1989 and June 1991.

Western firms are likely to set up op-
erations in Poland to manufacture for
export in the same way European firms
are now investing in Spain, American
firms in Mexico and Japanese firms in
Korea, Taiwan and the rest of South-
east Asia. Thus far, however, concerns
about unclear property rights and the
political sustainability of Polish econom-
ic reforms have kept foreign direct in-
vestment at a low level. If the reforms
are sustained, investment should in-
crease markedly in the coming years.

Despite the accomplishments to date,
Poland’s situation remains decidedly

fragile. Average citizens appear less tak-
en by the fact that the burgeoning of
firms promises future economic growth
than by the rate at which existing in-
dustrial enterprises are going bust. Al-
though they appreciate the end of short-
ages and queues, they are having trou-
ble making low monthly earnings cov-
er the higher market prices. Many are
confused—they do not understand why
the end of communism has not brought
prosperity, why they have both free
markets and low living standards and
why economic reform’s most visible
product is unemployment. In a survey
last summer, approximately 60 percent
of Poles said they feared losing their
jobs in the near future.

Significant parts of the population
have lost ground in the first two years
of reforms. The hundreds of thousands
of farmers working tiny, inefficient
plots, for example, have lost the subsi-
dies that helped them stay afloat. Simi-
larly, hundreds of industrial enterpris-
es employing hundreds of thousands
of workers are unable to compete un-
der the new market conditions. The un-
employment rate had risen to around
11 percent at the end of 1991.

Not all of the measured rise in unem-
ployment is a result of reforms. Some
people were always unemployed, but
their numbers were not recorded by a
regime that considered unemployment
a crime rather than a misfortune merit-
ing compensation. Many labor econo-
mists also suspect that a fair propor-
tion of the unemployed hold jobs in
the informal economy. Furthermore,
the collapse of the Soviet economy and
the breakdown of trade relations with
the Soviet Union (now the Common-
wealth of Independent States) have led
to a rapid decline in its imports from
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the Eastern bloc. Hundreds of enter-
prises in Poland and elsewhere are be-
ing forced to close their doors or scale
back production dramatically. Insofar
as enterprises can shift their exports
from the East to the West, the reforms
may in fact help cushion Poland from
such external shocks. Nevertheless,
much of the increase in unemployment
is real, and the fears of unemployment
are indisputable.

Although Poles blame the reforms
for an alleged steep fall in living stan-
dards, this decline is almost surely over-
stated. Average wages have risen less
than prices since the start of the re-
forms, thereby reducing measured real
take-home pay. But, in general, goods
were never actually available at pre-re-
form prices, at least not without the
buyer waiting in a long queue or paying
a bribe or paying extra amounts in the
black market. According to survey data,
average Poles are now consuming some-
what more meats, fruits and consumer
durables than they did before, suggest-
ing that greater availability has more
than compensated for higher prices.
Furthermore, people are saving millions
of hours per week that used to be wast-
ed standing in queues.

Some kinds of expenditures, however,
do seem to have been cut back on aver-
age. One important area of reduced con-
sumption is clothing. Particular social
groups such as industrial workers and
farmers have been hard hit by the re-
forms. And with the collapse of Soviet
trade with Poland in 1991 and the end
of subsidized sales of Soviet petroleum,
the society suffered a significant loss of
income, albeit not as the result of the
economic reforms themselves.

fate of policies for economic re-

structuring is uncertain. In postwar
Germany, for example, Ludwig Erhard,
now remembered as the father of the
postwar German economic miracle, was
widely criticized as the creator of high
unemployment rather than high living
standards. Not until several years after
the start of his reforms did prosperi-
ty arrive. The Adenauer government of
which Erhard was a member just barely
survived the first difficult years, in large
part thanks to the money flowing into
Germany through the Marshall Plan.

In Poland, Balcerowicz will be remem-
bered as the father of his country’s eco-
nomic miracle only if his reforms are
given time to work. And time may be
very scarce indeed, given the limited pa-
tience of the population and the power-
ful political forces supporting protec-
tion and subsidy of failing industries.

The greatest risk in Poland is that

I n the current turbulent climate, the
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populist concern over short-term hard-
ships, confusion over property rights
and a splintering of political power in
parliament will lead to a weak govern-
ment unable to take the last decisive
step to private ownership. In that case,
the economic situation will almost sure-
ly deteriorate further, and as has hap-
pened in Latin America, democratic
government could be as thoroughly dis-
credited as its totalitarian predecessor.

The “valley of tears” that intervenes
between the institution of reform and
later prosperity has been observed in
nearly every country that has undergone
a radical economic transformation, from
postwar Germany and Japan to Chile
and Mexico in the 1980s. Passing quick-
ly through the valley depends on politi-
cal leadership and a social consensus to
maintain a stable set of policies. If there
is inconsistency or wavering, it is easy
to get lost—Argentina, for example, has
been wandering for 45 years.

Peculiar electoral traditions and so-
cial divisions increase the chance that
the country will “wander in the wilder-
ness.” Poland organized its parliamen-
tary elections in October 1991 according
to a system of nearly strict proportional-
ity that gives representation even to
small parties receiving a small fraction
of the overall vote. The election law am-
plified inherent divisions between peas-
ants and workers, church followers and
anticlericists, urban and rural voters,
and so on; as a result, Poles elected rep-
resentatives of no less than 29 parties.
No party received more than 15 percent
of the vote. The new government will
therefore surely be based on a large
coalition, and history suggests that such
governments are easily paralyzed by
internecine disputes.

And even if the Poles can forge a sol-
id internal consensus, that will not be
enough for the new economic policies to
succeed. Attractive as the hope might be
that Poland and the other Eastern Euro-
pean nations can get back on their feet
by themselves, that view is simply not
realistic. The West has a crucial role to
play. The former Soviet satellites are in
dire need of financial assistance for re-
structuring now and in the next few
years. The U.S. and Western Europe
must help assure that resources are
available for the modernization of fac-
tories, roads and other utilities during
this delicate period.

Perhaps just as important as ready
cash and technical assistance, however,
is the West’s symbolic role. The “return
to Europe” is the glue that so far has
held the social consensus for reform
together. If Western Europe shows no
interest in the return of Poland (or the
rest of Eastern Europe), then the in-
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tense pressures already facing the new
democracy are likely to undermine the
course of reform and restructuring.
Worse yet, given the stingy attitude of
the West to date and the undoubted
cases of rapacious Western investors
intent on profiteering, a xenophobic
backlash may already be taking shape.

To aid restructuring, the European
Community should signal Poland that
it can indeed return to Europe. It
should make it absolutely clear that
Poland can expect European Communi-
ty membership after it has passed the
key hurdles of economic reform. Noth-
ing would so much channel energies
and political passions for reform.

The signing of association agree-
ments between the European Com-
munity and Czechoslovakia, Hungary
and Poland at the end of 1991 marked
an important move in this direction.
These agreements foresee free trade be-
tween the three countries and the Euro-
pean Community in industrial goods
by the end of the decade. Unfortunate-
ly, the agreements stop short of what
is needed, both in regard to member-
ship and on the important issue of agri-
cultural trade. The European Commu-
nity made some concessions, but its
protectionist framework remains intact.
Clearly, Western Europeans still have
deep anxieties about closer links with
the East, and these misgivings could
lead to considerable political trouble.

Europe stands at a crucial point in its
history. The cold war between democra-
cy and totalitarianism that divided the
continent for half a century is over.
Communism has lost. But unless all Eu-
ropeans work together to help build
market economies in the nations of
Eastern Europe and to integrate them on
an equal footing in international trade,
the victory over communism could be
followed by chaos and confusion rather
than economic renewal and growth.
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Ifithad less legroom, a lesser warranty;
and cost thousands more, it could be a Cadillac.

Logic would seem to dictate that when you pay thousands of dollars more for a car, you should get

a lot more car. Apparently, in the case of the Cadillac Sedan DeVille versus the
Chrysler Fifth Avenue, logic does not apply. Both cars provide ample room for
six, air-conditioning, automatic transmission, automatic load leveling, stereo
sound system, fully reclining seats, all as standard equipment. Both offer safety and
performance. A driver’s air bag is standard on the Chrysler Fifth Avenue, as is a powerful fuel-
injected, 3.3-liter V-6. Anti-lock brakes are also available. Here, however, is where logic totally
falls apart. The restyled Chrysler Fifth
Avenue costs thousands less, yet

it has more rear legroom than
the largest Cadillac. And it offers
a better warranty: bumper-to-bumper
protection for 5 years or 50,000 miles! So if you're looking for a great luxury car, defy logic. Pay

less, get more. Chrysler Fifth Avenue. For more information, call 1-800-4A-CHRYSLER.

ADVANTAGE:CHRYSLER w&

A DI VI S 1 O N O F C HR Y S L E R C O R P ORAT I ON

*Standard equipment levels vary. Legroom comparison to Cadillac Brougham. *Excludes normal maintenance, adjustments and wear items. See limited warranty at dealer. Some restrictions apply
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The One Time Of Year
When Those Who Know
The Joy Of Making Money

Are Consumed By
The Misery Of Losing It.

. INTHE WORDS of the
\;:;3“‘ famous poet, T.S. Eliot,
“April is the cruelest month”
Indeed it is. The thought of
writing big checks for income tax
does little to quiet one'’s soul.
After all, it is your money we're
talking about. You earned it. You
paid taxes on it all year long.
And now (as if that weren't
enough), you also get to pay taxes
on your investments.

The human mind is quite in-

genious in the ways it finds to cope
with such financial dilemmas. But
none are as practical as the way we're
about to suggest: a tax-free’ invest-
ment from John Nuveen & Company.
It will help you keep the money
you earn. It is also our specialty.
With nearly a hundred years
experience, you'll find we have an
insight into the municipal bond
business that, in our opinion, few

other companies can match.

*Income may be subject to state and local taxes. Capital gains,

if any, will be subject to capital gains taxes.
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This being the case, it should suggest you ask your financial ad-

come as no surprise that we review viser or your personal banker about

billions of dollars worth of bonds % Nuveen tax-free investments
3 (for current and future income).

each year. And only after a pains-

- i
Orville became ornery.

Francine became frazzled. Myron became morose.

takingly thorough process of re-
search do we invest in a select few
(including some that other invest-
ment companies have overlooked).

All of which are scrupulously
managed for the long term with
one goal in mind: to provide a high
level of tax-free income over time,
while still protecting your initial
investment.

So if you would like to learn
more about how it's possible to keep

more money (and who wouldn't), we

Or you can call us toll-free at
1-800-524-6500. We'll send you a free
booklet that just might help next
April be a joyous one.

For more complete information
on Nuveen tax-free open end mutual
funds, including charges and expen-
ses, call for a prospectus. Read it care-

fully before you invest or send money.

NUVEEN

Specialists In Tax-free Investments

Since 1898.
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The Patch Clamp Technique

A simple procedure can easily isolate ion channels on
cell membranes. Its Nobel Prize-winning developers explain what
the technique has revealed about cellular signaling

he transmission of signals with-
T in and between cells is mediated
by ion channels, pore-forming
proteins embedded in the plasma
membranes of nearly all cells. Within
the body, ion channels produce the flick-
ers of electrical activity that stir neurons
and muscle cells. In sensory organs the
channels translate physical or chemical
stimuli into electrical signals for the
nervous system. Even cells not connect-
ed to the central nervous system, such
as those in the blood, immune system,
liver and other organs, use ion channels
for signaling processes.
Since the 1950s biologists have been
able to study the electric currents aris-
ing from these ion fluxes at a macro-

ERWIN NEHER and BERT SAKMANN
are the corecipients of the 1991 Nobel
Prize for Physiology or Medicine for de-
scribing the function of single ion chan-
nels using their patch clamp technique.
Neher is director of the membrane bio-
physics department of the Max Planck
Institute for Biophysical Chemistry in
Gottingen. After completing his under-
graduate studies in physics at the
Institute of Technology in Munich in
1965, he went on to earn a master’s de-
gree in 1967 from the University of Wis-
consin, where he was a Fulbright Schol-
ar. He then returned to the Institute of
Technology and completed his doctor-
ate in 1970. Neher has also worked as a
visiting scientist at Yale University and
the California Institute of Technology.
He is a corresponding member of the
Bavarian Academy of Sciences and a for-
eign associate member of the US. Na-
tional Academy of Sciences. Sakmann is
director of the cell physiology depart-
ment of the Max Planck Institute for
Medical Research in Heidelberg. He re-
ceived his medical degree from the Uni-
versity of Munich in 1969. Between 1970
and 1973 he studied biophysics as a
British Council scholar at University Col-
lege in London with Nobel laureate
Bernard Katz. Before moving to Heidel-
berg in 1989, he worked at the Max
Planck Institute in Gottingen.
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by Erwin Neher and Bert Sakmann

scopic level. Only since the 1970s, how-
ever, could they examine the individual
ion channels themselves. The patch
clamp technique, for which we recently
received the Nobel Prize for Physiology
or Medicine, made these details acces-
sible for the first time.

Although its development and refine-
ment took several years, the technique
is fundamentally simple: a thin glass
pipette of the proper shape is tightly
sealed against a cell membrane, thereby
isolating a small patch of the membrane
and the ion channels it contains. These
channels can then be chemically or elec-
trically manipulated and their proper-
ties deduced. A researcher can even re-
move a patch of membrane from a cell
or carefully open a window into a living
cell to alter its cytoplasmic constituents.
In all these various applications the
patch clamp technique makes it possi-
ble to probe how ion channels affect
membrane voltage and cell processes
such as secretion and contraction.

Several hundred laboratories through-
out the world have adopted and ex-
tended the patch clamp technique
since we introduced it in 1976. This
summary of what the procedure has re-
vealed about ion channels and their
functions draws on their many contri-
butions and not just our own.

P ] uch of our early interest in ion
channels was inspired by two
fascinating papers published

in 1969 and 1970, when we were doc-

toral students of membrane biophysics
at the Max Planck Institute for Psychia-
try in Munich. The papers concerned
artificial lipid membranes, which in
their pure form are electrical insula-
tors. Yet Ross C. Bean and his col-
leagues at the Ford Aerospace Corpo-
ration in Newport Beach and Steven
Hladky and Denis Haydon of the Uni-
versity of Cambridge demonstrated
that if trace quantities of certain antibi-
otics or proteins were inserted into the
membranes, they became electric con-
ductors. The discrete changes in the
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current passing through the mem-
branes suggested that the proteins cre-
ated porelike channels that opened and
closed individually. Charged ions could
then traverse the membrane through
the open channels.

It became clear to many investigators
that the electrical signals in neurons and
other cells must be mediated by similar
proteins in the lipid plasma membranes
surrounding them. Alan L. Hodgkin
and Andrew F. Huxley of Cambridge
had previously invoked the concept of
ion channels in their classic analysis
of currents through nerve membranes,
for which they received the Nobel Prize
in 1963. All of us interested in mem-
brane biophysics anticipated that if
measurements at an appropriately fine
resolution could be taken, a whole mi-
crocosm of signaling molecules would
be found.

In the following years, evidence con-
tinued to accumulate that ion channels
do operate in cell membranes. Most no-
tably, in 1972 Bernard Katz and Ricar-
do Miledi of University College in Lon-
don conducted a statistical analysis of
voltage fluctuations at the neuromus-
cular junction (the synapse between a
motor neuron and a muscle fiber).
They concluded that the synaptic sig-
nals consisted of small electrical events
of the same magnitude as those associ-
ated with the artificial channels.

But Katz and Miledi could only infer
the properties of the channels from
their analysis, which depended on sev-
eral assumptions. No method was avail-
able for directly measuring the unit
events constituting the synaptic signal.
The background noise associated with
the standard techniques for measuring
the electric current passing through a
cell membrane was only one ten-bil-
lionth of an ampere, but it was 100
times greater than the current of a unit
event and drowned out its signal.

In 1973 we decided to tackle the
problem of reducing the background
noise. We knew that the available elec-
tronic components would have the reso-



lution necessary for measurement only
if a small patch of membrane could be
insulated from the rest. The approach
we took was to place a glass micro-
pipette onto the surface of enzymati-
cally cleaned muscle fibers. The non-
conductive glass pipette, we hoped,
would isolate a few ion channels, there-
by providing us with a clear signal.
Unfortunately, obtaining a tight seal
between a measuring glass pipette and
a membrane was not easy. Like many
others who had used extracellular pi-
pettes before us, we had to put up with

1
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electrical leaks that connected the ex-
tracellular fluid with the interior of the
pipette. Nevertheless, by carefully clean-
ing the cell surface and by optimizing
the shape and size of the pipette, we
succeeded in observing individual chan-
nel currents in response to acetylcho-
line, the transmitter (signal-inducing
chemical) at the neuromuscular junc-
tion. That early experiment confirmed
many previous inferences about the el-
ementary currents through ion chan-
nels, in particular the assumption that
they were pulselike events with con-
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stant amplitudes and varying durations.

The low quality of the pipette-to-
membrane seal and the attendant back-
ground noise initially precluded us from
making detailed recordings of ion chan-
nels other than those found at the neu-
romuscular junction. A few years later
we discovered by chance that the appli-
cation of a slight suction through the
pipette, together with some other pro-
cedural changes, could raise the resis-
tance of the seal to more than a billion
ohms—an improvement of several or-
ders of magnitude. By gently pulling

-

h

TIGHTLY SEALING A PIPETTE against the surface of a neuron
enables researchers to study the ion channels in the outer
plasma membrane. The pipette, only /25000 the diameter of
a human hair, physically and electrically isolates the trapped

channels. This technique, known as patch clamping, can
record the opening and closing of ion channels. In laborato-
ries around the world, the technique is being used to discov-
er the details of signaling networks within cells.
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Three Forms
of Patch Clamping

the enzymatically cleaned sur-

face of a cell and applying gentle
suction, researchers can place a giga-
ohm seal around a small patch of the
cell membrane and the ion channels it
contains (a). An experimenter can then
apply various stimuli from within L%
pipette and measure the behavior of
the trapped channels. Alternatively, the
experimenter may detach the mem-
brane patch from the cell, thereby ex-
posing the cytoplasmic mouth of the
channels (b). If the membrane patch
can be ruptured without breaking the
giga-ohm seal (c), the experimenter
can alter the constituents of the living
cell’s cytoplasm.

B y pressing a patch pipette against

with the attached pipette, we found it
was even possible to excise microscop-
ic patches of the membrane for study
in isolation. Thereafter, the recording
of single ion channels became a high-
resolution technique.

The most detailed information on the
role of ion channels in synaptic trans-

mission has been obtained from exper-
iments on the neuromuscular junction
of skeletal muscle. There the presyn-
aptic neurons release acetylcholine in
discrete multimolecular packets called
quanta. Acetylcholine molecules bind
transiently to acetylcholine receptor
channels, specialized proteins in the

CURRENT READINGS
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CHANNELS
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BLOCKED ION FLOW

CHANNEL CLOSED
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RECEPTOR CHANNELS found at the neuromuscular end plate open in response to
the transmitter acetylcholine. When no acetylcholine is present, effectively no cur-
rent passes through a channel. When acetylcholine binds to the receptor, an ele-
mentary current of a few picoamperes flows. The measured durations of the cur-
rents and the intervals between them vary because the interaction of acetylcholine
molecules with the receptors is governed by probability.
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postsynaptic membrane, and cause a
current to flow across the end-plate
membrane. This end-plate current is the
sum of the elementary currents through
hundreds of thousands of channels.

To measure these elementary cur-
rents individually, one can press the tip
of a patch pipette onto a muscle fiber
at the end plate. This region of muscle
surface contains the acetylcholine re-
ceptor channel. When a low concentra-
tion of acetylcholine is in the pipette
solution, the current recorded with the
pipette switches between two levels. At
one level, effectively no current flows
because all the ion channels in the
membrane patch are shut. When one
channel molecule flips to the open state,
because of a voltage applied to the
membrane, a current of about 2.5 pi-
coamperes abruptly flows through it.
After a variable period, the molecule
flips back to the shut state, and the
current switches off.

The opening of the receptor channel
is triggered by its binding to acetyl-
choline; the unbinding of acetylcholine
causes the channel to close again. The
randomness of the lengths of time for
which the channel stays open and
closed reflects the probabilistic nature
of the interactions between the acetyl-
choline molecules and their receptors.
The amplitude of the current steps rep-
resents the capacity of the channel to
transport ions, such as sodium or po-
tassium in the case of the acetylcho-
line receptor channel. By comparing the
measured current amplitudes and du-
ration distributions with the predic-
tions of various hypotheses, an investi-
gator can determine how ions interact



with a channel molecule and how the
interaction between a transmitter and
its receptor controls the opening and
closing of the channel.

In synapses of the central nervous
system, amino acids such as glycine,
gamma-aminobutyric acid (GABA) and
L-glutamate are the most prominent
signaling substances for rapid commu-
nication. The pulselike shape of the
currents measured for channels that
bind these transmitters indicates that
they, too, open and close randomly.
The receptor channels may therefore
work in essentially the same way as do
the acetylcholine receptor channels at
the end plate. Nevertheless, transmit-
ter-gated channels in the central ner-
vous system often show an additional
complexity, in that some channels may
be only partially open or closed and
that different subtypes of the channels
may occur in various brain regions.

The transmission of information from
the central nervous system to the neu-
romuscular junction needs to be ex-
tremely rapid. In the myelin-coated
neuronal axons that carry those signals
in vertebrates, conduction is not medi-
ated by transmitter-gated channels like
those we have already described. In-
stead it is mediated by faster channels
that respond to changes in membrane
voltage—the difference in electrical po-
tential between the inside and outside
of the cell.

Voltage-gated channels for sodium
ions underlie the rapid rise of the ac-
tion potential in neurons. Analyses of
the elementary sodium currents indi-
cate that the voltage-sensitive channels
switch between two states and have a

high probability of opening shortly af-
ter the beginning of a voltage change.
The currents supporting the nerve im-
pulse are generated by the superposi-
tion of tens of thousands of such ele-
mentary sodium currents. Voltage-gat-
ed channels for other ions, such as
potassium and calcium, seem to oper-
ate in much the same way as sodium
channels do and share many of the
same structural features.

atch clamp investigations have
Prevealed the dynamic molecular

mechanisms of transmitter- and
voltage-gated channels at a level of de-
tail even finer than that we have dis-
cussed. In almost all the ion channels
studied, a close look reveals that the el-
ementary event is not a single current
pulse but a series of transient pulses
separated by brief gaps. When a recep-
tor channel in the end plate of a neuro-
muscular junction binds with acetyl-
choline, for example, it opens and clos-
es several times before the acetylcho-
line finally dissociates from it.

We investigated the structure of
these transitions for end-plate chan-
nels in collaboration with David Colqu-
houn of University College in London.
Using probability theory, we estimated
the number of states an acetylcholine
channel adopts during its succession
of openings and closings and also the
rates of the transitions from one state
to another. Such detailed studies indi-
cated that each receptor has two bind-
ing sites for acetylcholine. When both
sites are occupied by acetylcholine
molecules, the probability that the
channel will open is close to 100 per-
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cent. Given the high concentration of
acetylcholine in the synaptic cleft, end-
plate channels can act like rapid, chem-
ically gated current switches.

Membrane channels are apparently
heterogeneous: in the same membrane
patch, two or more classes of closely
related channels often seem to be acti-
vated. Pharmacologists have known for
many years that different subtypes of
receptors exist, but the sharper tools
now available in the form of recombi-
nant DNA techniques have shown that
the diversity of subtypes is far greater
than had been imagined. For each type
of transmitter- or voltage-gated chan-
nel, there are several versions or sub-
types with different conductance or gat-
ing properties that form a channel fam-
ily. External stimuli and the develop-
mental stage of an organism can alter
the mosaic of channel subtypes found
on cell membranes.

A primary aim in the understanding
of membrane channels is to relate their
functional properties to their three-di-
mensional structures. One way to at-
tain this goal is to locate and change
critical sequences of amino acids in the
channel protein and then to observe
the effect of the alterations on the
channel’s function.

After the DNA encoding each subunit
of the acetylcholine receptor had been
cloned and sequenced, it became pos-
sible to perform such experiments.
In collaboration with Shosaku Numa
of Kyoto University and his research
group, we performed such studies on
normal and genetically altered acetyl-
choline receptor channels in the mem-
branes of host cells, such as eggs from
the clawed frog Xenopus. From copies
of DNA that encoded the acetylcholine
receptor, we synthesized complemen-
tary messenger RNA molecules in the
test tube. These RNA sequences could
be injected into egg cells, which then
translated the genetic information into
receptor proteins and inserted them
into the cell membranes. The function-
al properties of these recombinant re-
ceptor channels closely resembled those
of end-plate channels at the neuromus-
cular junction.

This combination of techniques
helped to elucidate the structural dif-
ferences between subtypes of end-plate
channels in muscle. Elementary end-
plate current recordings had revealed
that mammalian muscle produces two
subtypes of end-plate channels: a low-
conductance subtype that appears pre-
dominantly in fetal and neonatal mus-
cle and a high-conductance subtype
with different gating properties that
is expressed in adult muscles. During
postnatal development, the fetal sub-
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GENETICALLY ENGINEERED FROG EGGS are useful tools for studying ion channel
behavior. RNA sequences encoding subunits of ion channels can be injected into
an egg (a). The egg will then synthesize the channel proteins and insert them into
its surface membrane, where they are accessible for patch clamp experiments (b).

type gradually disappears and is re-
placed by the adult subtype. As experi-
ments with recombinant DNA tech-
niques revealed, the shifting mosaic of
channel types is generated by changes
in the expression of genes that encode
the channel subunits.

Similar techniques were also used
to locate the amino acid sequences in
the acetylcholine receptor protein that
form the inner wall of the membrane
channel. An analysis of the amino acid
sequences in the subunits had suggest-
ed that they each contained four mem-
brane-spanning segments, designated
M1 through M4. The channel of the
acetylcholine receptor seemed to be
lined by several transmembrane seg-
ments, like the individual staves of a
barrel, each contributed by one subunit.

Through recombinant DNA tech-
niques, we created the genes for chi-
meric channels, made up of subunits
from species (cows and electric rays)
whose own channels had different con-
ducting properties. By analyzing the
properties of these chimeric channels,
we learned that the M2 segment and its
neighboring regions contain important
determinants of ion transport. Directed
mutations that caused amino acid sub-
stitutions within these regions helped
us refine our map of where these deter-
minants are located.

We found that three clusters of nega-
tively charged amino acids may form
rings at the extracellular and intracellu-
lar mouths of the channel; a similar
ring of polar amino acids is present in
the transmembrane portion close to
the intracellular mouth. (Polar amino
acids have electrically polarized struc-
tures even though they have no net
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charge.) These negatively charged rings
drastically influence the rate of current
flow and may select particular ions for
transport across the membrane: posi-
tively charged sodium and potassium
ions would be drawn into the channel,
and negatively charged chloride ions
would be excluded from it. Our results
also suggested that the polar amino
acids located close to the intracellular
part of the M2 transmembrane seg-
ment formed the narrowest part of the
acetylcholine receptor channel.

r I Yhe usefulness of the patch clamp
technique is not limited to re-
vealing the molecular details of

channel function. Patch pipettes can
also be used to study signaling mecha-
nisms at a cellular level, a procedure
called voltage clamp analysis. Indeed,
when measuring events in small cells,
the technique has advantages over the
use of conventional microelectrodes.

Conventional voltage clamp analysis
has contributed immensely to our un-
derstanding of signaling processes in
the nervous system. It was introduced
by Kenneth S. Cole of the Marine Bio-
logical Laboratory at Woods Hole in
1949; Hodgkin and Huxley used it to
unravel the basic mechanisms of nerve
excitability. The technique involved
“taming the axon,” as Cole put it, by
forcing a transmembrane potential onto
the axon of a neuron. The resulting
membrane currents could then be mea-
sured and interpreted.

Unfortunately, most voltage clamp
techniques require that either axial
wires or at least two microelectrodes
be inserted into a cell, which is general-
ly possible only with the largest types
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of animal and plant cells. Mammalian
cells, for example, typically have diam-
eters of no more than 10 to 30 microns
and can barely tolerate impalement with
a single standard microelectrode. Be-
fore the patch clamp technique was de-
veloped, we therefore knew more about
the action potential in the giant nerve
axon of the squid than about the nerve
impulses of the human brain; the best-
understood signals in plant cells were
those of giant algae, not those of corn,
wheat or sugar beets.

The ability to create a giga-ohm seal
between a patch pipette and a cell
membrane literally opened up mam-
malian and other small cells. Not only
did it make measurements of mem-
brane channels possible, it enabled re-
searchers to apply voltage clamps to
small cells. The reason is that, with a
bit of luck, a researcher could rupture
the clamped membrane patch without
breaking the tight seal between the
pipette and the surrounding mem-
brane, thereby obtaining access to the
cytoplasm. That configuration, termed
whole-cell recording, resembles a clas-
sic microelectrode impalement. It is
tolerated by much smaller cells, howev-
er, and it provides much better control
over the intracellular milieu.

Whole-cell recording with patch
pipettes has become more or less the
standard for work with mammalian
cell cultures. Even human red blood
cells and platelets—cells only a few mi-
crons in diameter—have been voltage-
clamped with patch pipettes. Thus,
most cell types of clinical interest have
become amenable to a biophysical anal-
ysis, and many disorders, such as cys-
tic fibrosis, have been traced back to
defects in channel function.

The new accuracy that whole-cell
recordings brought to investigations of
electrical signals in the central nervous
system was particularly welcome. Be-
cause conventional voltage clamp tech-
niques are cumbersome, they can often
be applied only to isolated neurons.
Those results have limited biological
significance because the cells are not in
contact with their natural neighbors.
Channels studied in cultured cells also
may not have properties identical to
those prevailing in the intact organ.
These ambiguities are particularly trou-
bling in studies of cells in the central
nervous system, which has a highly
elaborate architecture and specificity.

We therefore developed a way to ap-
ply the whole-cell recording method to
brain tissue in which neurons are left
in contact with their natural neighbors.
Per Anderson of the University of Oslo
and Tomo Takahashi of the University
of Kyoto had devised techniques for re-



moving a small, intact slice of brain tis-
sue about one centimeter across. The
surface of the neurons is freed of glial
cells and other adhering tissues by gen-
tly blowing a stream of bathing solu-
tion onto the surface of the slice. Sub-
sequently, the tip of a patch pipette
can be sealed onto an exposed neural
cell body, and the intervening mem-
brane can be disrupted for a whole-cell
recording. With such an arrangement,
the synaptic currents can be recorded
with a resolution 10 to 50 times higher
than that possible using intracellular
microelectrodes.

When one neuron releases glutamate
or other transmitters from its presyn-
aptic structures, it induces excitato-
ry postsynaptic currents (EPSCs) or in-
hibitory postsynaptic currents (IPSCs)
in a neighboring neuron. (EPSCs in-
crease the probability that a neuron
will fire an action potential and release
transmitters of its own; IPSCs decrease
that probability.) In whole-cell record-
ings, peak amplitudes of EPSCs and
IPSCs fluctuate randomly in successive
trials. This observation suggests that
EPSCs and IPSCsresult from the almost
simultaneous superposition of quantal
events, in much the same way quantal
events create the end-plate current at
the neuromuscular junction.

Surprisingly, we found that only
about 20 to 30 postsynaptic receptor
channels seem to open in response to
a quantum of transmitter molecules
released from a single presynaptic vesi-
cle. This number is orders of magni-
tude smaller than at the neuromuscular
synapse. Within the nervous system,
that limited response probably allows
the fine-tuning of excitation and inhibi-
tion signals impinging on a neuron.

The resolution of such quantal events
in the central nervous system now en-
ables us to distinguish the presynaptic
and postsynaptic factors that under-
lie changes in synaptic efficiency. Such
changes have been observed as a con-
sequence of the usage or training of
a neuron. Understanding synaptic effi-
ciency may therefore enlighten us about
learning and memory.

network of signaling mechanisms

that also involves second messen-
gers—molecules capable of carrying sig-
nals from the surfaces of cells to their
interiors by diffusing through the cyto-
plasm. The activities of many types of
channels that respond primarily to ex-
ternal transmitters or voltage changes
are influenced or modulated by these
intracellular substances. Ion channels
also have a reciprocal effect on the
functions of second messenger mole-

Ion channels are part of a complex

cules: virtually all the known second
messengers interact with certain ion
channels in some way, either directly
or through other molecules, including
kinases (which are enzymes that add
phosphate groups to molecules) and G
proteins (which couple receptors to en-
zymes that catalyze the formation of
many second messengers).

For instance, a large fraction of the
potassium ion channels in neurons are
affected by both the membrane voltage
and the concentration of free intra-
cellular calcium ions. When intracellu-
lar calcium is low, the potassium chan-
nels do not open unless the depolariza-

FETAL CHANNEL

tions (changes in membrane voltage)
are very large; when calcium concentra-
tion is high, they start to open at mod-
erate depolarizations or even at the
resting potential.

The channels that specifically gate
the entry of calcium ions into a cell are
themselves regulated by calcium ion
concentrations. These channels open in
response to depolarizations, but some
types are deactivated by the calcium
ions entering the cell. This mechanism
can be viewed as feedback inhibition
regulating the levels of calcium, in turn
an important second messenger for
many cellular activities.
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STRUCTURE OF ACETYLCHOLINE RECEPTOR CHANNELS relates directly to their
function. Each channel consists of five subunits, each containing four transmem-
brane segments. The M2 segment from each subunit lines the inside of the chan-
nel, like a stave in a barrel. Fetal mammals produce an acetylcholine receptor in
their neuromuscular end plates that differs in just one subunit from receptors
found in adults. Because a fetal channel has a subunit that differs in its M2 segment
from that of an adult, the elementary currents that pass through it are smaller.
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It is not surprising that such a com-
plex network of mutual interactions,
involving feedback loops and syner-
gisms, has proved very hard to sort out.
Recording the electrical activity that re-
sulted from stimulating cells was not
enough to uncover the links in the net-
work—some of the intracellular regula-
tors had to be controlled. The whole-
cell method provided this control by
permitting experimenters to manipulate
the contents of a cell.

Because the passageway connecting
the interiors of the pipette and the cell
is fairly large, molecules diffuse rapid-
ly from one into the other. That fact
raised some experimental difficulties.
In the early whole-cell studies, research-
ers found that subtle control mecha-
nisms were simply washing out: many
of the soluble control molecules in the
cell were diluted into the nearly infinite
relative volume of the measuring
pipette. Only very robust channels re-
mained intact.

Over several years, many laborato-
ries have gradually identified the re-
quired concentrations of substances
that must be present in a pipette to re-
tain the proper function of various
channel types. In this way, the network

of interactions between receptors, sec-
ond messengers and ion channels has
slowly become visible, making it possi-
ble to reconstitute some of the signal-
ing pathways.

r I Yhe message that ion channels
convey to cells very often in-
volves a change in intracellular

calcium. We became interested in how

this signal is passed on to elicit cellular
responses and decided to focus on the
role of calcium in secretion.

Ideally, for such studies, one would
like to measure simultaneously the ion
currents, the calcium signal and secre-
tion in a single cell. Combining whole-
cell recording with a method of calci-
um measurement developed by Roger
Y. Tsien while at the University of Cali-
fornia at Berkeley comes close to this
ideal. Tsien’s technique uses fura-2, a
dye that changes its fluorescence prop-
erties when it binds to calcium. By mea-
suring the fluorescence of the dye, one
can calculate the concentration of free
calcium ions.

Using the whole-cell patch clamp
configuration, we could monitor both
the ion currents and secretion in the
following way. A cell secretes materials

through exocytosis, a process in which
storage vesicles inside the cell fuse
with the plasma membrane and expel
their contents. One consequence of the
process is that the vesicular membranes
are incorporated into the plasma mem-
brane, which thereby increases in sur-
face area. That increase can easily be
detected as a change in the electrical
capacitance of the membrane, which is
proportional to its surface area. Al-
though that change is sometimes tran-
sient or small, capacitance measure-
ments are sensitive enough to detect
the fusion of individual vesicles with
the plasma membrane. In many cell
types those signals can be used to cor-
relate secretion with the intracellular
calcium concentration and with electro-
physiological events.

We studied chromaffin cells from the
adrenal gland, which secrete the hor-
mones adrenaline and noradrenaline
in times of stress. Our earlier studies
had shown that chromaffin cells pos-
sess voltage-dependent calcium chan-
nels much like those of nerve cells.
When the cells are stimulated electri-
cally or with acetylcholine, the calcium
channels open and the intracellular
concentration of calciumrises, an event
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WHOLE-CELL RECORDING, in which a patch pipette takes the
place of a conventional microelectrode, has revolutionized
the study of mammalian cells, neurons in particular. Re-
searchers can work on small slabs of neural tissue containing
neurons that are still in contact with their neighbors. The
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technique is sufficiently sensitive to detect excitatory and in-
hibitory currents induced in the neurons by individual quan-
ta (packets) of transmitters contained in single presynaptic vesi-
cles (inset). The current traces were recorded by Peter Stern of
the Max Planck Institute for Medical Research in Heidelberg.



MAST CELL (left) secretes histamine and other compounds in
response to a stimulus delivered by a patch pipette (center).
Using the patch clamp technique, researchers can measure
the membrane capacitance changes that correspond to the

that can be measured readily by fura-2
fluorescence. The capacitance of the
plasma membrane also increases, sig-
naling exocytosis.

If a calcium chelator—a compound
that binds with calcium ions—is pres-
ent in the pipette, both the rise in the
intracellular calcium concentration and
the capacitance signal are suppressed
in chromaffin cells. If the pipette con-
tains a high level of calcium, then in-
creases in the intracellular calcium and
in the capacitance are induced. These
results all suggest that secretion by
chromaffin cells obeys the same princi-
ples that Katz and Miledi found for the
release of acetylcholine at the neuro-
muscular junction.

‘ ‘ J hen we tried to extend these
studies to nonexcitable secre-
tory cells, however, the rela-

tion between calcium and secretion
was surprising. Our favorite cell type in
this category is the mast cell found in
connective tissues. When stimulated by
hormones or antigens (molecules of for-
eign organisms), mast cells secrete the
histamine and other compounds that
mediate inflammatory and immune re-
sponses. Mast cells were useful for our
studies because they are densely packed
with large secretory granules, or vesi-
cles. After stimulation, exocytosis in
these cells is vigorous: their surface area
typically increases twofold to fourfold
within 10 to 20 seconds.

During degranulation, the exocytotic
release of the storage granules, the ca-
pacitance of a mast cell increases in a
staircaselike sequence, in which each
step represents a single fusion event.
The steps are not uniform, however:
their amplitude is scattered around a
mean value. The variation reflects the
distribution of granule sizes.

To our surprise, raising the concen-
tration of calcium inside mast cells did
not induce them to secrete, as it did

excitable cells. For some time, we be-
lieved this result was caused by the
washout of essential molecules. Later
we learned that the cells required an-
other stimulus: certain hormones and
antigens, when applied extracellularly,
could cause vigorous secretion either
alone or in synergy with an intracellu-
lar calcium signal.

All the stimuli invariably led to a
prominent calcium signal—a momen-
tary increase in the intracellular calcium
concentration by more than an order of
magnitude—after which secretion oc-
curred. The transient calcium peak was
largely caused by the release of ions
stored intracellularly. There was also a
prominent influx of external calcium
ions through voltage-independent path-
ways, but it contributed little to the se-
cretory response. Even if the cell’s calci-
um concentration was fixed at low levels
by including a chelating mixture in the
pipette, degranulation proceeded to the
full extent after external stimulation.

Nevertheless, the calcium concentra-
tion does influence mast cells. At very
high concentrations, it induces secre-
tion after some delay. This occurrence
is probably the basis for many reports
that calcium-induced secretion has been
obtained with injections of calcium or
with molecules that permit calcium to
flow into cells. Also, after a hormonal
or other stimulus, the cell seems to de-
velop greater calcium sensitivity: subse-
quently raising the calcium level acceler-
ates ongoing degranulations. In these
cells, therefore, calcium is probably just
one of several regulators of secretion.

All the recent findings indicate that
the secretory process is under the con-
trol of a network of interacting signal
pathways much like those that mod-
ulate ion channels. The components
of this network seem to be the same:
most prominently, calcium (particular-
ly in neurons and some other cell
types), second messengers, kinases and
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fusion of just one secretory vesicle with the plasma mem-
brane. Each fusion event appears as one step in the capaci-
tance recording (right). Photographs courtesy of Julio M. Fer-
nandes. Capacitance trace courtesy of W. Almers.

probably G proteins. The interactions
that regulate secretion are still just
emerging, however, whereas the outline
of the network controlling ion channels
has more or less been identified—
largely by the patch clamp technique.

In conclusion, the extreme sensitivity
of the patch clamp has revealed molec-
ular details of how channels function.
The technique has also enabled us to
study the minuscule cells of mam-
malian tissue and to trace their signal-
ing pathways by controlling the intra-
cellular environment. Although it is
powerful, the technique is also very sim-
ple. As more researchers adopt it, we
hope and expect that it will continue to
help unlock cellular secrets.
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Textures and Cosmic Structure

Particle physics theories offer new clues to the origin of structure
in the universe. The authors propose that primordial field defects
known as textures seeded galaxies and galaxy clusters

by David N. Spergel and Neil G. Turok

nderstanding the form and ori-

gin of structure in the universe

is one of the grandest and most
exciting challenges facing science to-
day. New surveys reveal that galaxies
lie in huge bubbles and sheets stretch-
ing hundreds of millions of light-years
across. Astronomers have recently dis-
covered extremely old, distant galaxies
and quasars. Precision measurements
by the Cosmic Background Explorer
(COBE) satellite confirm that the sky is
suffused with a remarkably even mi-
crowave glow, thought to date from the
early days of the universe. To compre-
hend this array of phenomena, cosmolo-
gists have drawn on ideas derived from
particle physics. The most popular such
idea, called the inflationary universe sce-
nario, successfully describes many as-
pects of cosmic structure. But inflation
cannot fully account for the very large
scale clumping of galaxies or for the
existence of the oldest quasars.

We have investigated an alternative
idea that seems to match the explana-
tory triumphs of inflation while recti-
fying its major failings. Our hypothesis
is built around the idea of symmetry
breaking, a process central to unified
theories of particle physics. Symmetry
breaking leads to the formation of cos-

DAVID N. SPERGEL and NEIL G. TUROK
have collaborated for the past two years
on the texture theory of the origin
of cosmic structure. Spergel received a
Ph.D. in astronomy from Harvard Uni-
versity in 1985. In 1987 he joined the
staff of Princeton University, where he is
now assistant professor of astrophysical
sciences. He has concentrated his re-
search on galactic structure and dark
matter. Turok earned his Ph.D. in theo-
retical particle physics from Imperial
College, London, in 1983. In 1987 he
moved to Princeton University, where he
is now an associate professor of phys-
ics. Turok’s main interests are large-
scale structure, the origin of matter and
phase transitions in the early universe.
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mic defects called textures, which would
have appeared soon after the birth of
the universe. Textures could have seed-
ed aggregations of material that evolved
into galaxies and galaxy clusters. The
texture hypothesis yields a number of
predictions that will soon be put to ob-
servational test.

Trying to understand events that oc-
curred during the very first moments af-
ter the birth of the cosmos sounds like
monumental hubris. Yet the big bang
theory, the conceptual foundation of
modern cosmology, has grown increas-
ingly certain in recent years. It provides
a simple and highly successful descrip-
tion of the physical conditions of the
universe going almost all the way back
to the instant of its origin.

In the big bang theory the universe—
including all matter and all space—be-
gan as an infinitesimally small point
some 10 to 20 billion years ago and has
been expanding ever since. The prima-
ry evidence in favor of the big bang is
the present observed expansion of the
universe. Remote galaxies consistently
appear redder than nearby ones. This
pattern implies that the light they emit
has been stretched (reddened) as galax-
ies move away from one another. Trac-
ing this expansion back in time, one
finds that the universe began in an in-
tensely hot, dense state. Today the uni-
verse is flooded with a pervasive back-
ground of microwave radiation left
over from these early times. COBE re-
cently found that the energy spectrum
of these microwaves perfectly matches
that predicted by the big bang theory,
dramatically confirming that the early
universe was extremely hot and dense.

Most remarkably, the big bang theory
accurately predicts the relative abun-
dances of the light elements (hydrogen,
deuterium, helium and lithium) in the
modern universe. Based on those pre-
dictions, cosmologists deduced that
there could be no more than four fami-
lies of elementary particles; recent ex-
periments have confirmed that only
three families exist.
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These impressive achievements have
persuaded most physicists and astron-
omers that, to a first approximation at
least, the big bang theory is probably
correct. But the question of the origin
of structure remains unsolved. The sim-
plest explanation is that some event

CLUMPY UNIVERSE puzzles theorists
who think matter was very smoothly
distributed in the early cosmos. This
map of two million galaxies (white dots)
covers 10 percent of the sky and ex-
tends two billion light-years deep.




(such as the formation of textures) pro-
duced primordial density variations in
the early universe. In overly dense re-
gions, gravity more effectively resists
the overall expansion of the universe.
Eventually, gravity wins over expansion,
and such regions collapse. As the uni-
verse aged, gravity could have magni-
fied primordial density fluctuations as
small as one part in 10,000 into struc-
tures such as galaxies, galaxy clusters
and superclusters.

Extensive surveys of the large-scale
distribution of galaxies show just how
uneven the modern universe has be-
come. Galaxies are seen clumping to-
gether in sheets and bubbles that sur-
round relatively barren voids. The major
problem in interpreting these observa-
tions is that the distribution of visible
galaxies may not be the same as the
overall distribution of matter. There
are good reasons to think that most of

the mass in the universe exists not
in luminous stars or glowing gas clouds
but in an invisible form, so-called
dark matter.

bservations of the motions of
O stars and gas in orbit on the

outskirts of galaxies indicate
that each galaxy is surrounded by a
halo of dark matter at least 10 times as
massive as the visible component. Like-
wise, studies of the motions of galaxies
in clusters, and of the motions of sever-
al thousand galaxies in our vicinity, in-
dicate the presence of a gravitational
pull from unseen matter.

The nature of dark matter remains
unknown; it is cosmology’s biggest bug-
bear. Candidates for the unseen mass
range from black holes or low-mass
stars to various hypothetical subatomic
particles. Many cosmologists think dark
matter consists of material having a
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low thermal velocity, commonly called
cold dark matter. Such sluggish materi-
al could cluster efficiently under the in-
fluence of gravity, forming objects rang-
ing in size from individual galaxies to
huge galaxy superclusters.

In their quest to understand the for-
mation of galaxies and galaxy clusters,
cosmologists have sought to detect
evidence of lumpiness in the early uni-
verse. One place to look is in the cos-
mic microwave background. Local vari-
ations in the density of the early uni-
verse would have caused changes in
the apparent temperature of the radia-
tion across the sky. So far efforts to ob-
serve these temperature variations have
failed. Recent measurements of the mi-
crowave sky indicate instead that the
early universe was quite smooth. The
density of the early universe seems to
have been uniform to better than one
part in 10,000.




Topological Defects

hypothetical field called the Higgs field can support four kinds of defor-
Amations. Such defects are created during a phase transition, when a
Higgs field breaks symmetry. When a discrete symmetry is broken,
domain walls (a) separate regions within which the Higgs field takes on dif-
ferent values (for example, -1 or +1). Cosmic strings (b) form when, in the
broken symmetry phase, the Higgs field can point in any direction in a two-
dimensional space. As one travels around a cosmic string, the Higgs field ro-
tates through all these values. Monopoles (c) appear when the Higgs field
can point in any direction in a three-dimensional space. At the center of
these defects, the Higgs field strength is zero. Textures (d) form when the
Higgs field can choose any direction in a four-dimensional space. The illus-
tration below shows a slice through a texture. Note that the arrows showing
field orientation around the texture are parallel. As a result, the texture can
unwind, permitting the surrounding field to reconnect smoothly.
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Theories of the origin of cosmic struc-
ture must explain the observed clump-
ing of both dark and visible matter
while remaining consistent with the ap-
parent smoothness of the microwave
background. One way to account for the
smoothness is a hypothetical mecha-
nism called inflation. In the inflation-
ary version of the big bang theory, the
very early universe underwent a brief,
extraordinarily rapid episode of expan-
sion [see “The Inflationary Universe,” by
Alan H. Guth and Paul J. Steinhardt; Sci-
ENTIFIC AMERICAN, May 1984]. During
inflation, the universe would have be-
come nearly uniform on large scales
because local lumps would expand to
enormous size. At the same time, mi-
croscopic quantum fluctuations would
have been stretched and amplified
into macroscopic density variations that
could initiate the growth of large-scale
structure.

Inflation is a beautiful idea, invoking
quantum mechanics, whose rules gov-
ern the tiniest subatomic particles, to
produce the biggest formations in the
universe. It even agrees reasonably well
with observed intermediate-scale struc-
ture, ranging from the size of a galaxy
(tens of thousands of light-years) to the
mean separation between galaxies
(about 30 million light-years).

But the inflation theory has signi-
ficant drawbacks. The quantum fluctu-
ations typically are too large; conse-
quently, certain parameters in the theo-
ry must be tuned to implausibly tiny
values to make the rather delicate theo-
retical edifice hang together. Moreover,
observations of very large scale struc-
ture increasingly conflict with it. For
example, Steven Maddox and his col-
leagues at the University of Oxford sur-
veyed the angular positions on the sky
of more than two million galaxies. They
found that galaxies cluster together
much more strongly on large scales
than the most popular version of the
inflation theory predicts.

We have pursued a less ambitious
approach to understanding the origin
of cosmic structure. We began by ask-
ing what physical process could have
created large-scale structure in an ini-
tially smooth, hot universe. Surprisingly,
the most promising answer comes from
researchers who study not distant galax-
ies but tiny subatomic particles. Particle
physicists suspect that a fundamental
process known as symmetry breaking
determines the differing masses and
charges of the elementary particles of
matter and distinguishes the four forces
through which they interact. Symmetry
breaking in the very young universe
could have led to the deviations from
smoothness that are needed to explain



the present appearance of the cosmos.

Although of considerable interest to
cosmologists, symmetry breaking was
first investigated by physicists seeking
to unify the wide variety of subatomic
particles and forces. Everyday matter is
composed of electrons, protons and
neutrons; protons and neutrons in turn
consist of two kinds of quarks. These
quarks and the electron and its neutri-
no constitute the first of three families
of elementary particles. Interactions be-
tween these particles are mediated by
four basic forces: electromagnetism, the
weak force (which governs radioactive
decay), the strong force (which binds
protons and neutrons together in
atomic nuclei) and gravity.

This complex assembly of particles
and forces shows several striking regu-
larities. The particles possess definite
charges, all integral multiples of one
third the charge of the electron. And
corresponding particles in each family
possess identical charges, differing only
in mass. Most particle theorists think
the repeated patterns in the particle
families are manifestations of symme-
try laws that are obscured at the low
energies of everyday physics. These
symmetries, which become evident in
experiments conducted at high-energy
particle accelerators, would similarly
have been exposed in the first mo-
ments of the universe.

Abdus Salam of the International Cen-
ter for Theoretical Physics in Trieste and
Steven Weinberg of the University of
Texas in Austin proposed that such
an underlying symmetry exists between
the electromagnetic force and the weak
force, the electron and its neutrino,
and the two quarks of each family. Nu-
merous experiments in particle accelera-
tors have confirmed to great precision
the validity of the unified electroweak
theory. Particle theorists strive to repeat
that accomplishment by constructing
“grand unified” theories that combine
the electroweak force with the strong
force and link the properties of elec-
trons, neutrinos and quarks.

According to these unified theories, at
very high temperatures matter enters
unfamiliar so-called unbroken symme-
try phases, in which the symmetries be-
tween particles and forces fully express
themselves. The electroweak theory im-
plies that at temperatures above 10>
kelvins, electrons appear identical to
neutrinos, and the weak force is indis-
tinguishable from the electromagnetic
force. Grand unified theories predict
that at temperatures above 1028 kelvins,
electrons and neutrinos behave identi-
cally to quarks, and the electroweak
force blends into the strong force. Final-
ly, family symmetry theories hold that

c

TWISTED RUBBER BAND illustrates the unwinding and eventual disappearance of
a texture. The orientation of the band at each point along its length is analogous to
the direction of the Higgs field. A texture defect corresponds to a single, 360-de-
gree twist in the band (a). Over time, the texture twist becomes smaller and small-
er, stretching the band more and more taut (b). Finally, the twist becomes so tiny
that the band breaks and reconnects without a twist (c). When a texture shrinks to
subatomic size, the Higgs field likewise reconnects, eliminating the defect.

the three families of particles grow in-
distinguishable at a similar temperature.

At birth, the universe was exceeding-
ly hot and existed in a state of perfect
unbroken symmetry. But as it expanded
the universe cooled, passing through a
series of abrupt changes in its physical
state, called phase transitions. In each
phase transition, some of the symme-
try relations between forces and par-
ticles broke. Thus, the universe degen-
erated from a phase containing unified
forces and identical particles to the
modern, more familiar state of differ-
ing forces and particles.

Theory holds that the electroweak
phase transition occurred when the
universe was 10-12 second old and only
10-15 its present size. The grand unified
transition would have occurred when
the cosmos had attained the ripe old
age of 10-36 second, at which time the
present observable universe was no
bigger than a grapefruit. The breaking
of symmetries (such as family symme-
try) at this very early time could have
produced defects such as textures.

hese symmetry-breaking phase

transitions may sound abstruse,

but analogous transitions take
place in many familiar situations. The
sudden changes in the physical proper-
ties of water when it freezes into ice or
boils into steam are examples of phase
transitions, and just as in the particle
theories discussed above, such phase
transitions are often linked to a change
in symmetry properties. Liquid water is
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highly symmetric: it looks the same
from any angle. Ice is less symmetric
than water because it consists of a defi-
nite crystalline structure that appears
the same only if shifted by certain dis-
crete distances or rotated through cer-
tain discrete angles.

When water freezes suddenly, it does
not form a perfect crystal; it is rid-
dled with imperfections. These defects
appear because as the water begins to
freeze, tiny crystals of ice start grow-
ing throughout it. Each crystal assumes
a random orientation as it forms. The
crystals grow until they meet one anoth-
er and fill all available space. Defects
in the crystal structure appear where
regions of different orientations meet.
The quicker the liquid cools, the more
defects form, because the ice crystals
have less time to grow before they en-
counter one another. A similar process
would have resulted as the newborn
universe rapidly cooled and underwent
symmetry-breaking phase transitions.

Phase transitions that occur in par-
ticle physics theories differ from those
that occur in water in two important
ways. First, defects in ice are held firm-
ly in place by the crystalline structure,
whereas the defects predicted in theo-
ries of particle physics can move free-
ly. As soon as these defects form, they
begin to untangle and straighten them-
selves in order to minimize their ener-
gy. This phenomenon of defect-order-
ing dynamics has been studied in
the laboratory in materials such as lig-
uid crystals [see box on next page].
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Liquid Crystals

mation and evolution of defects closely analogous to
those that may have arisen in the early universe. De-

fects in liquid crystals show up as dark lines and loops
(top). The liquid crystals shown here consist of rodlike or-
ganic molecules. At high temperatures, the molecules are
randomly oriented, constituting an isotropic, unbroken
symmetry phase. At low temperatures, the molecules set-

I iquid crystals offer a convenient way to study the for-

along the thicker, more diffuse strings correspond to
monopoles. Textures appear as doubled loops of diffuse
strings; these quickly decay into a pair of monopoles.

The subsequent evolution of defects in the liquid crys-
tal (bottom row) beautifully illustrates the idea of scaling,
which is central to defect theories of the origin of cosmic
structure. The photographs show the crystal one second
(a), 1.7 seconds (b), 2.9 seconds (c) and 4.8 seconds (d)

tle into an aligned, broken
symmetry phase. Defects
appear where regions of
differing molecular orien-
tation meet.

Bernard Yurke and his
collaborators at Bell Labo-
ratories find that, as ex-
pected, rapid phase tran-
sitions in liquid crystals
result in a dense tangle of
defects. Remarkably, this
simple substance can sup-
port three of the four pos-
sible kinds of defects. Oth-
er laboratory systems,
such as superconductors
or binary alloys, form only
one kind of defect (strings
or domain walls, respec-
tively). The thin, dark lines
seen here are analogous
to cosmic strings. Pinches

after the phase transition.
At all times, the pattern of
defects remains the same
in a statistical sense, but
the scale of the structures
grows larger. In the liquid
crystal, the scale of the
structures grows in pro-
portion to the square root
of elapsed time. The scale
of cosmic defects, in con-
trast, would grow linearly
with time. Either way, ini-
tially small phase-transi-
tion defects lead to the ap-
pearance of progressively
larger structures. If topo-
logical defects in the early
universe induced matter
to clump together, they
could have produced the
present pattern of galaxy
distribution.

Second, the phase of water is defined
by the arrangement of its constituent
molecules. In the realm of subatomic
physics the phase of the various parti-
cles and forces is determined by the
state of the fields that link them. Every
particle and force in the standard mod-
el of physics is associated with a corre-
sponding field. In addition to the well-
known electric and magnetic fields,
there is the electron field, the proton
field and so on.

Particle theorists have proposed hy-
pothetical fields, called Higgs fields, for
the specific purpose of breaking the
symmetry between forces and particles.
Higgs fields follow equations of motion
similar to those that govern electric and
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magnetic fields. Just like those fields,
the Higgs fields tend to minimize their
energy by assuming a uniform strength
throughout space.

Unlike other fields, however, a Higgs
field does not drop to zero in its lowest
energy state. Instead it takes on a par-
ticular, nonzero strength throughout
the universe. In so doing, the Higgs
field breaks the symmetry between the
forces and the particles that couple to
it. Particle physicists have employed
this so-called Higgs mechanism in the
electroweak, grand unified, family uni-
fied and supersymmetric theories. In
each case, extra Higgs fields are intro-
duced to break the symmetry. For ex-
ample, when temperatures fell below
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the electroweak phase transition, the
electroweak Higgs field turned on and
broke the symmetry between the elec-
tron and the neutrino and between the
weak and electromagnetic forces.

Although there is convincing evidence
that some form of symmetry breaking
occurs, Higgs fields remain entirely hy-
pothetical. Theorists introduce them
solely to break symmetry, and the only
indication of their existence is the fact
that symmetries are broken.

One of the main goals for the next
generation of particle accelerators is to
search for the Higgs particle, which
should be associated with the elec-
troweak Higgs field. The discovery of
the Higgs particle would be one of the



most important breakthroughs in the
history of physics. Physicists are partic-
ularly excited by this search because
in electroweak theory the Higgs mecha-
nism is responsible for giving all known
particles their masses.

The Higgs mechanism is not the only
possible process that could break the
symmetry between forces and parti-
cles; it is merely the simplest and best
understood. Many of the consequences
of symmetry breaking discussed here
hold true in general and do not depend
on the details of the Higgs mechanism.

The ice analogy provides a conceptu-
al understanding of how the Higgs field
might produce textures and, through
them, cosmic structure. Just as ice con-
sists of crystalline planes having def-
inite orientations, so the Higgs field
can be pictured as taking on a certain
direction. A magnetic field breaks the
symmetry of space by telling a com-
pass which way to point, thereby dis-
tinguishing one direction from all oth-
ers. The Higgs field indicates a direc-
tion in a comparable but more abstract
sense. For example, the direction of the
electroweak Higgs field breaks the sym-
metry of electron/neutrino “space.” The
“direction” in which it points acquires
mass and becomes the electron.

In 1976 Thomas W. B. Kibble of Im-
perial College, London, elaborated the
concept. He pointed out that symme-
try-breaking phase transitions early af-
ter the big bang could have caused
the Higgs field to take on various di-
rections in different regions of the uni-
verse as do different crystalline regions
in a block of ice. Kibble noted that in
many unified theories, defects in the
Higgs field would form where regions
of conflicting field orientation meet.

Such regions cannot settle into a uni-
form configuration. Instead a local, in-
tense concentration of energy, known
as a topological defect, forms. Such de-
fects caught the attention of cosmol-
ogists because they could store huge
amounts of energy, in essence retain-
ing the conditions of the early universe.
Because of the equivalence of energy
and mass, these defects produce gravi-
tational effects that would cause mat-
ter to clump together. Theorists there-
fore have exerted considerable effort
studying topological defects and trying
to learn whether they could explain the
present structure of the universe.

Present particle physics theories al-
low for the existence of four different
kinds of topological defects. Each has
been subjected to close scrutiny to de-
termine whether it could be the one
that produced the cosmic structure.

The simplest kind of topological de-
fects, called domain walls, arises when

a discrete symmetry (a mirror reflec-
tion, for example) breaks. Regions in
space where the Higgs field takes on
different values would be separated by
surfaces at which it changes from one
value to another. These domain wall
surfaces cannot have edges, and so they
must form closed bubbles or infinite
sheets. Unfortunately, domain walls do
a poor job of seeding cosmic structure.
They store so much energy that if they
formed soon after the big bang, they
would have quickly dominated the mass
of the universe, leaving little material
from which to form objects such as
stars, planets and living beings.

ontinuous symmetries play a
‘ more important role in both cos-

mological and unified particle
theories than do discrete symmetries.
In this case, the Higgs field can point
in a continuous set of directions. One
kind of continuous symmetry defect has
a linelike form. To understand how such
a defect might arise, imagine that you
are standing in the middle of a large
crowd. As you turn around, the crowd
looks similar in all directions; in other
words, the directional symmetry is un-
broken. The crowd is now told to lie
down. Different people choose to lie in
different directions. At first there is a
lot of confusion, but gradually people
adjust themselves to lie in the same
direction as their neighbors. Now you
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find that people around you are lying
in a definite direction. Directional sym-
metry has been broken.

If everyone lies down pointing direct-
ly away from you, you are forced to re-
main standing. You represent a defect
in the broken symmetry phase. A de-
fect of this kind, in which the Higgs
field points radially outward, is called a
cosmic string. Many grand unified the-
ories predict the existence of cosmic
strings. Cosmic strings would form lines
through space that have no ends. They
assume the shape of closed loops or
infinite lines that wander across the uni-
verse; similar features are observed in
liquid crystals.

In 1979 the Soviet physicist Yakov B.
Zel'dovich suggested that cosmic strings
offered a plausible mechanism for the
creation of cosmic structure. During the
following decade, theorists devoted con-
siderable work to understanding the
properties of cosmic strings. But An-
dreas Albrecht and Albert Stebbins of
Fermilab National Accelerator Labora-
tory have recently shown that cosmic
strings and cold dark matter would
produce structure only on a scale much
smaller than the broad clumping docu-
mented in recent galaxy surveys.

If linelike defects cannot do the job,
what about pointlike ones? Such topo-
logical defects arise when the local di-
rections of the Higgs field point radial-
ly outward in three dimensions from

300

DISTANCE (MILLIONS OF LIGHT-YEARS)

SIMULATED STRUCTURE in a cosmos perturbed by textures broadly resembles the
observed universe. As textures unwind, their energy density increases, and their
gravitational perturbations intensify. Here visible matter (white) clumps far more
tightly than does dark matter (black). If this finding holds for the real universe, as-
tronomers may have significantly underestimated the amount of dark matter.
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a single point. These defects, known as
monopoles, resemble the outward-
pointing quills of a frightened por-
cupine. One kind of monopole, which
arises in many grand unified theories,
presents a problem because, like do-
main walls, it tends to dominate all oth-
er matter in the universe. Physicists are
still actively investigating other kinds
of monopoles whose properties more
closely resemble those of textures.

In 1989 one of us (Turok) recognized
that many unified theories produce
another variety of topological defect,
called texture, which could initiate the
formation of large-scale structure while
avoiding the obvious inadequacies of
the other kinds of defects. Texture is
more difficult to visualize than the oth-
er defects because it results from a
Higgs field pointing in four dimensions.
Obviously, such an arrangement cannot
be drawn on paper, but it is possible to
depict a two-dimensional slice through
a texture [see illustration on page 54].

Texture would be much more diffuse
than walls, strings and monopoles. A
texture is not localized at a point or on a
line or a surface. Textures have no pre-
ferred size; they could be millimeters or
light-years across. Once formed, a tex-
ture evolves by shrinking at the speed of
light down to a subatomic size, at which
point the Higgs field unwinds and re-
connects in a smooth configuration.
Along with William H. Press and Barbara
S. Ryden of Harvard University, we have
conducted numerical computer simula-
tions of texture formation and evolution
in the early universe. These simulations
show that textures exhibit a simple scal-
ing behavior like that shown by the
string defects in liquid crystals. In both
cases, the defects form a pattern that
always looks the same (in a statistical

sense) but in which the scale changes
over time. For cosmological texture, the
scale grows at the speed of light. This
behavior seems to be just what is need-
ed to produce the form of the observed
cosmic structure.

The phase transition that creates tex-
tures takes place at the grand unifica-
tion temperature, very soon after the
big bang. At that time, textures of all
sizes form. The smallest ones unwind
first, then larger and larger ones. One
hour after the big bang, textures that
were initially one light-hour across be-
gin unwinding; a year later textures
initially one light-year across unwind
and so on. In the universe today, there
would be textures billions of light-years
across still in the process of shrinking.

As a texture shrinks, its energy con-
centrates into a steadily shrinking re-
gion. This concentration produces a
gravitational field that attracts nearby
matter. Each texture leaves behind a
bump in the mass distribution of the
universe. Progressively larger bumps
form as larger textures shrink down and
unwind. When the universe becomes
dominated by matter, around 10,000
years after the big bang, these bumps
begin to grow under their own gravity.
The broad range of sizes of textures
leads to a similar variety of scales of
gravitationally bound objects, from star
clusters to galaxies to galaxy clusters
to giant superclusters.

The energy density of the texture
field, which determines how strongly it
attracts the surrounding matter, is fixed
by the strength of the Higgs field. The
field strength in turn is set by the en-
ergy scale involved in the symmetry-
breaking process in which the texture
formed. Because there is, as yet, no
uniquely compelling theory for produc-

ing texture, we have simply adjusted
the strength of the Higgs field to get
the best fit with the observed structure
of the universe. When we do so, we
find our theory predicts that symmetry
breaking should happen at a tempera-
ture close to the grand unified temper-
ature, an intriguing agreement.

During the past decade, cosmolo-
gists have developed elaborate com-
puter models to study gravitational clus-
tering in an expanding universe. The
newest models also take into account
hydrodynamic effects such as shock for-
mation, radiation and cooling. In part
because of the rapid advances in com-
puter hardware and software, during
the past two years we have been able to
develop our vague texture hypothesis
into a highly detailed, predictive theory
of cosmic structure formation.

The texture-perturbed model that
best fits the observational data contains
95 percent of the mass in the form of
cold dark matter; the remainder is or-
dinary matter.

One of the great successes of the
inflation plus cold dark matter theo-
ry was its quantitative agreement with
the observed clustering of galaxies on
scales smaller than the mean separa-
tion of galaxies. In collaboration with
Changbom Park of the California Insti-
tute of Technology, we performed de-
tailed numerical computer calculations
of gravitational clustering produced by
textures. We found that the texture plus
cold dark matter model also yields good
agreement with the observed galaxy
clustering.

In hindsight, the rough agreement of
the two theories’ predictions on scales
smaller than the mean separation be-
tween galaxies is not surprising. At
those distances, gravity dominates the

DENSITY FLUCTUATIONS can follow random (Gaussian) or
nonrandom distributions. The inflation theory predicts ran-
dom density fluctuations (left). Texture models predict more
intense peaks and weaker dips in the density (right). In ei-
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ther scenario, gravity eventually causes dense regions to col-
lapse into galaxies. Texture models produce some particularly
dense regions that would collapse rapidly, explaining recent
observations of extremely old quasars and galaxies.



clustering pattern, washing out the dif-
ferences between competing theories.
It is clear that more detailed measures
of structure on large scales, where gravi-
ty has not appreciably altered the pri-
mordial clustering pattern, are required
to test decisively the correctness of
structure-formation models.

On these larger scales, the angular
correlation function of galaxies (that is,
their apparent clustering on the sky) is
the best available statistic. As previous-
ly noted, the observed correlation con-
flicts with that predicted by inflation
at large angular scales. Simulations we
conducted with Park, combined with
analytic work performed with Andrew
Gooding and J. Richard Gott III of
Princeton University, show that the an-
gular correlation function predicted by
the texture theory fits much more
closely with the observations.

here is another important differ-
I ence between the inflation and
texture theories. In the inflation-
ary model, density fluctuations follow
a random (Gaussian) distribution in the
early universe. Texture models, howev-
er, produce density fluctuations in the
form of strongly localized bumps that
have very different statistical proper-
ties. In particular, high-density peaks
are much more numerous in texture
theory than in inflation.

Because of these plentiful dense re-
gions, galaxy formation begins much
earlier in the texture theory than in
inflationary scenarios. In the latter, gal-
axy-size objects do not begin to col-
lapse until the universe is a few billion
years old. But in a texture-perturbed
universe, galaxy formation begins af-
ter only 10 million years. This predic-
tion is particularly significant in light of
the recent discovery of several quasars
whose light is highly redshifted, imply-
ing that they were shining when the uni-
verse was only about a billion years old.
The existence of these quasars suggests
that some gravitationally bound objects
formed quickly after the big bang.

Over large distances, the intense den-
sity fluctuations produced by textures
would lead to the appearance of more
dense clusters and superclusters than
inflation would predict. Gooding and
Jim Bartlett of the University of Califor-
nia at Berkeley have found that clusters
of galaxies form earlier and are denser
in the texture theory than in inflation.
Measurements of the densities of near-
by clusters will constitute an important
test of the texture model. The recent
large-scale survey led by George Ef-
stathiou of the University of Oxford re-
veals the existence of a number of
galaxy superclusters hundreds of mil-

MICROWAVE BACKGROUND SIMULATION shows “hot” (blue) and “cold” (red) re-
gions in the microwave sky, predicted by the texture model. These variations may
be revealed in data from the COBE satellite that are now being analyzed.

lions of light-years wide. These findings
agree with the predictions of the texture
theory, but they conflict with inflation.

We have worked with Renyue Cen and
Jeremiah P. Ostriker of Princeton to run
detailed computer models of how galax-
ies form around textures. We find that
the texture plus cold dark matter theory
leads to the development of collapsed
objects whose properties closely re-
semble those of real galaxies. For ex-
ample, the predicted number of galax-
ies of any given mass matches observa-
tions to within the computational
uncertainty of the model.

Once we have identified where galax-
ies form in the computer simulations,
we examine their overall distribution.
Interestingly, galaxies cluster together
far more tightly than does dark matter.
This finding has important implica-
tions. Astronomers have traditionally
assumed that galaxies follow essentially
the same distribution as dark matter.
Based on this assumption, measure-
ments of the masses of clusters have
consistently led to estimates that the
density of the universe is about one
tenth the critical density necessary even-
tually to halt its expansion.

But if galaxies clump together more
closely than does dark matter, these
determinations would have measured
only a fraction of the dark matter and
would have seriously underestimated
the density of the universe. Texture the-
ory suggests that the remaining dark
matter, representing most of the mass
of the universe, is more smoothly dis-
tributed. Our simulations show huge
sheets of galaxies surrounding regions
almost devoid of galaxies, similar in
size and form to the “great wall” and
voids found in the large galaxy survey
conducted by Margaret J. Geller and
John P. Huchra of the Harvard-Smithso-
nian Center for Astrophysics. We see
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no structures larger than about 300 mil-
lion light-years, a prediction that will be
tested by several teams now mapping
the very large scale distribution of galax-
ies and quasars.

Finally, as textures unwind, they
should leave a distinctive signature on
the microwave background sky. Photons
encountering a shrinking texture on
their journey to the earth may either
lose energy by climbing out of a texture
as it shrinks or gain energy by falling
into a texture after it unwinds. Textures
should lead to a distinctive pattern of
about 10 “hot” and “cold” spots on the
microwave sky, each roughly 10 degrees
of arc across and each having a temper-
ature that deviates from the mean by
one part in 10,000. Such fluctuations
should be detectable in maps of the
microwave sky now being made by
COBE, by balloon-borne detectors and
by teams at the South Pole.

We anxiously await their results.
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MARCEL JOJOLA liked the Saturn SLI so much, he had
his customized for work.

Like a lot of Cali %01 nia towns, Bear Valley has budget
concerns. And like a lot of Californians, Chief Joj jolais a [an of
imported cars. He has two Subarus at home, two at ihe Bear Valley

po]lce station, and w hen they needed a new squad car this year,
he just plgmned on ge‘fﬁ'in g another one.

Then someone suggested that per} 1aps Bear Valley should
buy American. Tax dollars, and all. So Marcel, whose most recent
e?{perlence was all 1 import, wasn 't qmte sure what to do.

“Base M.S.R.Rincludingretailer preparation. Tax, license, transportation and options additional. © 1991 Saturn Corporation.
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Until the day he ran across a Saturn ad touting the SLI and
its $89957 price tag. Taking along his special police-issue driving
gloves, Marcel went for a“law enforcement-style” test drive. (We
were pretty relieved to get back to the showroom.)

Anyway, to cut to the chase, the Saturn gave Marcel 'a
the performance he was looking for in a patrol car. [t's  samen
American, which took care of Bear Valley patriotism. And as for
the budget ﬁ)”{S, they were so happywith thevalue the}w\'ere getting
with a Saturn, they let Marcel buy two.

A DIFFERENT KIND Of COMPANY. A DIFFERENT KIND Of CAR.

If you'd like to know more about Saturn, and our new sedans and coupe, please call us at 1-800-522-5000.
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Why Aromatic Compounds

Are Stable

Molecules containing benzenelike rings survive intact over geologic
time and even persist in the harsh environment of nebulae. Researchers
can now mathematically describe the reasons for the exceptional stability

tor at the Royal Institution in Lon-

don was asked to analyze the liquid
residue that formed during the produc-
tion of lamp gas. Considered one of the
best chemists of the time, the 33-year-
old researcher, Michael Faraday, made
a discovery that would mark the begin-
ning of a new branch of chemistry. He
isolated from the residue a new hydro-
carbon—a molecule consisting of only
hydrogen and carbon atoms—and called
it bicarburet of hydrogen. We now call
the substance benzene, a compound
that consists of six hydrogen atoms at-
tached to six carbon atoms. It is the pro-
totype of a class of molecules known as
the aromatic compounds.

Such hydrocarbons share a valuable
property: remarkable stability. They
have a strong tendency to hold their
shapes and are much less reactive than
many other kinds of molecules. The
stability is one of the main reasons that
aromatic molecules are so useful. In
gasoline their presence enhances the
octane rating, and the compounds are
the primary components in such house-
hold products as paint thinner and
mothballs. Aromatic compounds are
also essential as reagents and solvents
in modern industry, helping to produce
synthetic fibers, resins and dyes. De-

I n 1825 a young laboratory direc-

JUN-ICHI ATHARA is professor of chem-
istry at Shizuoka University in Japan. He
received his Ph.D. from the University of
Tokyo in 1970 and was a member of the
chemistry department of Hokkaido Uni-
versity in Sapporo until 1981. His main
research interests include the electronic
structures of organic molecules, mecha-
nisms of interstellar dust formation and
the origin of life on the earth. This arti-
cle has been adapted from a story that
appeared in Saiensu, the Japanese edi-
tion of Scientific American.

by Jun-ichi Aihara

spite this widespread use, the fun-
damental reasons for the stability have
eluded rigorous analysis. Such an un-
derstanding has now been developed
by me and other workers.

The challenge we faced arose from
the fact that straightforward quantum
mechanical calculations do not provide
a sufficient basis for predicting or ac-
curately calculating the stability of aro-
matic molecules. Attempts to do so of-
ten relied on several assumptions that,
while reasonable, had to be invoked.
They did not emerge as integral parts
of the theory. The ideas also failed to
elucidate other common features of
aromatics, such as their unusual dia-
magnetic properties. More important,
experimentalists were able to synthe-
size several kinds of aromatic com-
pounds whose properties could not be
explained by the early schemes.

To fill in these gaps, I and other
workers have developed the theory of
topological resonance energy. This idea
combines the subject of topology—
the mathematical study of geometric
shapes—and the quantum principles of
electron orbitals and energy levels. It
has made it possible to express stability
in numerical and geometric terms. This
approach has proved valid for almost all
kinds of aromatic compounds, includ-
ing the fullerenes, the three-dimension-
al carbon molecules currently under in-
tense scientific scrutiny.

ur theory rests on foundations
O laid down during the past cen-

tury, as researchers began to
understand how elements reacted and
bonded with one another. The stability
of aromatic molecules implies that the
compounds do not want to react, that
nature must be satisfied with the struc-
ture. One of the earliest recognized
characteristics of aromatic molecules
was the arrangement of their carbon
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atoms in the form of a closed hexago-
nal ring. The German chemist August
Kekulé was the first to recognize that
configuration in 1865. According to
historical accounts, he realized what
the shape of benzene must be after he
dreamed of a snake swallowing its own
tail.

This ringlike structure is the distin-
guishing characteristic of aromatic com-
pounds—not, as one might have sus-
pected, their odor. In fact, many “aro-
matic” compounds have no smell. The
term derives from some fragrant com-
pounds that were discovered to contain
benzene rings. Chemists subsequent-
ly began to classify any similar com-
pound as members of the aromatic
family, and the nomenclature became
entrenched. To complicate matters fur-
ther, aromatic molecules now include
organic compounds in which some of
the carbon atoms have been replaced by
nitrogen, sulfur or oxygen atoms.

More than just a source of stability,
the benzene ring seems to be a shape
nature prefers to form. The ring-shaped
hydrocarbons are now known to be
quite prevalent. For instance, they are
found in such mundane substances as
coal and soot. Indeed, many chemical
reactions tend to lead ultimately to the
formation of the benzene ring. To illus-
trate, consider 5-methylene-1,3-cyclo-
hexadiene (C,Hy), a fairly simple com-
pound with a rather complex name (the
numbers in the name refer to specific
carbon atoms that participate in bind-

BENZENE, the prototype of the aromatic
compounds, reveals its ring shape in
this scanning tunneling microscope im-
age. Each molecule appears as a raised
bump that has a slight central depres-
sion. The fuzziness results from the
motion of certain electrons forming the
double bonds, called pi electrons.



ing). This molecule belongs to another
chemical family, the alkenes. Although
its general shape resembles benzene,
5-methylene-1,3-cyclohexadiene is high-
ly reactive. Once a little acid is added, it
will rearrange its shape and transform
into the aromatic compound toluene
(C,Hg). Toluene is a benzene ring that
has a CH, substituent attached to one
of the ring carbons.

Ordinary combustion produces a
wide variety of aromatic compounds.
Ideally, when hydrocarbon fuels are
burned, they turn into carbon dioxide
and water. In reality, complete combus-

tion is rare, and soot and smoke result.
Such exhaust gases contain a number of
multiring, or polycyclic, aromatic com-
pounds, some of which are highly toxic.
Researchers can identify various com-
pounds in the exhaust through chro-
matography, a process that separates
the components of a substance. John
C. Fetzer and Wilt R. Biggs of Chevron
Research and Technology in Richmond,
Calif., and Kiyokatsu Jinno of the Toy-
ohashi University of Technology found
that soot from the exhaust of diesel en-
gines contains not only small aromatic
compounds such as benzene, naphtha-
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lene (C,,H;) and phenanthrene (C,,H,,)
but also large molecules such as
coronene (C,,H,,) and ovalene (C;,H, ).
Indeed, soot is thought to be an aggre-
gate of large molecules that have many
benzene rings.

The benzene shape forms as easily in
space as it does on the earth. Carbona-
ceous chondrite meteorites, one of the
oldest kind of bodies in the solar sys-
tem, are known to contain many kinds
of polycyclic aromatic compounds.
These compounds may have formed
when hydrogen chemically reacted with
carbon monoxide on an appropriate
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MOLECULAR STRUCTURE of benzene shows the alternating single and double
bonds. Because there are two possible ways the bonds can alternate (top), benzene
is referred to as a resonance hybrid. Such a resonance picture is associated with the
fact that the atomic orbitals in which pi electrons reside (so-called p orbitals) overlap
with their neighbors. The region of overlap is indicated by the dotted lines (bottom
left). The pi electrons are hence delocalized—that is, they do not remain static. They
travel along common regions, forming doughnut-shaped “pi clouds” (bottom right).

surface. It is also possible that the aro-
matic compounds in meteorites formed
in interstellar space and were then
trapped by the coalescing solar system.
Stars in the late stages of their lives
synthesize heavy elements, including
carbon, and eject them into space.
There the carbon may react with near-
by hydrogen. In 1985 Louis J. Allaman-
dola and his colleagues at the National
Aeronautics and Space Administration
Ames Research Center found the spec-
tra of nebulae to be highly similar to
those of automobile soot.

ut why does nature find such hy-
B drocarbon rings to be so stable?

In general, molecules are stable
because all their constituent atoms have
sufficient “valence” electrons—that is,
electrons that participate in chemical
bonding. Such electrons reside in the
outer, or valence, “shell,” which must
fill up with the appropriate number of
electrons for the bound atoms to be-
come stable.

One way to do so is to “steal” elec-
trons from other atoms. Chlorine, which
has seven valence electrons, takes an
electron from a donor atom to fill its
valence shell. The addition of an elec-
tron negatively charges the chlorine,
which will then bind to a positively
charged ion. (If the electron donor is
sodium, the two will form ordinary
table salt.) Such bonds are called ionic.

64 SCIENTIFIC AMERICAN March 1992

Carbon, however, prefers to share
electrons rather than to steal them. A
carbon atom has four valence electrons
and requires another four to fill its va-
lence shell. In one of the simplest hy-
drocarbons, methane (CH,), each hydro-
gen shares its sole valence electron
with the carbon, thus filling the car-
bon’s valence shell. In turn, the carbon
shares a valence electron with each hy-
drogen, which needs only two electrons
to fill its shell. The resulting bonds are
known as covalent bonds.

Aromatic compounds do not follow
this rule precisely. In benzene, there
are only six hydrogen and six carbon
atoms, so the carbon must lack the
electrons to fill its valence shell. Yet be-
cause benzene is extremely stable, one
must conclude that all the carbon
atoms have filled shells. Therefore, a
carbon atom presumably shares more
than two valence electrons with its
neighboring carbon atom. In other
words, more than one bond must exist
between some of the carbon atoms.
Specifically, three single bonds must al-
ternate with three double bonds in the
ring structure. Single and double bonds
are written as C- C and C=C, respec-
tively. (Cyclic molecules that have such
an alternating pattern are sometimes
referred to as annulenes.)

The bonds that form the double
bonds are called sigma and pi. The sig-
ma bond is a single bond and is quite
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strong. In contrast, the pi bond is weak:
the electrons in the pi bond are ener-
getically unstable compared with the
sigma electrons.

Although chemists refer to specific
electrons in bonds, they do so only for
accounting purposes. Actually, quantum
mechanics allows the pi electrons to
travel freely between adjacent carbon
atoms. One can therefore regard ben-
zene as having pi bonds of about equal
strength. Indeed, benzene is a hybrid of
the two possible configurations of alter-
nating double and single bonds and is
thus referred to as a resonance hybrid.

Yet the delocalization of pi electrons
could not be the full explanation for
the unique stability of aromatic com-
pounds. In cyclobutadiene (C,H,), a
four-carbon ring that contains two dou-
ble bonds, the pi electrons can roam
around the structure. Yet unlike ben-
zene, cyclobutadiene is notoriously re-
active and difficult to prepare. Chemists
have succeeded in making it only at
temperatures below about 20 kelvins,
and the compound quickly decomposes
on warming. Why would a six-carbon
ring be so stable yet a similarly struc-
tured four-carbon ring be so reactive?

partial explanation came in 1931,
Awhen the German chemist Erich
Huckel devised a rule to deter-
mine the stability of the pi electrons
within molecules. He treated molecules
as atoms. The pi electrons would fill up
distinct “molecular orbitals,” much as
electrons fill up atomic orbitals. Like
atoms, molecules would have “magic
numbers” that correspond to the num-
ber of pi electrons needed to fill up
molecular shells. These magic numbers
are 2, 6, 10, 14 and so on. Any other
number of pi electrons results in unsta-
ble compounds.

The rule can be stated in general
terms. Single-ring molecules and ions
that contain a multiple of four (written
as 4n, where n is any positive integer)
pi electrons are extremely unstable. On
the other hand, those that have one of
the magic numbers of electrons (that
is, 4n + 2 of them) are stable. The rule
explained for the first time why ben-
zene, which has six pi electrons (n=1),
is stable and why cyclobutadiene, which
has four pi electrons, is not.

The Hiickel molecular orbital ap-
proach was one of the most successful
in determining the stability of aromatic
compounds. Yet it applied only to
molecules of one ring. After World War
II, tremendous progress in organic
chemistry led to the synthesis of large
aromatic molecules, many of which
consisted of combinations of several
rings. Hiickel’s law did not seem able



to determine the stability of these new,
polycyclic molecules.

Further progress had to wait until
1964, when Michael J. S. Dewar, now at
the University of Florida at Gainesville,
and others developed their concept of
resonance energy. While studying the
quantum states of pi electrons in mol-
ecules, the investigators discovered
that the individual bonds of the mol-
ecules in a ring are different from those
of molecules organized in a chain. In
particular, they realized that in chain
molecules the same type of bonds have
approximately the same binding ener-
gies. For example, in a hydrocarbon
chain with alternating double and single
bonds, the binding energy of C=C is
5.5378 electron volts (eV) and that for
C - Cis 4.3499 eV. The carbon binds to
the hydrogen with about 4.4375 eV.

This fact makes it easy to calculate
the amount of energy needed to break
a chain molecule into its constituent
atoms. This energy is called the atom-
ization energy or the heat of atomiza-
tion. One simply adds up the binding
energies to obtain the atomization en-
ergy of the entire chain. For example,
butadiene has two double bonds, one
single bond and six carbon-hydrogen
bonds. The total binding energy is
therefore 42.051 eV. The atomization
energy of butadiene, calculated through
sophisticated molecular orbital theory,
is 42.054 eV, in close agreement with
the sum of the binding energy values.

Ring structures resist this straight-
forward approach. For benzene, the
sum of the binding energies is 56.288
eV (three double bonds, three single
bonds and six carbon-hydrogen bonds).
This value should equal the atomiza-
tion energy. Yet calculations indicate
the atomization energy to be 57.157
eV—which is 0.869 eV too large. This
difference translates into a stability
equal to about 20 kilocalories. Because
the carbon-hydrogen bonds are thought
to have essentially the same energy
whether they are in rings or chains, the
20-kilocalorie difference must lie in the
structure of the carbon-carbon bonds—
that is, in the ring. Dewar and his col-
leagues refer to this stabilization ener-
gy as the resonance energy. The descrip-
tive term “resonance” refers to the fact
that the pi electrons are delocalized
and energetically stable. (Many chem-
istry textbooks list the resonance ener-
gy of benzene as 36 kilocalories; how-
ever, that value is based on a different
definition of resonance energy, one that
does not solely involve aromaticity.)

Benzene is not alone. Other ring
molecules have atomization energies
different from those achieved by sum-
ming the binding energies. They may

have positive or negative resonance en-
ergies. Dewar defined aromatic com-
pounds as those that have positive res-
onance energies. Today this definition
is becoming standard.

The resonance energy per pi electron
is actually a better indicator of stability
than the resonance energy itself. A large
energy per pi electron signifies that the
pi bonds, which are ordinarily weak,
are being strengthened. Benzene has
one of the highest values. Ring mole-
cules such as cyclobutadiene have neg-
ative resonance energies per pi elec-
tron. These compounds are difficult to
synthesize and decompose easily. The
resonance energy thus explains why
aromatic compounds form so easily
and why their ring structure is stable.

Ithough Dewar’s concept of reso-
nance energy deepened the un-
derstanding of aromatic com-
pound stability, it left an unanswered
question: Must similar bonds in chain
molecules always have the same binding
energy? Research so far offers no solu-
tion. Dewar himself thought that assign-
ing equal binding energies to the bonds
was done for the sake of convenience.
He could not explain why ring struc-
tures affect stability. Although Dewar’s
concept is helpful, it relies on empirical
relations and thus alone does not de-
termine the true nature of the stability
of aromatic compounds.

More important, Dewar’s definition
does not apply to all ring molecules—
specifically, to electrically charged ones.
In ions such as the cyclopentadienide
ion (C;H;) and the tropylium ion

(C,H,"), six pi electrons circulate in the
ring, just as they do in neutral ben-
zene, but Dewar’s definition fails to ex-
plain why such compounds are stable.

In 1975 I and, independently, Ivan
Gutman, Milorad Milun and Nenad Tri-
najsti¢ of the Rugjer Boskovi¢ Institute
in Zagreb, Croatia, formulated a method
that overcame most of the difficulties
Dewar’s method could not avoid. We
applied topological theory from mathe-
matics to Hiickel’s molecular orbital
theory. Unlike Dewar’s method, our de-
scription does not require one to calcu-
late the energy in the individual bonds.
Instead our theory reinterprets the en-
tire molecular structure in mathemati-
cal terms and ultimately enables one to
derive the resonance (stabilization) en-
ergy for a compound. Essentially, the
procedure takes ring structures and
mathematically reconfigures them as
(hypothetical) chain molecules.

As one can imagine, the calculations
involved are quite technical. Fortunately,
it is not crucial to understand all the
details to gain some insight into the
method. The first step is to define a
specific equation, called the characteris-
tic polynomial, for the compound. This
polynomial can be derived using Hiick-
el’s molecular orbital theory. The roots
of the polynomial represent the al-
lowed energy levels of the pi electrons.

But these energy levels do not in
themselves provide the resonance en-
ergy. After all, some distinction needs
to be made between the energy from
the bonds and the energy from the ring
structure itself. To find the difference,
one generates a hypothetical structure

%
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ULTRAVIOLET-LIGHT SPECTRUM of diesel engine exhaust reveals that the soot
consists of many polycyclic aromatic compounds (represented as hexagons). The
hydrocarbons, isolated by an organic solvent, show up as strong absorption peaks.
The initial peaks represent relatively small aromatic molecules.
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INTENSITY OF OBSERVED LIGHT

— ORION NEBULA

—— AUTOMOBILE SOOT

FREQUENCY OF OBSERVED LIGHT

>

ORION NEBULA (photograph) probably contains various aromatic compounds. The
infrared spectrum of its central region (diagram) closely resembles the spectrum
of light scattered by ordinary automobile soot (called the Raman spectrum), which
is known to contain many aromatic molecules. Researchers now think the com-
pounds are distributed throughout the universe.

made by assuming the pi electrons can-
not circulate in a ring—that is, they be-
have as if they were in a chain. We refer
to this structure as a quasichain mole-
cule. One can thus obtain what I call
the reference polynomial (Trinajsti¢ and
his colleagues use the term “acyclic
polynomial”).

The solution of the reference polyno-
mial provides the energy levels for the
pi electrons of the same atoms orga-
nized as a quasichain molecule. The
difference between the actual energy
levels (the ring) and those in the hypo-
thetical structure (the quasichain) is the
“extra” stabilization energy associated
with ring structures. This extra energy is
a clear indication of an energy contribu-
tion from a cyclic source. The resonance
energy is expressed in terms of the ab-
solute value of B (written as |B|). The
quantity, which is based on Hiickel’s
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molecular orbital theory and has a nega-
tive value, represents the extent to
which valence shells of adjacent atoms
interact with one another.

The topological resonance energy
method shows numerically why aro-
matic compounds are stable. The pi
electrons travel through the ring struc-
tures in such a manner as to stabilize
the entire molecule. Although pi elec-
trons also exist in many chain mole-
cules, they cannot travel in a ring path.
The resonance energy is zero.

In this way, our definition of reso-
nance energy is the only unified descrip-
tion available to theoretical chemists. It
thus encompasses previous attempts to
explain aromaticity. Like Dewar’s ap-
proach, a positive stabilization energy
indicates that the molecule is stabilized
by pi electrons moving along a ring
path, which means that the molecule is
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aromatic. (The topological resonance
energy reproduces the Dewar reso-
nance energy fairly well, provided S is
formally set equal to -3.562 eV.) But our
theory avoids Dewar’s inescapable as-
sumption that similar bonds in chain
molecules have equal binding energies.
Perhaps more important, the method
applies to ions. It enables one to obtain
the resonance energies of charged rings
at a level of accuracy identical to those
calculated for neutral ones.

The topological resonance energy ap-
proach also corroborates the Hiickel
rule. Hiroshi Ichikawa of Hoshi College
of Pharmacy in Tokyo and I have shown
that single-ring molecules and ions that
have a magic number (4n + 2) of pi elec-
trons always have positive stabilization
energies and are thus aromatic com-
pounds. All other neutral and charged
monocyclic molecules have negative
energies and are unstable, as Hiickel’s
rule states.

Haruo Hosoya and Kikuko Hosoi of
Ochanomizu University in Tokyo and
Gutman, now at Kragujevac University
in Serbia, used an approach similar to
the topological resonance energy theo-
ry to show that the Hiickel rule applies
even to large, multiring compounds.
This extension of the rule was previ-
ously thought impossible. They postu-
lated that neutral molecules are ener-
getically stable if pi electrons can travel
along many hexagonal paths. But if
quadrilateral or heptagonal paths exist,
the molecules tend to become unsta-
ble. This reasoning helps to explain
why polycyclic aromatic hydrocarbons
have large resonance energies. Because
such molecules consist of many con-
nected benzene rings, the pi electrons
have several hexagonal paths to follow,
which makes the structure highly sta-
ble. I proved mathematically that the
Hosoya-Hosoi-Gutman rule holds fairly
well for most neutral molecules.

ur theory has begun to demon-
O strate its power and utility. In

1984 Alain Léger and Jean-Loup
Puget of the University of Paris VII pos-
tulated that there must be a mixture of
large aromatic compounds in nebulae.
Three years later I determined the kind
of aromatic compound that probably
exists in nebulae. The compounds could
not possibly be small molecules. Topo-
logical resonance energy calculations
and data frominfrared astronomical ob-
servations indicated that the intense ul-
traviolet light from nearby stars would
excite and then break down small aro-
matic molecules. But I showed that
large, compact polycyclic aromatic hy-
drocarbons could survive in nebulae.
The calculations indicate that such mol-



The Stability of Some Carbon Ring Molecules

The topological resonance energies per pi electron (in
parentheses), given in terms of the absolute value of R,
is a measure of stability. Stable aromatic compounds have

species. In the structural diagrams, chemists draw only
the carbon-carbon bonds of the ring and ignore the
carbon-hydrogen bonds. Thus, benzene is simply a hexa-

positive energies; negative values represent antiaromatic

J

gon. The red lines in each diagram are the pi bonds.
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The Topological Resonance Energy of Naphthalene |

(1) NAPHTHALENE CqgHg

One can determine the stability of this molecule by first solving its charac-
teristic polynomial P(X) (left column). The roots of this equation determine
the energies of naphthalene's 10 pi electrons (dots), which fill up each
energy level two at a time. (Five other, higher levels remain vacant and are
not shown.) The electron energies (in terms of B) are compared with those

determined by the reference polynomial

R(X) (right column),

mathematically interprets naphthalene as a “quasichain” molecule. The dif-

PX) =

X10—11X8 1+ 41X - 65X* + 43X2-9=0
0

& o 0.6180
S — 1.0000
A e 1.3028
@ = 1.6180
® @ 2.3028

| SUM OF ENERGIES = 13.6832

which ‘

ference in energies is the topological resonance energy, equal to 0.3886|R|.

R(X) = |

X10_11x8+ 41X6—61X*+31X2-3=0
0

= 0.3536
® @ 0.8654
& = 1.4639
—_—e——&——— 17321
* ® 2.2323

SUM OF ENERGIES = 13.2946

‘ TOPOLOGICAL RESONANCE ENERGY = 13.6832 — 13.2946 = 0.3886

ecules have high resonance energies in
excited states and thus can remain sta-
ble in the hostile environment. Current
astronomical observations are consis-
tent with the predictions.

One of the most likely aromatic com-
pounds in nebulae is dodecabenzo-
coronene. This molecule, which chem-
ists have yet to synthesize, consists of
19 benzenelike rings arranged as a
hexagon. The molecule circumanthra-
cene is also a possibility. I calculated
the stability of these compounds in
1987, and this past year Richard D.
Broene and Francois N. Diederich of
the University of California at Los An-
geles have succeeded in synthesizing
circumanthracene. As predicted, the
compound is very stable.

The topological resonance energy
theory also applies to fullerenes, which
are large, hollow, three-dimensional car-
bon structures. The most easily formed
is carbon 60 (Cg,), produced by laser
evaporation of graphite. The shape of
this molecule resembles a soccer ball.
The versatility and varied properties of
such molecules have drawn intense re-
search interest since they were pro-
duced in quantity in 1990 [see
“Fullerenes,” by Robert F. Curl and
Richard E. Smalley; SCIENTIFIC AMERI-
CAN, October 1991].

The structure of fullerenes presents
problems for the previous aromaticity
theories. Hiickel’s 4n + 2 rule does not
apply to Cg, because the molecule has
a three-dimensional, multiring structure.
Dewar’s method also fails because the
bond energies for such a system are
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unknown. In 1988 Hosoya and I pre-
dicted that Cg,, which contains 20 ben-
zenelike hexagons and 12 pentagons,
would be moderately aromatic. We cal-
culated the resonance energy per pi
electron to be 0.0274|B|. (The value for
the highly aromatic benzene is 0.0454
|Bl.) Negative ions of C4,are as aromat-
ic as the neutral molecule. The triply
charged Cg,3-, which becomes super-
conducting when cooled to very low
temperatures, has a resonance energy
per pi electron of 0.0241|B|. Positive
ions, however, seem to be much less
aromatic.

The topological resonance energy ap-
proach is also the only theory to ex-
plain in terms of aromaticity a proper-
ty called diamagnetism. Molecules that
are diamagnetic are repelled by mag-
netic fields. The property results from
motions of the electrons in the mole-
cule. The external magnetic field acting
on the moving electrons modifies the
quantum states of all the electrons. The
modification produces a magnetic mo-
ment oriented against the applied field.

Although all organic compounds pos-
sess this property to some extent, aro-
matic molecules exhibit very substantial
diamagnetism. The repulsion becomes
more pronounced as the magnetic field
increases. In 1981 I was able to relate
the diamagnetic properties of the ring
motion to the topological resonance
energy. The relation is not simple. In
essence, if the pi electrons move along a
ring path that stabilizes the molecule,
they enhance the diamagnetism; ring
paths that destabilize the structure lead
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to a decrease. The increase in diamag-
netism is a manifestation of the mol-
ecule’s strong tendency to remain sta-
ble; it tries to neutralize the effect of the
external magnetic field.

here are two potential drawbacks
I in using topological resonance
energy as an index of stability.

First, the characteristic polynomial of
the theory relies on Hiickel’'s molecular
orbital theory, which is not free of cer-
tain approximations and thus may con-
tain some flaws. Nevertheless, it is the
only framework available that applies
to the analytic study of aromaticity.

Second, topological resonance ener-
gy actually represents energetic (ther-
modynamic) stability. It is possible that
some compounds may be energetically
unstable but chemically inert. That is,
the molecule might have a negative res-
onance energy yet will not readily un-
dergo chemical reactions for some rea-
son. In such cases, the topological reso-
nance energy would not represent the
observed stability of the molecule.

Fortunately, most energetically stable
molecules are also chemically stable.
The general predictive ability of the
topological resonance energy method
remains valid for all but a few com-
pounds. It seems safe to say, after
more than 100 years of theoretical at-
tack, that an explanation for the stability
of aromatic compounds has finally been
achieved. Investigators should find it a
useful and predictive tool with which
to explore the chemical world.
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Spider Webs and Silks

Spiders’ silk and web designs are governed by the same rules and
constraints that apply to human materials science and structural
engineering. So spiders may be able to teach us a thing or two

for their magnificent feats of

structural engineering than for the
manufacture of choice materials. Un-
like the thread of the silk moth larvae
(Bombyx mori), spider silk has not yet
been harnessed for mass production.
Webs have been used as dressings for
wounds and even as nets for fishing, but
the silk itself has found employ only as
cross hairs in optical instruments.

Yet the silk of a spider’s web has
many fabulous qualities. It is much
stronger than the silk of a silkworm.
Moreover, it is variable: spiders can pro-
duce different types of silk for different
functions. This range of qualitatively
different silks has led to the evolution of
a stunning array of web designs.

By comparing the properties of spi-
ders’ silk with those of its well-studied
counterpart, silkworm silk, we can be-
gin to understand how spiders became
equipped to construct their remarkable
webs. And by studying the functional
mechanics of certain webs, we can see
how the stiffness of most spider silk
limits the range of web designs and
their prey-catching ability. Like all build-
ing materials, silk ultimately constrains
architectural endeavors. Any structure,
be it web or bridge, is only as effective
as the materials from which it is made.
That is, unless the builder has a trick
up its sleeve.

The dexterous heroine of E. B. White’s
tale, Charlotte’s Web, offers an example
of a spider that has just that. With bril-

S piders are perhaps better known

FRITZ VOLLRATH is assistant profes-
sor at the Institute of Zoology at the
University of Basel in Switzerland and
research associate in the department of
zoology at the University of Oxford. Af-
ter studying the ecology of social and
kleptoparasitic spiders at the Smithsoni-
an Tropical Research Institute in Pana-
ma, Vollrath turned his attention to the
evolution of spider webs, particularly
orb webs, to study how they are con-
structed and how they work.

70 SCIENTIFIC AMERICAN March 1992

by Fritz Vollrath

liant tinkering, the garden cross spider
(Araneus diadematus) has turned an in-
herent weakness of silk—its softness
when wet—into an invaluable benefit.
As we will see, coating specific threads
with water made the spider’s web cost-
effective. It also allowed the ancestors
of A. diadematus to expand into a nov-
el ecological niche, that of open spaces.

The garden cross spider’s invention
provides an example of an important
evolutionary phenomenon: constraints.
Evolutionary change is brought about
by adaptive shifts in behavior and mor-
phology. These gradual changes eventu-
ally come up against physiological or
physical limits. Subverting such a con-
straint opens the way to new opportu-
nities. The analogy with human techno-
logical progress is obvious.

Spider and silkworm are not at all
closely related, yet their silks are quite
similar. Both use keratin, a protein that
is also found in hair, horn and feathers.
In hair and horn, this protein is called
alpha-keratin, and it appears as braided,
helical strands of amino acid chains. An-
cestral arachnids may have used alpha-
keratin as a cement to cover their eggs;
ancestral insects may have used it to
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attach their pupal cases to vegetation.
Both silkworm and spider have
evolved a pump-and-valve pressure sys-
tem that enables them to make threads
from these proteins. Instead of exuding
a slowly drying gel of alpha-keratin
chains, glandular ducts thickened the
substance into a highly viscous state: a
nematic liquid crystal, in which the mol-
ecules are organized in parallel lines.
Strong shearing forces applied to the
emergent thread by an extrusion nozzle
cause many of the alpha chains to form
a stable, tertiary structure, called a
beta-pleated sheet. As we observe in
silkworm silk, such sheets can fold back
onto one another in accordionlike fash-
ion, stacking up to form a crystal.
These protein crystals are in turn em-
bedded in a rubberlike matrix com-
posed of amino acid chains that are not
linked into beta-pleated sheets. Instead
these helical strands are tangled up in
a state of high entropy. It is precisely
this randomness that lends silk, like
rubber, exceptional elasticity. Stretching
the thread pulls the protein strands out
of disarray—which they resist—where-
as releasing the thread allows them to
contract back into blissful disorder.
Silk’s elasticity is balanced by its
strength. Because it is a composite ma-
terial, like glass fibers embedded in a
resin, silk is strong. Its crystals and ma-
trix resist breaking. A stretched thread
usually snaps because a crack on the
surface cuts into it like a wedge. Forces
acting along the fiber concentrate at the
crack and cause it to rip with increasing
speed ever deeper into the material.
Such cracks, however, can travel only if
they do not encounter resistance. The
crystals in the rubber matrix provide

ARANEUS DIADEMATUS, the spider
who starred in E. B. White’s Charlotte’s
Web [see illustration on this page], has
overcome the constraints of wet silk
to fashion a highly efficient and struc-
turally advanced orb web, like the one
shown at the right.
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obstacles that divert and weaken the
rending force.

The raw, liquid silk is produced in
large abdominal glands and emitted
through spigots. In the silkworm a
pump in the larval head releases a dou-
ble filament. In spiders the filament
emerges from veritable arachnid gun
towers: batteries of spigots arrayed atop
three sets of paired spinnerets. (The
spinnerets evolved from pairs of legs
that may have held the animal’s eggs
close to its body.) Because the silk em-
anates from paired sources, each fiber is
composed of two strands.

Although researchers have not yet
uncovered every detail of the valves
and the silk production mechanisms, we
must assume that some combination of
the forces applied by the presses and of
the molecular composition of the liquid
alpha-keratin acts to produce certain
kinds of silk. Indeed, amino acids vary
in the silkworm and the spider and be-
tween different silks of the same spider.

The spider, however, seems to be
uniquely able to exert some control
over its silk production system. Some
spiders can modify a thread while they
spin it by altering its diameter, strength
and elasticity. It is likely that they do
this by controlling the valves rather than
the chemical composition of the silk. If
radically different silk is required, they
just switch to another gland. The fe-
male garden cross spider, for instance,
can produce at least seven silks.

In the near future, people may be able
to use these variable spider silks for
more than optical devices. The genes
for such silks have recently been syn-
thesized, expressed in microorganisms
and patented.

he evolution of myriad spider
I silks is reflected in the dazzling
abundance of web types. All de-
signs derive from a simple silk mesh
used by ancestral spiders to line earth
burrows more than 380 million years
ago. Presumably these spiders, like the
living fossil Liphistius, may have used
threads radiating from their burrows to
serve as signal lines and trip wires for
unwary travelers. (Just what these trav-
elers were is open to imagination be-
cause insects were only beginning to
emerge in the Devonian.) For efficient
signal transmission, these threads may
have been raised from the ground,
strung between tiny silken stilts. The li-
phistiid form of trip-wire web may be
ancestral, but in some of its modern ex-
pressions it certainly is not primitive:
the suspension of its few radiating
threads can be technically shrewd.
Over time, trip wires gave rise to traps
that made more extensive use of silk.
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The design of the funnel-web spider
(Agelena labyrinthica), for example, con-
sists of a fine, strong sheet, held taut by
lateral as well as by lower and upper
guy, or guide, ropes. The spider runs
about on top of the sheet to collect
prey that have fallen or jumped on
board. Vibrations alert the spider to the
presence and location of the prey.

In addition, A. labyrinthica’s web has
a mechanism that amplifies prey move-
ments. Some threads are always
stretched out of place and snap into a
new position with a twang when dis-
lodged. This adaptation may well have
been necessary to ensure continued suc-
cess in capturing dinner: in the arms
race between web spiders and their
prey, the prey is forever improving
ways to avoid entrapment. For instance,
butterfly scales readily stick to adhesive
web threads, yet they also easily come
off the butterfly—allowing it to escape
while leaving behind a swath of shed
scales and inoperative silk.

Another basic design is the aerial
knockdown web: the three-dimensional
complex of threads one often finds in
bushes or hedges. These structures are
notoriously difficult for the spider to
control, a fact that is readily apparent

when one compares the number of
kleptoparasitic guests in these webs
with the number in other web types. In
three-dimensional structures, such in-
truders, often other spiders, can be very
common. They move about with rela-
tive impunity to glean small prey or
even to steal big insects from under the
proprietor’s mighty fangs.

To ensure a regular meal, the builders
of most three-dimensional webs set
aside clearly defined areas for captur-
ing prey, regions that they can monitor
with relative ease. In one such web, that
of the black widow (Latrodectus mac-
tans), highly modified lower guy threads
form the capture area—a dense forest
of sticky mesh. At their ends, the taut
fibers are coated with a viscous glue.
As soon as they adhere to a crawling
insect, their attachment to the ground
breaks, and the victim is lifted up by
the recoiling thread.

Other three-dimensional webs, like
that of the filmy dome spider (Neriene
radiata), incorporate nonsticky sheets
to serve as the capture area. This spider
travels about underneath its domed
sheet to attack prey that have fallen
onto it, stopped in midair by the tangle
of upper guy threads.

100 NANOMETERS

20 NANOMETERS

The Structure of Spider Silk

Enlargement of spider thread (a) shows it to be a composite material made of
strands of disordered amino acid chains and ordered crystals (b and c). Each crys-
tal is made up of different-size amino acid groups pressed into an accordionlike for-
mation, called beta-pleated sheets (d). The surrounding strands are called alpha
helixes; their contracted disarray provides silk with its elasticity. When silk is emitted,
shearing forces like those shown at the right (e) are applied to some alpha helixes.
Consequently, their hydrogen bonds break and they become beta-pleated sheets (f),
as the similarity of the highlighted molecular strands shows. Most of what is known
about the molecular structure of silk comes from the silkworm. In this illustration, it is
assumed that spider silk resembles that of the silkworm.
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Although each of the three types of
webs described above has a different
modus operandi, they all share the same
basic principle. An insect is stopped
in its path, and its presence is adver-
tised by vibrations or changes in the
tension of the structural threads. The
business of stopping the insect, that is,
of dissipating its kinetic energy, is ac-
complished by dislodging or breaking
strands. An analogy is that of a hapless
balloonistlanding in a tree: the strength
and elasticity of the branches, their ten-
sions and interconnections determine
how far our balloonist penetrates the
canopy before his or her fall is arrested.

The energy-dissipating thicket of
threads in three-dimensional webs is
missing in orb webs, such as that of
the garden cross spider. These two-di-
mensional structures work in a very
different fashion—and it is in these
webs that the coevolution of remark-
able structures and building materials
can be seen most vividly. Because there
is no dense tangle to stop the insect, a
few broken strands would allow it to
fly straight through the web. Thus, a
two-dimensional web requires more
refined materials and architecture than
those used in three-dimensional webs.

Probably the best known of all two-di-
mensional designs is the polar mesh
typified in the orb web of the garden
cross spider. The web is a familiar one.
Firm, dry threads radiate from the cen-
ter like the spokes of a bicycle wheel.
Laid down in a tight spiral fixed to these
radii is one long thread of sticky silk.
The functions of this, and any, web are
diverse—including service as an early-
warning system against predators, as a
burglar alarm and, for a courting male,
as harp and dance floor. But its over-
riding function is to trap.

o0 be an effective trap, the web
Tmust be able to stop the hurtling

insect—comparable, from the
web’s perspective, to a guided missile—
and retain it long enough for the spi-
der’s inspection and bite. These func-
tions are aided by the basic architec-
ture of the web. But the two-dimen-
sional orb web cannot ensnare prey by
dissipating the victim’s energy through
breaking strands, as does the three-di-
mensional web. Instead the main work
of dissipating and absorbing the in-
sect’s kinetic energy is done by the in-
herent properties of the silk, in particu-
lar the capture thread.
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This fiber is strong at great exten-
sions, for it must not break, and soft at
small extensions, for it must not pro-
vide the trapped insect with purchase.
Its silk must stretch without rapid elas-
tic recoil—otherwise the prey would be
flung back, trampoline fashion, whence
it came. The silk must also be elastic
enough to contend with the continual
stretching and relaxing of a network
buffeted by wind and distorted by flex-
ible supports, such as blades of grass.
Indeed, because the threads of the cap-
ture area are highly sticky, any substan-
tial sagging or flapping about could
quickly cause them to adhere to one an-
other, an event that would create gaps
in the even mesh of the trap and pro-
vide loopholes for potential prey.

To be effective, therefore, the orb
web needs strong capture threads that
show great energy-absorbing deforma-
tion yet spring back rapidly without sag-
ging: a tall order, since the combination
of these properties is normally absent
from silk. Although they are strong, typ-
ical spider threads, such as those in the
web’s radii, generally break when they
are extended beyond 25 percent. Such
threads have great stiffness at smaller
extensions, but when relaxed they sag
for quite some time before resuming
their original length.

The capture silk of A. diadematus,
however, shows an altogether extraor-
dinary behavior not found in any other
type of silk. Threads of the capture spi-
ral can be rapidly contracted to a small
fraction of their original length without
sagging. The same thread can also be
stretched to over four times its original
length without snapping. Thus, the
capture silk effectively has an extensi-
bility of several thousand percent with-
out any obvious sagging and with a
fast, yet perfectly buffered, recoil. Al-
though it would seem that this unlikely
silk is intrinsically different from other
silks, that is not the case.

Instead A. diadematus has devised
an ingenious trick. Its capture silk is
modified into something that tran-
scends a composite material and that is
more appropriately called a mechanism.
The strands of the garden spider’s cap-
ture spiral consist of a pair of core
fibers surrounded by a coat of highly
viscous liquid. The liquid originates in
special glands that lie next to those
producing the core fibers. It is applied
to the outgoing core fibers as a contin-
uous film, which—after the uptake of
atmospheric water—quickly separates
into little droplets.

Chemical analysis done by Edward K.
Tillinghast and his colleagues at the
University of New Hampshire and by
Robert J. P. Williams, Wayne Fairbroth-
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er and me at the University of Oxford
showed that this liquid contains a
number of interesting chemicals. Sticki-
ness is provided by microscopic glyco-
protein doughnuts that straddle the
core fibers like beads on a string. The
glycoproteins are bathed in a solution
of five major compounds closely related
to amino acids that serve as the spider’s
neurotransmitters. These amino acids
have been pressed into novel service
because of their hygroscopic, or water-
attracting, chemical ability.

~— This arrangement of drawing water to
the capture threads is no accident. Silk
is typically stiff when dry. It resists
stretching and if stretched shrinks
back to its former length over a matter
of hours. But when water seeps into the
silken core fibers, they become easily
deformed and highly viscoelastic. Un-
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: DOYPHUS erty and then imagine wha_t havoc
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traversing spider. Consequently, all an-
cestral and most modern silks are dry
and may even be shielded from water
by a thin oily coat.

But in the capture spiral, these unde-
sirable characteristics are useful be-
cause the threads can absorb much
more kinetic energy when wet. Although
we do not know how the water does its
plasticizing on a molecular level, we do
f know how it modifies the capture
g thread on a macroscopic level. Donald
T. Edmonds of the Clarendon Laborato-
ry at Oxford and I found that the liquid
droplets serve as miniature windlass-
es—a crank system with cable and
drum. The core fibers are the cable, and
the droplets of the watery coat are the
drum. Reeling power is provided by the
surface tension of the drops.

Because they are plasticized, the core
fibers are soft and highly viscoelastic.
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ing back. The surface tension of the
droplets, however, is strong enough to
reel in the floppy core fibers. Contract-
ing and stretching the sticky thread in
rapid succession wind and unwind the
core fibers inside the droplets. Thus,
the entire system of core fibers and
coating is always under tension, keep-
ing the sticky thread taut. Energy ap-
plied by buffeting winds or blundering
insects is not absorbed by the silk itself
but by the entire system.

The core fibers do their share of the
work as well. Plasticized and therefore
essentially like reinforced rubber, they
benefit directly from the fact that en-
tropic elasticity is temperature depen-
dent. Because the kinetic energy of the
prey is largely converted into heat, the
thread warms up. The heating increas-
es entropy, and consequently the core
fibers grow stronger. The absorbed en-
ergy of the hapless prey actually
strengthens the capturing thread and
does so only because of the spider’s
clever trick of applying aqueous coating.

While being stretched, the plasticized
core fibers show very little resistance at
first—for the initial 300 percent or so,
that is. Then they suddenly develop in-
creasing resistance. At this point in their
extension, they behave just like dry
threads. When fully stretched, the poly-
mer chains enter a glasslike transition
in which viscoelastic energy dissipation
takes over from entropic elasticity.

By coating the thread, the garden
cross spider has also protected it
against the first formation of a crack.
Even the smallest surface blemish is ex-
tremely dangerous for a material under
tension. A spider thread, just like a cloth
or rubber band, is more easily torn after
it has been nicked. Preventing crack
formation is therefore crucial if the
strength of a thread is to be increased.
Prevention is commonly achieved tech-
nologically by coating a “thread,” such
as an optical glass fiber, with paint. Spi-
ders appear to do the same, using a fine
layer of lipids for dry threads and the
aqueous coat for capture threads. To
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DIFFERENT SILKS for different functions can be produced by with varied amino acid compositions. The spider uses ab-

the same spider. A. diadematus can switch between silks

guard against bacteria and fungi that
could feast on the nutritious proteins of
the coating, spiders incorporate fungi-
cides and bactericides into the droplets.
(This antiseptic quality of the spider
web may account for its renown as a
folk remedy for dressing wounds.)

The evolutionary invention of a web
that is relatively cheap—both in con-
struction time and building material—
enabled orb spiders like Araneus to in-
vade sites dangerously exposed to the
elements. The orb is built into a two-di-
mensional frame that is supported by
anchor threads of any length. This fea-
ture allows these spiders to take to the
open air, to leave behind the dense tan-
gle of supporting vegetation required
by spiders with three-dimensional webs.
Thus, orb spiders effectively fly, al-

WEB DESIGNS exhibit great diversity.
Spiders’ common names can reflect their
web’s shape—such as the filmy dome
or the ladder-web spider.

though they have no wings. And by in-
habiting the air space of forests and
glades, they can prey on flying insects.

The adaptive radiation of two-dimen-
sional webs that use plasticized silk and
aqueous glue has resulted in a large va-
riety of web architectures and ways of
capturing prey. Orb spiders have been
so successful in this ecological niche
that, except for robber-flies, damsel
flies and dragonflies, few insect groups
provide significant competitors. Cheap-
ly built, ephemeral webs that can resist
huge distortions are also useful in other
exposed areas like meadows, and orb
webs abound there as well.

ven the orb webs of a small group
of very different spiders, while

similar in overall design, cannot
compete with Araneus’s prey-catching
prowess, because they do not incorpo-
rate its plasticized silk and revolution-
ary windlass system. These cribellate
spiders, named after their platelike ex-
tra spinneret, or cribellum, have devised
other strategies to improve the strength
and stickiness of their capture threads.
Such spiders, including Uloborus, use
dry silk throughout their two-dimen-
sional webs, but this silk is highly spe-
cialized in its own right. From hundreds
of the finest imaginable spigots grouped
together on the cribellum, they produce
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dominal glands and spigots to produce seven kinds of silk.

an uncoated, multistranded, or hackled,
band of fine threads. Each thread has a
diameter of less than 0.05 micron, as
opposed to a diameter of about 1.0 mi-
cron for ecribellate capture silk. (Ecribel-
late spiders are those that, like Araneus,
lack the ancestral cribellum plate and
whose threads are coated.)

The cribellate spider draws the
threads through a fine comb located on
the shin of its hind leg. This combing
process either prestretches and stiffens
the threads or charges them electrostat-
ically. In any event, hackling causes the
fibers to puff out and assume the func-
tion of a spring. In the center of the
spring lie core strands that are much
thicker and stronger. Because hackled
fibers are completely dry, this web’s
stickiness appears to be achieved by
electrostatic forces or the entanglement
of the prey’s appendages and hairs.

The impact of an insect apparently
stretches the core as well as the hackled
threads until one after another breaks,
thus absorbing energy. Hundreds of
stiff threads work together, and so they
are quite effective. By breaking strands
to neutralize energy, the cribellate web
works in principle just like the dry,
three-dimensional tangle webs. There-
fore, these threads are worse at absorb-
ing energy than are the water-coated
threads of ecribellate spiders. This
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CAPTURE THREAD of an ecribellate spider, such as A. diadematus, is covered with
an aqueous coat (top), shown magnified 100 times. Surface tension within each
drop causes the core fibers to bunch up, creating a windlass system, shown in its
contracted state (bottom), magnified 300 times.

CRIBELLATE SPIDER THREAD is combed into hundreds of strands—shown magni-
fied 200 times (top) and 1,000 times (bottom)—that puff out as a result of hackling.
The uncoated, cribellate threads are as sticky as coated, ecribellate threads, but
combing requires more energy and time than coating does.
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shortcoming is partly counterbalanced,
however, by a comparable if not greater
stickiness and an extended working life
for the web. Despite these compensat-
ing factors, cribellate orb weavers are
outnumbered by their ecribellate cous-
ins by a factor of one to 100, both in
terms of species and individuals.

This seeming discrimination has its
roots in the same considerations that
govern all construction projects: eco-
nomics. The capture thread of the
cribellates is much more expensive to
produce. Centimeter for centimeter it
requires more raw material in the form
of protein, and it carries higher assem-
bly costs, since combing the hackled
strands takes time as well as energy.
Indeed, a cribellate spider takes four
times longer than an ecribellate spider
to produce the same length of capture
spiral. So, although both types of
thread are similarly effective, the ecri-
bellate thread is more efficient because
it gives comparable value at lower cost.

y tinkering, ecribellate orb weav-
B ers like A. diadematus have inge-

niously turned a fine but still
limiting material—basic, dry silk—into
a fabulous absorber of energy. The
trick lies in the hygroscopic chemicals
that attract the water that plasticizes
the silk and powers the windlass that
keeps the capture thread taut.

The spider’s invention of this aston-
ishing mechanism added efficiency to
the architecture of the orb web and al-
lowed ecribellate orb weavers to assume
the important role that they occupy to-
day in most ecological food chains.
What else would one expect from many
millions of years spent on research and
development? After all, if the recent in-
terpretation of an early Cretaceous fos-
sil as an orb weaver is correct, then orb
spinners have had more than 180 mil-
lion years to get it right.
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Infrared Video Cameras

Similar to home video cameras, these devices can “see” thermal radiation.
This emerging technology offers a host of applications, including
night vision, visualization of heat flow and medical analysis

by Jerry Silverman, Jonathan M. Mooney and Freeman D. Shepherd

Warmth, warmth, more warmth! for
we are dying of cold and not of dark-
ness. It is not the night that kills, but
the frost.

he association of light with heat

I and of darkness with cold is a

familiar metaphor, as the above

quote from the Spanish writer Miguel

de Unamuno shows. It turns out that

the association has a basis in fact. A

warm object emits more radiation than

a cool one does. Moreover, it radiates

largely visible light, whereas a cool ob-
ject gives off largely infrared rays.

The difference in the amount and
type of radiation emitted by warm and
cool objects is the foundation of an
important emerging technology: the in-
frared video camera. Since the human
eye responds well to visible light but
poorly to infrared radiation, much of
the information about an object encod-
ed in its infrared radiation is lost. An
infrared video camera is able to cap-

| JERRY SILVERMAN, JONATHAN M.
MOONEY and FREEMAN D. SHEPHERD

| are at the U.S. Air Force Rome Laborato-
ry at Hanscom Air Force Base in Mas-
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| frared surveillance branch of the labora-

| tory, earned his bachelor’s degree from

| Brooklyn College in 1956 and his Ph.D.
(in physical chemistry) from the Mas-
sachusetts Institute of Technology four
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the device physics and image processing
of Schottky-barrier infrared cameras.
Mooney received his bachelor’s degree
in physics from the University of Cali-
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in optical sciences from the University
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oratory’s focal plane array branch, where
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1959 and a Ph.D. from Northeastern
University in 1965.

78 SCIENTIFIC AMERICAN March 1992

ture this information and convert it
into images that can be seen by a hu-
man. One mature infrared video tech-
nology is based on platinum silicide. A
platinum-silicide camera is similar in
many respects to a home video cam-
era, except that it responds to the long-
wavelength radiation characteristic of
the infrared, ranging from one to 5.7
microns (millionths of a meter), instead
of the short-wavelength radiation char-
acteristic of visible light, ranging from
0.4 to 0.7 micron.

Infrared video cameras have obvious
applications in night vision, surveil-
lance, targeting and identification. In-
deed, much of the initial impetus for
the work has come from military fund-
ing. It appears likely, however, that in-
frared video cameras will open a host of
other applications. Some civilian appli-
cations will undoubtedly spring from
the military ones, such as foul-weather
and night-landing aids for commercial
aircraft and nighttime surveillance de-
vices. Infrared video cameras may also
help control laser machining and visu-
alize heat flow in fluids.

But perhaps the greatest asset the
new cameras offer is their ability to
complement what a visible image
shows. Older infrared technologies do
this in the electrical, construction and
petrochemical industries. They have
also been used to help detect leaks and
stress patterns, control oil pollution,
fight fires and conduct meteorologic
studies, land surveys and medical anal-
yses. Although older infrared imaging
techniques are useful, platinum-silicide
cameras offer a low-cost, video-quality
alternative. They have even been used to
peer into distant regions of the universe
otherwise obscured by interstellar dust.

iscovery of infrared radiation
D dates to the early 19th century,

when the English astronomer
Sir William Herschel raised questions
about the basic similarity of light and
heat. Herschel demonstrated the exis-
tence of infrared radiation by using a
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prism to split sunlight into its spectral
bands. As he moved a thermometer
through the bands, he found that the
temperature rose from the blue end of
the spectrum to the red. Furthermore,
the temperature continued to rise be-
yond the red, where there was no visi-
ble light. The invisible light beyond the
red became known as the infrared.
Herschel’s discovery was put on firm
ground by one of the founding fathers
of quantum theory, the German physi-
cist Max Planck. He proposed a theory
of blackbody radiation that character-
izes the electromagnetic radiation emit-
ted by idealized objects, or blackbodies,
as a function of temperature. (A black-
body is a perfect absorber of all inci-
dent radiation.) Planck’s theory pre-

FACES take on an eerie aspect when
viewed in the infrared. One of us
(Mooney) is seen here in visible light
(above) and infrared (right). Familiar
characteristics, such as eye and hair
color, are absent from the infrared im-
age, whereas the thermal features are
pronounced. The nose and ears are usu-
ally cooler than the rest of the face, and
the eye sockets are warmer. The ap-
pearance of the nostrils and mouth will
vary, depending on whether the subject
is breathing in or out.



dicts that the radiation emitted by a
blackbody at room temperature peaks
at wavelengths near 10 microns and is
negligible at wavelengths shorter than
two microns. To relate this to everyday
experience, imagine turning on an elec-
tric stove. One feels radiative heat be-
fore seeing any change in the color of
the heating coil. As the temperature ris-
es, the coil begins to glow red, corre-
sponding to the short-wavelength por-
tion of the emitted radiation. If one
could continue to increase the heat, the

glow would become more intense and
shift toward yellow and then to blue,
as the shorter wavelengths of light be-
came more prominent.

Although infrared radiation and visi-
ble light are both part of the electromag-
netic spectrum, the images of thermal
emission captured by infrared cameras
differ fundamentally from the visible
images that dominate everyday experi-
ence. In a visible image, an object re-
flects the light of a source to a sensor.
The image may have a high contrast and
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may vary from white to black. In an in-
frared image, on the other hand, an ob-
jectemits radiation according to its tem-
perature [see “The Amateur Scientist,”
page 112]. A thermal image is essential-
ly a recording of a temperature profile
of an observed scene. In other words,
whereas an ordinary camera takes pic-
tures by the “light of the sun,” an in-
frared camera takes pictures by the
“light of the earth.” Real-world objects
differ from ideal blackbodies, however,
and always emit lessradiation than pre-
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PLATINUMS-SILICIDE INFRARED DETECTOR is seen edge-on in this representation.
It consists of a thin film of platinum silicide deposited on a silicon substrate. The
absorption of incident infrared photons, or quanta of radiation, in the platinum-sili-
cide film excites electric carriers. Some fraction of these carriers escapes into the
silicon, forming a measurable current. The optimal thickness for a film of platinum
silicide is approximately three nanometers.

dicted. In addition, one often finds the
simultaneous presence of emitted and
reflected radiation. Both of these effects
tend to complicate the relation between
the object brightness seen in a thermal
image and the true object temperature.

Infrared imagery confounds expec-
tations and differs most dramatically
from the familiar world of visible experi-
ence at night or in indoor scenes where
sunlight is absent. Faces, for example,
remain recognizable but project an eeri-
ness reminiscent of the ghost of Ban-
quo: “Thou hast no speculation in those
eyes which thou dost glare with.” In
most situations, however, the objects in
infrared scenes have approximately the
same temperature and radiate with
nearly equal intensity. Any thermal im-
age taken of the scene is dominated by
the background radiation component
corresponding to the average tempera-
ture. Consequently, it is often difficult to
distinguish objects, which is to say that
most thermal scenes have a very low
contrast. Lack of uniformity in the de-
tector-to-detector response characteris-
tics obscures low-contrast infrared im-
agery even more than a similar problem
does in the visible part of the spectrum.
The desire to highlight the contrast as
much as possible has been a major goal
in infrared camera technology.

arly infrared cameras simply re-
E sponded to the heat of infrared
radiation. The Evaporograph, de-
veloped in 1929, imaged infrared radia-
tion onto an oil-coated membrane. The

oil evaporated at a rate that depended
locally on the amount of incident in-
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frared radiation. The thermal image was
seen as a pattern of color variations
arising from optical interference in the
thin oil film, an effect that is responsible
for the colors seen in oil films on water.
Later, other heat-sensing cameras were
developed that had electric readouts,
but the devices had limited application
since they were fragile and slow.
Faster response and greater efficiency
have been obtained by detecting in-

frared photons, or quanta of radiation,
directly. Detectors based on this prin-
ciple are called quantum detectors, in
contrast to so-called thermal detectors,
such as the Evaporograph. During World
War II, German forces used quantum in-
frared sensors to track ships in the En-
glish Channel and tanks on the eastern
front. Both Germany and the U.K. began
development of airborne infrared sen-
sors for detecting bombers, but the war
ended before either side could produce
a useful working system, and the UK.
terminated its program in favor of air-
borne radar, which has better weather
penetration capabilities. Early U.S. in-
frared imagers included the Sniperscope
and the Snooperscope. Both used quan-
tum detectors called 1P25 tubes, which
were developed in the 1930s by RCA. In-
frared radiation incident on a cathode,
or negatively charged electrode, in the
tube caused electrons to be ejected into
a vacuum. The 1P25 was unable to de-
tect photons emitted by room-tempera-
ture objects, however, because of the
unavailability of metal cathodes sensi-
tive to low-energy photons.

For a 20-year period after World War
II, many attempts were made to extend
television camera technology into the
infrared. Limited success was obtained
in the near infrared (one to three mi-
crons), but attempts in the spectral
range beyond three microns failed com-
pletely as a direct result of the low con-
trast of infrared scenes. Designers then
turned to so-called scanning systems,

INFRARED IMAGES of the clock tower of the Boston Customs House and the sur-
rounding area are shown for a sunny day (left) and a clear night (right). The domi-
nant visible sources, especially the lights inside the buildings, are absent, which
helps to account for the remarkable overall similarity of the two images. In con-
trast to day-versus-night photography done in visible light, the f-stop and shutter
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in which infrared images are created
with a limited number of detectors
in combination with moving mirrors.
Scanning systems work quite well, but
their complexity, high cost and exten-
sive maintenance requirements limit
their range of application.

In 1973 Andrew C. Yang of what is
now called the Air Force Rome Labora-
tory and one of us (Shepherd) proposed
an infrared sensor technology based on
a detection process similar to that used
in the 1P25 tube but with one crucial
difference: instead of being emitted
into a vacuum, the ejected electrons
would be emitted into silicon. The pro-
cess is called internal photoemission.
Underlying the proposal was the obser-
vation that certain metals such as plat-
inum react with silicon to form a met-
al-silicide cathode that has both the
correct spectral response and spatial
uniformity required for high-perfor-
mance thermal imaging.

Infrared cameras based on internal
photoemission were first demonstrated
in the mid-1970s. The technology has
evolved steadily since then. Today’s ar-
rays have better resolution than stan-
dard television cameras and can image
differences in temperature smaller
than 0.02 degree Celsius. Platinum-sili-
cide cameras are commercially avail-
able from manufacturers in the US. and
abroad.

Lying at the heart of each platinum-
silicide camera is an array of indi-
vidual detector cells made from a thin

PLATINUM-SILICIDE INFRARED CAMERA is shown imaging the technician who
wired the device. The thermal imprint left by touching the hand to the face is seen
in the infrared image displayed on the monitor. Next to the monitor is the electron-
ic control box used to focus and adjust the image. The silvered bulk of the camera
is the dewar that cools the array of 39,040 detectors (not shown). Both the array
and the readout circuitry fit on a single chip about the size of a dime.

film of platinum deposited in vacuum
on a silicon substrate. Heating the wa-
fer and film to a high temperature con-
verts the platinum to platinum silicide.
The resulting interface between the me-
tallic, or conducting, platinum silicide
and the semiconducting silicon is called
a Schottky barrier diode (named after
the German physicist Walter Schottky).
The “barrier” is an uphill potential at
the interface that in the dark and at

speed for both of the infrared images on these two pages were the same (f/2.0, 14,
second). These infrared images and the others in this article, unless otherwise
specified, were taken by William Ewing with an infrared camera designed in the
authors’ laboratory at Hanscom Air Force Base. It has a 160-by-244 array of detec-
tors made at the David Sarnoff Laboratories.
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low temperatures allows few electric
carriers to move from the metal into the
semiconductor. Infrared photons, if ab-
sorbed in the metal, can excite some
of the carriers to an energy above the
barrier. The process of photoemission
of carriers over the Schottky barrier is
analogous to kicking balls over the ridge
of a hill. The fraction of carriers that es-
capes constitutes a measurable current;
the overall rate of success of the pro-
cess depends on many factors, includ-
ing the thickness and structure of the
film, the wavelength of the radiation
and the height of the barrier.

n an actual camera, a large num-

ber of Schottky diodes, each approx-

imately 25 microns on a side, are ar-
rayed in a two-dimensional grid on a
silicon chip. The chip includes an elec-
tronic network from which the current
from each diode may be read. To dis-
play a video image, one converts the
electrical signal from each diode into
an illumination level on a monitor. The
diode array and readout network are
made using standard silicon process-
ing techniques, which results in low-
cost, high-quality products.

The advantages offered by platinum
silicide are tempered somewhat by two
drawbacks. First, the device must be
cooled to the temperature of liquid ni-
trogen (-196 degrees C) to operate. Sec-
ond, the diode converts infrared radia-
tion into electric current at a rather low
efficiency, less than 1 percent. The re-
quirement of low-temperature opera-
tion was at one time thought to be a se-
rious problem; recent advances in cryo-
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into display images can be accomplished in numerous

ways. Four of them were used to make the aircraft
pictures on the opposite page. The first picture was made
with histogram equalization, which is superior at accentuat-
ing the detail of the background. In this approach, display
space is assigned in proportion to the number of pixels (in-
dividual detectors) having a given signal level. In the second
picture, the technique is histogram projection, which brings
out small objects against the background. Display space is
based only on the presence or absence of pixels at a given
level. The display techniques in the last two pictures accen-
tuate the thermal effects of the structural supports of the
aircraft by sacrificing sensitivity to large-scale details for an
increased sensitivity to local variations. The algorithm used
for the third picture maps the raw data cyclically; the one

T he conversion of raw signals from infrared detectors

Working with Infrared Images

used for the final image filters out low spatial frequencies
(large-scale details).

The two photographs below show housing at Hanscom
Air Force Base in Massachusetts on a winter night. In an ex-
posure made at '4;, second (left), temporal noise domi-
nates. The noise results largely from the randomness inher-
ent in the arrival and detection of infrared photons. An
eight-second exposure of the scene (right), processed by
the technique used for the final aircraft picture, reduces the
effect of the temporal noise but reveals the underlying
residual spatial noise. Spatial noise results from nonuniform
responses by individual detectors to the same level of incom-
ing radiation. The residual spatial noise reflects an imper-
fect correction made by subtracting the detector array’s
long-term response to a uniform scene from the uncorrect-
ed image.

genic refrigerators have reduced the im-
pact of this issue, however. The ineffi-
ciency of the device, which at first led
many workers to dismiss Schottky di-
odes as infrared detectors, is partially
overcome by the fact that each diode
“stares” at the same small segment of
the scene. Nevertheless, the use of thou-
sands of detectors does place a premi-
um on the uniformity of response from
detector to detector on the array. A
comparison of platinum silicide with al-

ternative modern technologies reveals
a roughly inverse relation between effi-
ciency and uniformity. As a result, the
match of technology to application is
a subject of debate.

One of the main challenges in design-
ing infrared video cameras lies in con-
verting the electrical signals from the
diodes into illumination levels. For visi-
ble images, a direct linear mapping from
raw signal to display scale usually pro-
duces an image that matches the expec-

tation of the viewer. In displaying in-
frared images, one encounters several
problems. The observer’s expectations
are based on experience with visible im-
agery, which does not always translate
well into infrared images. And the signal
in a visible image can vary by as much
as a factor of 1,000 from the darkest to
the brightest extreme, whereas the sig-
nal from a typical infrared scene varies
by about a factor of only two. The low
contrast of infrared images magnifies

INTERSTELLAR DUST obscuring NGC 2024 (left), a region of
star formation located adjacent to Orion’s belt and the Horse-
head Nebula, is penetrated by infrared radiation (right) to
yield a quite different view of the region. The colors in the in-
frared image are produced by displaying the images at three
different wavelengths (1.2, 1.6 and 2.2 microns) as blue,
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green and red components of a computer-generated image.
The infrared image, which is presented through the courtesy
of Ian Gatley, Albert M. Fowler and K. Michael Merrill, was
taken at the Kitt Peak National Observatory’s 1.3-meter tele-
scope using a 256-by-256 platinum-silicide array made at the
Hughes Aircraft Company.

© 1992 SCIENTIFIC AMERICAN, INC



the impact of noise sources that would
not otherwise be significant. There are
several ways to convert raw signals into
display images.

Another important challenge in build-
ing infrared cameras is the minimiza-
tion of noise, or unwanted fluctuations.
(For electrical engineers, noise joins
death and taxes in a triad of inevitabili-
ties.) The noise comes in two distinct
varieties: temporal and spatial. Tempo-
ral noise imprints the image with a
grainy “salt and pepper” appearance.
Optimally, it arises from the random-
ness inherent in the arrival and detec-
tion of infrared photons. It turns out
that the magnitude of such noise in-
creases as the square root of the mea-
surement time, whereas the magnitude
of the signal increases linearly. Conse-
quently, an increase in the measure-
ment time improves the signal-to-noise
ratio in proportion to the square root
of the measurement time, thereby re-
ducing the temporal noise.

Even with the reduction of temporal
noise, one is still left with the second
problem: spatial noise. It arises from
nonuniform response of detectors to
uniform incoming infrared rays. Spatial
noise thus represents the “fingerprint”
of individual detector differences in the

display. Several computer-based tech-
niques can reduce the effect, although
none as yet is completely satisfactory.
In the simplest approach, the pattern
observed when the camera is subjected
to uniform illumination is subtracted
from subsequent imagery.

The effect of spatial noise on the per-
formance of an infrared camera is anal-
ogous to driving in fog with a dirty
windshield. Array nonuniformities cor-
respond to the dirt on the windshield;
low-contrast infrared images corre-
spond to objects seen through the fog.
Just as the dirty windshield degrades
the driver’s ability to discern details in
the fog, so detector nonuniformities de-
grade the performance of infrared cam-
eras. A great advantage of the Schottky
arrays is that the intrinsic nonunifor-
mity pattern is small enough and stable
enough to permit real-time correction.

Future work on infrared video cam-
eras is likely to center on improving
current technology by extending the
camera’s response to even longer in-
frared wavelengths. The ideal approach
to that end depends on one’s ability to
fabricate arrays with high efficiency and
high inherent uniformity. The perfor-
mance of these ideal arrays would be
fixed not by art but by nature, namely,
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the random arrival rate of infrared pho-
tons. Although such arrays are now as
common as the unicorn, today’s dreams
might well turn into tomorrow’s reality.
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The Gundestrup Cauldron

An enigmatic bowl found in Denmark 100 years ago has been variously
attributed to the Celts, Germans and Thracians. Recent analysis
challenges such judgments and the theories on which they are based

n May 28, 1891, peat cutters

working near the hamlet of

Gundestrup in Northern Jut-
land spied a curious metal object.
When they rubbed away the peat, they
found a great silver bowl containing
plates, some concave and some convex,
that had once fitted back-to-back to
form the sides of a magnificent caul-
dron. The plates were vividly decorated
with scenes of war and sacrifice: beard-
ed deities wrestled ferocious beasts, a
bare-breasted goddess stood flanked
by elephants, and a commanding figure
in stag’s antlers brandished a ram-
headed snake in one hand and a twist-
ed neck collar in the other.

The cauldron was placed in the Na-
tional Museum in Copenhagen, and the
Danish government paid out a hand-
some reward to the finders, who quar-
reled bitterly over it. But their dispute
was soon overshadowed by an academic
argument that has continued ever since.
When and how was the cauldron made,
by whom and at whose behest? How did
it come to be in the bog? What do its
pictures mean? Finally, how does it fit
with our picture of prehistoric society?

I shall try to answer these questions
while reviewing developments in schol-
arly interpretation of the cauldron. The
century of controversy has reflected
both the advent of new technical ap-
proaches and changes in how archaeol-
ogists reconstruct prehistory. In many
ways, the Gundestrup cauldron is a
touchstone of archaeological method.

TIMOTHY TAYLOR is a lecturer in the
department of archaeological sciences,
University of Bradford, and assistant
editor of the journal Antiguity. He read
archaeology and anthropology at St.
John'’s College, University of Cambridge,
graduating in 1982, and then carried out
research in Bulgaria and at Oxford. In
1988 he returned to Cambridge as a ju-
nior research fellow at King’s College.
He moved to Bradford in 1990.
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by Timothy Taylor

Solutions to some of the problems
posed by the cauldron are now at hand.
There is broad consensus for dating its
manufacture to the later Iron Age—the
second and first centuries B.C. Recent
scanning electron microscopy by Erling
Benner Larsen of the School of Conser-
vation of the Royal Academy of Fine
Arts in Copenhagen has shown that the
cauldron was the work of five virtuoso
silversmiths. My own analysis of the pic-
torial representations shows that al-
though the cauldron displays features
usually considered to be Celtic and al-
though it was found in a part of Europe
considered Germanic at this date, the
silversmiths probably lived in Thrace, in
southeastern Europe.

Deeper issues are also coming into
focus. Analysis of the Gundestrup caul-
dron challenges received wisdom on
life in Iron Age Furope; attempting to
understand the artifact in its context
consequently helps to refine the theo-
ries archaeologists use to reconstruct
prehistoric society. Ethnicity, gender
and mythology may all have been more
complex than previously supposed.
Firm cultural boundaries may not have
existed, humanity and its gods may

have been viewed as having more than
simply male and female genders, and
religious beliefs may have been flexible
and multifaceted.

aleobotanical analysis carried out
Pat the time of the cauldron’s dis-
covery determined that it had
been left on dry ground. Wetter condi-
tions, beginning around the time of
Christ, had caused peat to grow around
the vessel, covering it in a layer three
feet thick. Thus, far from being a votive
bog offering (as many have assumed),
the bowl seems to have been hidden in
the rough grass beyond the immediate
circuit of nearest settlement. Somebody
clearly meant to come back for it.
Although the cauldron was not found
in association with more easily datable
objects, such as shards of pottery, it
does carry representations of helmets,
spurs and other objects that did not
come into use much before 150 B.C. By
the time of its abandonment, however,
the cauldron was already old, damaged
and missing one of its eight original
outer plates. Furthermore, as Larsen has
shown, the circular base plate was origi-
nally a horse’s bridle decoration; only

SILVER TREASURE from a Danish bog appears in one of several plausible order-
ings of the bowl and the plates that surmount it (right). The plates were found dis-
assembled (far left), making the reconstruction of their pictorial narrative difficult.
The bowl was beaten from a single ingot, a technically demanding feat. Later re-
pairs show far less skillful workmanship: a top view (left) shows how a hole in the
base was plugged by soldering on a phalera, or silver bridle decoration.

© 1992 SCIENTIFIC AMERICAN, INC



later was it soldered to the bottom of
the bowl to repair a hole. The cauldron
was therefore probably lost at some
time in the first century B.C., between 50
and 150 years after it had been made. It
was repaired, and possibly dismantled
and reassembled, more than once dur-
ing the intervening period.

The original craftsmanship greatly
excelled the repair work. The bowl,
27 inches (70 centimeters) across, was
beaten from a single ingot—a challeng-
ing task. The plates were worked in the
repoussé manner: the shapes were first
beaten from a sheet with frequent an-
nealing, and then the raised surfaces,
supported from behind, were decorated
with pattern punches and other tools.

Larsen has used the tool marks to
identify the makers. He made silicone
rubber casts of the cauldron’s surface,
plating the casts with gold and imaging
the gold under a scanning electron mi-
croscope. The pictures gave diagnostic
“signatures” of five sets of tools, which
Larsen plausibly ascribed to five differ-
ent artists. His analysis independently
corroborates stylistic interpretations.

Numbering the silversmiths is easier
than placing them. Their nonliterate

society is known only from partial ac-
counts by classical authors and from
the problematic reconstructions of ar-
chaeologists. I say problematic because
such reconstructions are based on an
oversimplification of culture that stems
from the German prehistorian Gustav
Kossinna. In the 1920s he defined an
archaeological culture as a recurring
association of artifact types found ex-
clusively in one region.

Kossinna linked such assemblages to
a “people” possessing a specific spirit,
or Volksgeist. This approach mirrored
that of the pre-Darwinian biologists,
who understood species as ideal types
or essences. And just as the essentialists
had ranked species in a “chain of being,”
with humanity at the top, so Kossinna
ranked peoples. The Nordic German, or
“Aryan,” people was believed the best
by Kossinna and others who identified
with it—notably the Nazis, who used the
belief to justify their policy of conquest.

The weakness of Kossinna’s theory,
or ideology, is apparent. By equating ar-
chaeological cultures with peoples, it
implies an impossibly perfect coinci-
dence of anthropological variables. In
reality these variables rarely coincide
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neatly. A nation, although governed by
a dominant group, typically contains
several religions, languages and physi-
cal types; moreover, art and technology
often cut across national boundaries.
Yet the notion of “pure peoples” per-
sists, albeit in a form cleansed of its
more extreme racist overtones. Many
archaeologists remain cultural integral-
ists, tacitly identifying “cultures” and
“culture groups” with “tribes” and “peo-
ples,” respectively.

r I Yhe integralists have often consid-
ered the Gundestrup cauldron to
be of Celtic culture and Gallic

provenance. Indeed, photographs of

the cauldron appear in almost every
book dealing with the Celts. Yet one
must remember that the word “Celt”
comes to us from Greek and Roman
historians, who used it as a blanket de-
scription for people who occupied
much of central and western Europe
from at least the sixth century B.C. on-
ward. In much the same way, the early

Europeans in America usually spoke of

“Red Indians” and only occasionally

noted more specific formations; so did

the ancient historians speak generally




) Gune;ﬁ‘r_'i

BRITANNIA .
SARK -/ )
. \ = £ . l 4
\ EFIMANtA Y
\ GAUﬁ, |

la '_ L :
& SARMATIA
S £

S . i } 'I
4 : ‘\'.' ’ ‘.\“' -
4 @ g i P Y
; Casp*éﬂ ’p“ N S <
B.'ack Sea L, %)L ,Sea . RAW&LPiNﬁI" o dq‘i -_‘-*_\\,0" 7
oY SRR \ ( -ngg"" ..“;

1 ' j D J
Wt MOHENJO-DARO —o j
“‘PERSIA l J

iy . ‘rff’y”}{ L
. 3 \_-r:,f:\r’ h
>
e
. y \
d P AN

EURASIAN SILVERWORK suggests an Iron Age tradition that
transcended cultural boundaries, such as those generally as-
signed to Germans, Celts, Thracians, Scythians and Indians.

of “Celts” and sporadically of “tribes.”

Most modern Celticists are integral-
ists: they generally represent the Celts
as a unitary people of great antiquity,
distinctive for their language, physical
type, religion, institutions and material
culture. These workers regard some of
the body armor and equipment worn
by the smaller figures on the cauldron—
such as twisted neck rings (or torcs),
carnyx war trumpets, animal-crested
helmets and long shields with circular
bosses—as diagnostic of Celtic culture.

These scholars also read the Celtic
pantheon into the pictures on the caul-
dron, identifying, for instance, the large
figure wearing stag’s antlers as “the
horned one,” or Cernunnos. A figure
holding a wheel has been more tenta-
tively identified as the Celtic wheel god,
Taranis. Beyond this there is little con-
sensus, and the artifact’s rich iconogra-
phy has fueled many flights of myth-
ological fancy. Some Celticists have
explained the curious elephants, for ex-
ample, as referring to Hannibal’s cross-
ing of the Alps.

The fundamental weakness of the
standard Celtic argument is the ab-
sence in Gaul (now France)—and north-
western Europe generally—of any tradi-
tion of repoussé work in sheet silver. To
address this problem, Ferdinand Drex-
el of the University of Frankfurt argued
in 1915 that the cauldron had originat-
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ed in southeast Europe, the nearest
source of the requisite silverworking
skills. This technological constraint was
the mainstay of Drexel’s contention that
the cauldron was Thracian in origin.

Drexel’s argument got me interested
in the cauldron when I was studying
Thracian art (itself an integralist term
for cultural assemblages of southeast-
ern Europe), a field I had entered at the
suggestion of John Alexander, my un-
dergraduate tutor at the University of
Cambridge. While visiting museums in
Romania and Bulgaria, I met Anders
Bergquist, a Swedish graduate student
who was also fascinated by the caul-
dron, and we began to collaborate. We
built on Drexel’s work by refining the
dating and extending the range of cul-
tural materials to which we compared
the cauldron, considering not only tech-
nique but also formal and iconographic
attributes. Notable among these were
the depictions of shoelaces on the caul-
dron [see illustration at left on page 88]
and on two other pieces of well-dated
Thracian silverwork.

Such similarities led us to conclude
that the cauldron had been made either
in Transylvania or the adjacent lower
Danube basin. Both regions were in a
state of flux in the late Iron Age. Histori-
cal sources talk of “Celts” raiding south-
eastern Europe just before the cauldron
was made, sacking Greek Delphi in 279
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These phalerae show striking commonalities: butting bulls,
for example, appear on the phalera from Gundestrup (top row,
left) and on another from Sark Island (bottom row, left).

B.C. and establishing the kingdom of
Tylis in what is today Bulgaria. Other
sources speak of raids by German war
parties after the cauldron was made. We
therefore reasoned that southeastern
Europe contained a multiethnic society
and that the Thracians, the Celts and
the Germans had each played a role in
the cauldron’s story.

e conjectured that an intrusive
s/ \/ Celtic tribe called the Scordisci
had commissioned the caul-
dron from native Thracian silversmiths
and that Germanic looters had then
carried it off. The looters we tentatively
identified as the Cimbri, freebooters
who classical authors say came south
from the lower Elbe region to attack
the Scordisci in 118 B.C. After their de-
feat by the Romans five years later,
some of the Cimbri retreated north to
settle in Himmerland (thought to be et-
ymologically related to “Cimbri”), the
part of Jutland where the cauldron was
dug out. Still, we did not depend on the
Cimbri for our explanation of the caul-
dron’s transportation. Cultural connec-
tions known purely through archaeolo-
gy can be demonstrated between the
Black Sea and the Baltic at this time.
Bergquist and I at first refined exist-
ing arguments without challenging the
fundamentals of the reigning integral-
ist model, although we allowed more



than one “pure” people on stage at a
time. Neither did we then provide any
detailed explanation of the pictures on
the cauldron beyond the customary
reference to the horned figure as Cer-
nunnos. The elephants had never posed
a problem to scholars of the Thracian
School, as the animals were in use in
Asia Minor at this time and pictures of
them appeared on coins.

The next advance began with a false
step. We suggested that an analysis of
the lead isotopes in the cauldron’s sil-
ver plates might identify the mine from
which the ore had been extracted. It
turns out, however, that such identifi-
cation is impractical because coinages
from different mines were routinely
remelted to make metal vessels. But this
possibility opened up a new line of anal-
ysis: if the cauldron was made from
melted coins, its weight might be a clear
multiple of a standard coin weight.

I put this idea to the test in Copen-
hagen in May 1991, while attending the
centennial conference of the cauldron’s
discovery. I made accurate measure-
ments of the weight of individual pieces,
compensated for what was missing
and submitted my postulated original
weights to Michael Vickers, a specialist
in metrology at the Ashmolean Muse-
um of the University of Oxford. Recon-
structing an original total weight of
9,445 grams and a weight of 4,255
grams for the hemispheric bowl alone,
Vickers was able to find exact dividers
based on the Persian siglos, a coin
whose top weight is 5.67 grams. (Multi-
plying this value by 1,666 and 750 pro-
duces 9,445 and 4,255, respectively.)

This finding is consistent with a
Thracian origin of the cauldron. Per-
sian precious metalwork had a major
formative influence on the develop-
ment of silversmithing in Thrace in the
fifth and fourth centuries B.C., and Per-
sian weights continued in use long after.

The cauldron was not the only piece
of silverwork to be carried out of
Thrace. The bridle decoration, or pha-
lera, that was used to repair the great
bowl is one of many that found their
way to the west, in most cases proba-
bly borne on the horses of Thracian
mercenaries serving in the Roman army.
Of special importance are the phalerae
found on the Channel Island of Sark
in 1718, now lost but preserved in
detailed drawings. The “butting bull”
phalera [see illustration on opposite
page] resembles the Gundestrup base
plate—as well as several phalerae from
the lower Don basin, then controlled
by a group called the Sarmatians. The
“elephant and castle” phalera is similar
to two from a North Pakistani site near
Rawalpindi.

A third phalera from Rawalpindi de-
picts a woman with her hair in tresses
and a bird perched above each shoul-
der. The woman can be identified as
Hariti, the protectress of children, clear
versions of whom appear on Sarmatian
metalwork from the Don basin. That
region had also been heavily influenced
by northern India, a connection noticed
in the 1930s by the great Russian histo-
rian Mikhail Rostovtseff (later a profes-
sor at Princeton University).

actly these attributes—a similar god-

dess with paired birds and a child
at her breast—on a phalera from north-
east Bulgaria as well as on the Gunde-
strup cauldron. When I saw the link to
Sarmatia and, ultimately, to India, I was
stunned. This connection promised to
explain the presence of elephants on
one of the cauldron’s other plates. The
obvious associations of a piece of sil-
verwork depicting elephants had been
staring everyone in the face for a cen-
tury! Following up the Hariti connection,
I saw that the Gundestrup scene show-
ing a pair of elephants flanking a cen-
tral female figure clearly depicted the
lustration, or ritual bathing, of Lakshmi,

Ihad already noted a figure with ex-

the Hindu goddess of good fortune.

India had in fact been mooted as the
cauldron’s place of origin soon after
its discovery. In 1895 Japetus Steen-
strup of the University of Copenhagen
proposed an origin in medieval north-
ern India, Tibet or Mongolia. But Steen-
strup’s intuition outran his capacity for
analysis: he presented a mass of vague
and unsystematic comparisons without
explanation. In retrospect, one can see
that those who dismissed his conclu-
sions threw the baby out with the bath-
water.

What can account for the similarities
among artifacts from such far-flung
sites, as well as for the systematic vari-
ations found in them? The similarities
must derive from networks of artisans
that crossed ethnic and political di-
vides. Silversmiths, for instance, had
contacts stretching 4,000 miles, from
northern India to the Balkans. That net-
work can be inferred from surviving ar-
tifacts, scanty though they are.

Variations in iconography reflect the
inaccuracies that accumulated as arti-
sans copied the work of a master or ari-
val. As in a game of “gossip” (“Chinese
whispers”), the message changes each
time it is relayed. A good example is

TWIN PUNCH MARKS on the cauldron were struck by one tool, from similar an-
gles and with similar force, as shown optically (top) and in an electron micrograph
(bottom). Microanalysis (arrows) of such marks led Erling Benner Larsen of the Roy-
al Academy of Fine Arts in Copenhagen to attribute the bowl to five silversmiths.
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Was Culture Transmitted from India to Denmark?

from India to Thrace, where the cauldron was made,
and thence to Denmark. Yogic rituals, for example,
can be inferred from the poses of an antler-bearing man on
the cauldron (below, left) and of an ox-headed figure on a
seal impress from the Indian city of Mohenjo-Daro (right).
The cauldron’s Thracian provenance is attested in such de-

! shared pictorial and technical tradition stretched

provided by the bizarre pointed shoul-
ders of the Gundestrup elephants,
which are clearly copied not from the
animal itself but from a copy of a copy
of one. Even more telling, the ears of the
Gundestrup elephants sit oddly high on
their foreheads, evidently because they
derive, at many removes, from deco-
rative hats depicted in Indian models.
Nevertheless, the structure of the highly
stereotyped scene remains intact.

The existence of related representa-
tions across a wide area and over long
periods need not imply that the origi-
nal meaning was preserved. An earlier
manifestation of Hariti, protectress of
children, was Hariti, the ogress who ate
children. The meaning of the figure we
have identified as a type of Hariti on
the cauldron may also have undergone
several transformations.

Nerys Patterson of the School of Celtic
Languages and Literatures at Harvard
University has pointed out to me the
striking similarity between Hariti and
Rhiannon—a figure in the Mabinogion
stories, written down in Welsh (a Celtic
language) in the 12th century A.D. Rhi-
annon also makes the switch from
predator to protectress and is accompa-
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nied by a pair of birds as well. It is un-
clear whether this similarity results
from coincidence, a survival of the Ha-
riti type as first transmitted 1,000 years
earlier on the cauldron and related sil-
verwork or a later and independent
transmission.

transmission through transnational

networks is the notion of artisans
as belonging to an itinerant class—per-
haps one of many in the ancient world.
We can divine some aspects of their so-
cial relations with their clients from the
pictures on the cauldron and on oth-
er artifacts. The beardless figure on the
side of the wheel opposite the bearded
ruler may, for example, be a ritual spe-
cialist [see illustration on opposite page).
Indeed, he may belong to the same
group, guild or caste as the five silver-
smiths, for metalworking was itself an
important ritual occupation.

A useful analogy here is provided by
the modern speakers of Romany called
Gypsies, who have often performed ser-
vices deemed ritually dangerous by the
settled societies in which they move.
These services include making music

Implicit in this model of cultural
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tails as the man’s zigzag shoelaces. Three other Indian links
appear under Gundestrup figures on the opposite page,
from left to right: ritual baths of goddesses with elephants
(the Indian goddess is Lakshmi); wheel gods (the Indian is
Vishnu); and goddesses with braided hair and paired birds
(the Indian is Hariti). Although some scholars label the
Gundestrup deities Celtic, they were also pancultural.

at funerals, telling fortunes and work-
ing metal. Just as the Gypsies have gen-
erally gone unmentioned in written his-
tories, so our archaeologically identified
groups may easily have escaped the at-
tention of classical authors. Even though
they lived in southeastern Europe, the
Gundestrup silversmiths may not have
considered themselves Thracian or any-
thing else we could now name.

They might instead have resembled
the Enarees of Scythia, now southern
Russia, as they were described in the
fifth century B.C. by the Greek writers
Herodotus and Hippocrates. Biologically
male but dressed as women, the Enarees
interpreted omens and settled disputes
for the Scythian aristocracy. Such spe-
cialists are attested across Eurasia in the
Iron Age, not just the shamans of
Scythia and the yogis of India, but the
seers of Thrace, the druids of Gaul and,
a few centuries later, the bards of Ire-
land. In Ireland the biologically male
bard who praised the king in song was
described as female, in opposition to
the ruler’s maleness. Ethnically, both
bards and silversmiths were set apart
from the settled population, holding a
status akin to an Indian caste.
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The most famous image on the caul-
dron, the stag-antlered Cernunnos, fits
into this picture quite remarkably. In
1959 Heinz Mode of Martin Luther Uni-
versity in Halle noted the striking re-
semblance between the cauldron figure
and one on a seal stone from the Indus
valley site of Mohenjo-Daro, dated to
the second millennium B.C. Both figures
sit in apparently yogic poses, but Mode,
believing the cauldron to be essentially
Celtic, argued that poses from so early
a date could not really be yogic and
were instead cross-cultural.

But Thomas McEvilley of Rice Univer-
sity has recently pointed out that al-
though the Mohenjo-Daro figure has
male genitalia, it is dressed in the fe-
male fashion of the day. He also notes
that its yogic posture resembles one
still practiced in rural India by low-caste
sorcerers—yogis who make their living
selling charms, making tattoos, han-
dling snakes and working spells. More-
over, the posture is intended to channel
sexual energy. McEvilley’s observations
throw a very different light on the simi-
larity between the Mohenjo-Daro and
Gundestrup figures.

Within the pictorial grammar of the

cauldron, on which males are shown
bearded and breastless and females
beardless and breasted, the horned
figure is of ambiguous gender. Further,
it has one heel pressed against the per-
ineum—in a pose related to that of the
Mohenjo-Daro example and probably
adopted with the same energy-channel-
ing aim in mind. The figure is part-
ly levitated, balancing on one toe, and
it has a round torc, a ram-headed snake
and antlers. These attributes make
sense in terms of a shamanic extension
of power over three usually separate
domains: female, male and animal.

The Gundestrup artists were wide-
ly separated in space and time from
those of Mohenjo-Daro and worked in
different media and with different tech-
nologies. Yet they produced similar im-
ages because they operated under simi-
lar ritual constraints. Both constituted
castes that moved outside settled soci-
eties, and both provided a range of rit-
ual services to those requiring them.
Those rituals were evidently based on
a magical tradition common in Eurasia,
surviving today in tantric yoga and
Siberian shamanism.

Such castes appear, therefore, to have
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played a crucial role in knitting to-
gether the culture of the ancient world.
This insight alone may prove more im-
portant, in the end, than recovering the
original meaning of the pictorial narra-
tive on the cauldron. The problem it-
self, like certain mathematical conun-
drums, may prove more valuable than

its solution.
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TRENDS IN ASTROPHYSICS

CATCHING THE WAVE

by Russell Ruthen, staff writer

earth and the stars. Nor is it simply the
void between the electron and the atom-
ic nucleus. It is a ubiquitous medium more
resilient than rubber, more rigid than steel.
Nearly 75 years ago Albert Einstein realized
that space takes its shape from the mass
it contains. Our sun is too meager to warp
space much. But a black hole is the ultimate
space bender. A small black hole holds three
times more mass than our sun in a sphere a
million billion times smaller in volume. Were
two black holes to collide, they would curve,
knot and twist space in ways that theorists

S pace is not just the nothing between the

have only begun to imagine. These cata-
clysmic collisions would provide the ulti-
mate test for Einstein’s most sophisticated
ideas, his theory of general relativity.

After decades of research—and many partial
attempts—physicists are ready to construct
an unusual telescope that might finally allow
them to observe such space-warping events.
But uniike any other telescope, their instru-
ment is not sensitive to electromagnetic radi-
ation: not light, radio waves, gamma rays or
any part of the spectrum. It is designed, in-
stead, to detect gravitational waves, small
changes in the shape of space.
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Scientists hope to explore the nature of

gravity and the frontiers of the universe by
detecting gravitational waves. The U.S. govern-
ment has promised them $211 million to build
two kilometer-size detectors. Will they succeed?

Astronomers have seen the effects of grav-
itational waves, but no instrument built so
far has been sensitive enough to detect the
waves directly. According to Einstein’s the-
ory, gravitational waves propagate outward
from their source like ripples traveling across
a pond. As the waves expand into space,
they weaken. But gravitational waves, unlike
electromagnetic radiation, will not be blocked
by stars or cosmic debris or—when they
eventually reach it—the earth.

With a sensitive detector, it should there-
fore be possible to observe gravitational
waves as they compress and expand both

space and matter by an infinitesimal amount.
For example, if the gravitational waves from
two colliding black holes in a distant galaxy
were to pass through a detector one kilome-
ter long on the earth, the length of the detec-
tor would change by less than a billionth of a

TWO BLACK HOLES produce gravitational waves as
they spiral around each other. Here space is represent-
ed as a strong, elastic sheet, like the fabric of a trampo-
line. Any object with mass, such as the stars below, will
exert a strain on space, which will distort the fabric.
Each black hole stretches the fabric to infinity. As the
black holes move around each other, some of the dis-
tortions travel outward as gravitational waves.
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billionth of a meter. That’s a distance
about 1,000 times smaller than the di-
ameter of an atomic nucleus.

A team of physicists from the Califor-
nia Institute of Technology and the Mas-
sachusetts Institute of Technology head-
ed by Rochus E. Vogt hopes to catch the
first wave—and more. During the next
five years, his group plans to erect two
facilities on opposite sides of the U.S.
that will house the world’s largest inter-
ferometers. Each device will generate in-
tense laser beams that will bounce back
and forth along two paths four kilome-
ters long and interfere with each other
at a point. If a gravitational wave of suf-
ficient strength passes through the de-
vice, the distance that the light beams
must travel will change slightly, alter-
ing the way the light beams interfere.

A bill appropriating the first funds for
construction was signed by President
George Bush in October 1991. Known
as the Laser Interferometer Gravitation-
al-Wave Observatory (LIGO), the project
is expected to cost a total of $211 mil-
lion. If the LIGO team achieves its goals
and current predictions are trustwor-
thy, the interferometers should be sen-

sitive enough to observe the gravitation-
al waves emitted from a pair of colliding
neutron stars. If so, the project may pro-
duce the first direct confirmation of the
existence of gravitational waves by the
end of the decade. But, most important,
it will permit researchers to peer into
the universe in a way that differs radi-
cally from any previous observation.
By detecting gravitational waves in-
stead of electromagnetic radiation, re-
searchers should be able to detect both
bright objects such as exploding stars
and dark objects such as black holes.
If luck is with them, they may discover
unknown celestial bodies or even gravi-
tational waves emitted at the moment
of creation. “I believe profoundly,” Vogt
exclaims, “that LIGO will become most
famous not for neutron star binaries
and black holes and everything but for
the things we can’t even think of yet.”
Many scientists do not share the
optimism of the LIGO team, and the
need for the project is hotly debated.
Although theorists can calculate the
strength of the gravitational waves that
would emerge from two orbiting black
holes, they do not know how many such

because they shrink and stretch space and matter.
Imagine, for example, a gravitational wave that pass-

Detecting Gravitational Waves
I t should be possible to observe gravitational waves

systems exist. Neutron star binaries are
the only source of gravitational waves
for which both the strength and number
can be predicted with confidence. No
one can be sure, however, that LIGO will
be sensitive enough to observe them.

Einstein’s Glitch?

Then again, no one was certain that
gravitational waves existed until recent-
ly. Even Einstein had doubts. In 1916
he proposed in his theory of relativity
that gravitational waves, and indeed the
force of gravity, are manifestations of
the bending of space. For decades, the-
orists argued passionately over whether
gravitational waves were real or were
merely a glitch in Einstein’s theory. The
debate provoked Sir Arthur Eddington,
whose observations confirmed gener-
al relativity, to comment that gravita-
tional waves “propagate ... at the speed
of thought!”

During the 1950s, theorists finally
reached a consensus that gravity waves
did indeed exist. In 1957 Joseph Weber,
a physicist at the University of Mary-
land, set out to build the first gravita-

es through a long cylinder [see diagram at right]. As the
wave travels from one end of the cylinder to the other,
it does not distort the cylinder equally in all directions.
The wave can compress matter in one direction while ex-
panding it in a direction perpendicular to the compression.
The LIGO team hopes to detect gravitational waves us-
ing a sophisticated interferometer similar to the one de-
picted below. Laser light passes through the recycling mir-
ror and hits a beam splitter. The light then enters one of
two Fabry-Perot cavities, each of which consists of a par-
tially transmitting mirror and a fully reflective mirror. The
light bounces many times within the cavities and then
leaks out through the partially transmitting mirrors. The
cavities and the recycling mirror are included to store the
light, boosting the power and sensitivity of the device.
The light leaked from each cavity hits the beam splitter
and is recombined. Some of the recombined light is re-
flected back into the interferometer by the recycling mir-

FULLY REFLECTIVE
= MIRRORS
PARTIALLY PARTIALLY
TRANSMITTING TRANSMITTING

MIRROR \ b__ﬂ,,—‘ MIRRORS
LASER [ (| / H
pd

BEAM SPLITTER [
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ror. The rest of the recombined light reaches the detector,
which measures the intensity of light. If a strong gravita-
tional wave passes through the detector, the compres-
sions and expansions of the instrument (bottom right) will
affect the way the leaked light recombines at the beam
splitter. As a result, the detector records the passage of
the gravitational wave as a change in light intensity.
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tional-wave detector. Its key component
was a cylindrical bar, weighing sever-
al tons, which was suspended from ca-
bles in a vacuum chamber and isolated
as much as possible from outside vi-
bration. After considering all sources
of gravitational radiation known at the
time, Weber determined that most of
them would emit gravitational waves
at a frequency around 1,000 cycles per
second. He therefore engineered the
size, shape and composition of the bar
so that it would resonate like a tuning
fork to waves of that frequency.

If a passing gravitational wave caused
the bar to expand and then contract, a
transducer would convert the tiny mo-
tions into electrical signals that could
be measured. The strength of the wave
would be related to the strain (the
change in length divided by the length)
induced in the bar. After constructing
several prototypes, Weber settled on a
two-meter-long bar detector that was
capable of measuring strains of one
part in 10'6, equal to a change in length
of about two tenths of a millionth of a
billionth of a meter.

During the past 35 years, Weber has
reported several events that he claims
are “evidence for gravitational waves.”
His most famous results, in 1969, ap-
peared to show that gravitational waves
were radiating from the center of our
galaxy. Since Weber’s report, many lab-
oratories around the world have built
sophisticated bar detectors to confirm
his results, but none has revealed sta-
tistically significant evidence for gravi-
tational waves.

Nevertheless, Weber’s pioneering work
inspired others to search for gravita-
tional waves. Soon after Weber began
publishing his results, Rainer Weiss,
who is now one of the principal investi-
gators for LIGO, began teaching a
course in relativity at M.LT. His stu-
dents were excited by Weber’s experi-
ments, and Weiss searched for a way
to explain the results in a simple way.
It was then that he seized on the idea
of using light beams to detect gravita-
tional waves. (At the time, Weiss was
unaware that Weber and several others
had also thought about using light to
detect gravitational waves.)

The first gravitational-wave detec-
tor that used light beams was built in
1971 by Robert L. Forward and his col-
leagues at Hughes Research Laborato-
ries. It was based on the interferome-
ter, which American physicist Albert A.
Michelson had invented 90 years earli-
er to disprove the existence of the cos-
mic ether.

The modern form of Michelson’s de-
vice consists of a laser, a beam split-
ter, two mirrors and a photodetector

BAR DETECTOR was constructed to sense gravitational waves. If a strong wave
were to pass through the detector, it would produce a strain on the bar—an alu-
minum cylinder suspended in a vacuum chamber. The strains and the resulting vi-
brations could then be detected. The apparatus, in a laboratory at Stanford Univer-
sity, cools the bar to four kelvins to reduce extraneous vibrations caused by heat.

arranged to form a cross. The laser is
placed at, say, the west end of the cross;
the detector rests at the south end; the
mirrors are positioned at the east and
north ends; and the beam splitter sits
in the middle. The laser beam first pass-
es through the beam splitter, which re-
directs half the light toward the north
mirror and guides half toward the east
mirror. Both mirrors reflect the light
back along its previous path to the
splitter. There the beams are recom-
bined and directed onto the detector.

What the detector measures depends
on the distances between the beam
splitter and the mirrors. At certain dis-
tances, when the light waves emerge
from the splitter, headed for the detec-
tor, the crests of the light waves that
came from the north are in sync with
the crests of the light waves from the
east. As a result, the light waves rein-
force each other, increasing the intensi-
ty of the recombined beam that falls on
the detector. But if the distances be-
tween the beam splitter and each mir-
ror are then changed by half the length
of the light waves, the crests of the
light waves from the north emerge
from the splitter at the same time as
the troughs of the light waves from the
east. The two cancel each other out,
and no light reaches the detector.

For the purpose of detecting gravi-
tational waves, the mirrors are posi-
tioned so the light waves cancel each
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other out. But should a gravitational
wave pass through the interferometer,
it will change the distances between
the components slightly. As a result,
some light will hit the detector, which
will then record a change in intensity
that will be proportional to the strength
of the gravitational wave [see box on
opposite page].

Most experimentalists believed inter-
ferometers should ultimately be more
sensitive to gravitational waves than bar
detectors are. An interferometer reacts
at the speed of light, whereas the com-
ponents of a bar detector respond at a
speed equal to that of sound.

An Astronomical Detector

Although those first interferometers
were about 100 times more sensitive
than Weber’s bars, none has yet pro-
duced evidence of a gravitational wave.
Ironically, the only convincing obser-
vation so far that gravitational waves ex-
ist came not from gravitational-wave
detectors but from radio telescopes. In
1974 astronomers Joseph H. Taylor,
Jr., and Russell A. Hulse, then at the Uni-
versity of Massachusetts at Amherst,
found a “neutron” star known as PSR
1913+16, which has since provided
strong, quantitative evidence for gravi-
tational waves. Like other neutron stars,
PSR 1913+16 has somewhat more mass
than the sun, compressed into a sphere
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Corner station houses
lasers, beam splitters and
some of the mirrors

for all six interferometers.

-
Lasers “Horizontal access ‘Diagonal chambers”
generate modules” contain hold beam splitters,
light for various optical
interferometers. components.

Lift mechanism allows
the isolation stack and
the optical components
to be raised out of the
vacuum system.

Airlock cover
can be moved
to seal off the
vacuum system
when optical
components are
raised above
the pipe.

Partially transmitting mirror
is suspended from the
vibration isolation stack.

© 1992 SCIENTIFIC AMERICAN, INC

Vacuum system stretches
four kilometers in two
directions.

“Test mass
chambers”
hold partially
transmitting
mirrors.

Vacuum pipe
accommodates
laser beams
for all six
interferometers.

Vibration isolation stack
prevents low-frequency
vibrations from reaching
the optical components.
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Mid-station holds

fully reflective mirrors
for three two-kilometer
interferometers.

less than 10 kilometers in diameter. At
that density, matter exists most com-
fortably as neutrons, hence the name.

PSR 1913+16 is a kind of neutron star
called a pulsar. It has a very strong mag-
netic field that rotates with the star. The
field accelerates charged particles in the
vicinity of the star, generating beams of
radiation that emerge from each of its
magnetic poles. The beams spin around
with the star, shining into space like a
lighthouse beacon. By observing them,
Taylor and Hulse discovered that PSR
1913+16 is rotating at the rate of about
16.9 times a second with a regularity
that rivals that of an atomic clock.

What makes PSR 1913+16 even more
unusual is that it orbits once around a
companion star every eight hours. It
reaches a top speed of 400,000 meters
per second, only 750 times slower than
the speed of light. In addition, the dis-
tance between the pulsar and its com-
panion is 100 times less than the dis-
tance between the earth and the sun.

In essence, the pulsar is a precise
clock orbiting rapidly through a severe-
ly warped region of space—the dis-
tortions caused by the great mass of
the companion. These conditions are
ideal for observing relativistic effects.
Taylor explains that according to Ein-
stein’s theory of relativity, the orbital
period should be “gradually decreasing
as the system loses energy in the form
of gravitational waves.”

Since 1974 Taylor and his colleagues
have been observing the decay of the
orbital period. Their measurements
agree with the predictions with an un-
certainty of less than 0.5 percent. “Re-
markably, we now have data that give
us confirmation of this tiny effect that
Einstein suspected would never be ob-
served,” Taylor remarks.

Unfortunately, the gravitational waves
emitted by PSR 1913+16 are far too
weak to be detected by Weber’s bar, ex-
tant interferometers or even the pro-
posed LIGO. Nevertheless, the discov-
ery of PSR 1913+16 encouraged physi-
cists to continue to think about what
objects in the universe might produce
sufficient gravitational radiation for
earthbound instruments to detect.

One of the leading theorists of that
group—and a key adviser to the LIGO
team—is Kip S. Thorne. In the 1970s
and 1980s he and several other theo-
rists from around the world demon-
strated that the universe should con-

tain many different kinds of sources of
gravitational waves. But they were frus-
trated in their attempts to make quan-
titative predictions. In all cases, they
were missing at least one piece of im-
portant information that made it impos-
sible to predict either the strength of the
source or how many sources existed.

A decade ago, for example, theorists
believed the most plausible source of
gravitational waves that could be detect-
ed on the earth would be a supernova,
the explosion of a massive star. They
estimated that millions of supernovas
occur throughout the universe every
year. Those sheer numbers gave them
the assurance that many stars would
explode in relatively nearby galaxies.

But that alone did not guarantee de-
tectability. Critics noted that astro-
physicists simply do not know the de-
tailed dynamics of supernovas and that
the strength of gravitational waves pro-
duced by a supernova would depend on
whether or not the collapse of the star
was asymmetric. According to theory, a
strong source of gravitational waves re-
quires a massive, compact object that
must be nonspherical, like a football, a
cylinder or a barbell. Most important,
the source must move rapidly in such
a way as to accentuate the nonspheri-
cal component. For example, a football-
shaped star that spins rapidly about its
long axis produces no gravitational
waves. But if the same star rotates end
over end, it will be a strong emitter.

Caught Up in the Wave

Thorne, Bernard Schutz of the Uni-
versity of Cardiff and their colleagues
have now identified neutron star bina-
ries as the one type of potential source
of gravitational waves whose strength
can be unequivocally predicted from
fundamental principles of physics and
whose number can be estimated from
astronomical observations. A neutron
star binary is like a massive barbell ro-
tating end over end. Over hundreds of
millions of years, the two stars will spi-
ral toward each other until they collide
and merge. In the final moments be-
fore coalescence, the individual stars
will be separated by a distance of
about 20 kilometers and be moving at
speeds comparable to that of light.

The gravitational waves from a neu-
tronbinary in a galaxy 650 million light-
years away would produce a strain
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End station contains
fully reflective mirrors
for three four-kilometer
interferometers.

on the earth as large as four parts in
1022, The frequency of the gravitation-
al waves would equal twice the rate at
which the neutron stars spiral around
each other. A few minutes before the
neutron stars coalesce, they should ro-
tate about five times per second. Then,
in their final throes, they should accel-
erate to more than 500 rotations per
second. The frequency of the gravita-
tional wave will therefore increase from
10 to 1,000 cycles per second.

Neutron star binaries are rare in the
universe and difficult to detect from
their electromagnetic radiation. Astron-
omers have catalogued more than 400
neutron stars, but they have confirmed
only four pairs of orbiting neutron
stars in our galaxy. From these four, as-
trophysicists have figured out approx-
imately how many neutron stars col-
lide in the universe every year. Ramesh
Narayan and his colleagues at the Har-
vard-Smithsonian Center for Astro-
physics and E. Sterl Phinney of Caltech
have independently estimated that a
few pairs of neutron stars are likely to
merge every year within about 650 mil-
lion light-years of the earth.

In theory, then, if scientists construct
LIGO so that it measures strains of four
parts in 1022, over a year they stand a
good chance of detecting the gravita-
tional waves from a few neutron star
binaries. In practice, researchers would
need to build at least two detectors
at separate distant sites so that they
could distinguish local disturbances
from gravitational waves. They would
have to erect another detector at a third
site to determine the location of the
source in the sky.

If LIGO snares a burst of gravitational
waves from a neutron star binary be-
fore the turn of the decade, the event
will make Thorne the winner of a bet
he made with Jeremiah P. Ostriker of
Princeton University in 1981. At stake is
a case of “good red wine.” Thorne con-
tended that gravitational waves would
be detected by the year 2000; his emi-
nent colleague agreed that gravitational
waves exist, but he believed Thorne had
overestimated the strengths of astro-
nomical sources of gravitational waves.
Ostriker has not changed his mind.
Does Thorne still expect to win? “I think
it will be nip and tuck,” he concedes.

Indeed, the history of LIGO has been
one of fits and starts since Thorne
touched off a contentious race with
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Weiss’s group at M.LT. to be the first to
detect gravitational waves with an inter-
ferometer. In 1979, a year after Taylor
and Hulse presented the first convincing
evidence for gravitational waves, Thorne
convinced the physics faculty at Caltech
to enter the field of gravitational-wave
detection. To lead the effort, the Cal-
tech physicists recruited Ronald W. P.
Drever, who had worked on bar detec-
tors and interferometers at the Univer-
sity of Glasgow.

In response to Caltech’s newfound
enthusiasm for detecting gravitational
waves with interferometers, the Nation-
al Science Foundation (NSF) stepped up
its funding. It began supporting gravi-
tational-wave research at both Caltech
and M.LT. at the level of about $1 mil-
lion a year. Drever and Weiss began to
compete to build more sensitive and
sophisticated interferometers.
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Top: Members of the Caltech
team, including LIGO director
Rochus E. Vogt (arms folded
in the center) and physicist
Ronald W. P. Drever (to the
right of Vogt). Bottom left:
The M.LT. group, including
physicist Rainer Weiss (seat-

Caltech theoristKip S. Thorne.

The sensitivity of the devices can be
enhanced by boosting the power of the
lasers and by increasing the distance
between the mirrors and the beam
splitter. But the sensitivity can be com-
promised by several noise sources that
arise because of small changes in the
frequency of the laser light or small vi-
brations that move the mirrors and
other optical components. An increase
in laser power and the length of the
beam can reduce some kinds of noise
sources while exacerbating others.

To increase the sensitivity of the in-
terferometer, Weiss worked on devices
in which laser light bounces between
two mirrors many times along different
paths. This system, known as an opti-
cal delay line, effectively increases the
length of the interferometer. Meanwhile
Drever developed a scheme that utilized
“Fabry-Perot cavities.” In that system,
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ed at the right). Bottom right:

laser light bounces between two mir-
rors along the same path to boost the
power of the interferometer.

Weiss experimented with an interfer-
ometer whose two L-shaped “arms”—
the length between the mirrors and the
beam splitter—were 1.5 meters long.
Drever, meanwhile, built and operated
a 40-meter interferometer.

With the Caltech group appearing to
be taking the lead, Weiss decided in
1981 to “do something dramatic.” To
attract the attention of the NSF and
draw funding to M.L.T., he began a de-
tailed study of the design and costs
of a kilometer-scale interferometer. But
he also aroused the interest of Thorne
and Drever, who wanted Caltech to re-
main at the forefront.

The NSF settled matters by merging
the M.L.T and Caltech groups in a “shot-
gun wedding” that marked the official
beginning of the LIGO project. To man-
age the research, the NSF set up a steer-
ing committee that consisted of Thorne,
Drever and Weiss. “That turned out to
be a fatal error,” Weiss says. The three
physicists had protracted arguments
about how a large-scale interferometer
should be designed and managed.

In 1986 the NSF sponsored a work-
shop to review the plans for the LIGO
project. During the workshop, 55 scien-
tists and engineers debated the merits
of LIGO before a panel of eight physi-
cists, who had expertise in either inves-
tigating gravitational waves or manag-
ing large science projects. The panel
strongly endorsed the scientific goals
of the LIGO project, and it asked that
the NSF fund the construction of LIGO.

But sensing problems in the manage-
ment of LIGO, the advisory group also
recommended that the NSF appoint a
director for the project. A year later
Rochus Vogt accepted the position. Vogt,
a distinguished professor of physics
and a former vice president at Caltech,
was displeased with the progress of
the M.LT. and Caltech teams. He tried
“to build a bridge between M.LT. and
Caltech” and pushed them through a
painful transformation.

Drever, Weiss and their co-work-
ers had been accustomed to doing ex-
perimental physics on a modest scale.
They enjoyed their independence and
their freedom. But Vogt realized that
LIGO was not tabletop physics but big
science. He needed to focus the team
strictly on the task of developing LIGO.
“As an R&D project to build the best
possible, small L-shaped detector, it was
great,” he comments. “As an R&D proj-
ect to prepare building the four-kilome-
ter LIGO, it was a disaster.”

In 1987 Vogt decided to delay plans
to start construction of LIGO and in-



sisted the team do more research until
he was confident it could reach its
goals. He also decided to concentrate
on development of the Fabry-Perot in-
terferometer and stop work on the de-
lay-line system—a decision that Weiss
reluctantly supported.

Noise Control

The LIGO team spent the next two
years analyzing prototype components,
including a thorough review of all con-
ceivable sources of noise. According to
LIGO’s deputy director Stanley E. Whit-
comb, the greatest concern at low fre-
quencies is seismic noise, which is
caused by vibrations that are transmit-
ted from the ground to optical compo-
nents. At high frequencies, the problem
is photon “shot” noise, the result of
small fluctuations in the power of the
laser beams. The main obstacle at in-
termediate frequencies is suspension
thermal noise, which arises because all
structures vibrate slightly in propor-
tion to their temperature.

The researchers first derived models
that described each noise source and
verified each model in tests on Caltech’s
40-meter interferometer. Then they pro-
jected their results to predict the effect
each noise source would have on the
sensitivity of the four-kilometer LIGO.
“In this business every sin is unforgiv-

able,” Vogt declares. “If you make one
mistake, you are wiped out.”

At the end of 1989 Vogt and his team
decided they were ready to present the
NSE with a construction proposal. As it
is now envisioned, LIGO will consist of
two facilities at widely separated sites.
Each facility will contain an L-shaped
vacuum system whose arms will be
four kilometers long. The two facilities
could eventually accommodate a total
of nine interferometers that would op-
erate simultaneously. The idea is to in-
stall interferometers gradually over a
period of years, starting with the sim-
plest systems and adding more ad-
vanced designs. Vogt explains, “The
worst thing that we can do is to build a
gold-plated Cadillac that has every so-
phistication built in from the start.”

Around 1997, if all goes according to
plan, the LIGO team will install one four-
kilometer interferometer in each facili-
ty and an additional two-kilometer in-
terferometer at one of the sites. With
the three detector systems, the team
believes it can rule out false signals
that might be mistaken for gravitational
waves. The team projects that this initial
installation will be able to measure a
strain of about three parts in 102!,
which may be 10 times too insensitive
to detect the gravitational waves from
neutron star binaries.

After a search for gravitational waves

at that sensitivity, the LIGO designers
plan to install several advanced detec-
tion systems that are currently being de-
veloped. They claim that these advanced
systems will boost the sensitivity to the
magic number of four parts in 1022—the
value needed to have a good shot at de-
tecting neutron star binaries. By the
time they install these detectors, they
hope that a third kilometer-size detector
will be built by one of the groups in Eu-
rope, Japan or Australia [see box on next
page). The third detector will allow them
to determine the location of sources of
gravitational radiation in the sky.

LIGO must still face the vagaries of
funding and politics, however. In May
1990 the National Science Board ap-
proved its construction, but the follow-
ing November Congress appropriated
only $500,000 for continued engineer-
ing and design work. In March 1991 a
subcommittee of the House Committee
on Science, Space and Technology re-
viewed the project. It listened to the
testimony of Vogt, J. Anthony Tyson of
AT&T Bell Laboratories and others.

The opposition to LIGO was spear-
headed by Tyson, whose research in-
cludes gravitational-wave detection. He
argued that the early LIGO would prob-
ably be 100 times too insensitive to de-
tect neutron star binaries. “In my judge-
ment it is premature to commit to a
full-scale LIGO,” he said, recommend-
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FREQUENCY (HERTZ)

DISPLACEMENT SPECTRUM shows how the sensitivity of the
Caltech interferometer has improved in recent years and
how it compares with the projected sensitivity of LIGO. The
interferometer’s ability to detect gravitational waves de-
pends on both the displacement spectrum and the nature of
the waves. For a short pulse of gravitational radiation having
a particular frequency, the smallest detectable change is ap-
proximated by multiplying the displacement at that frequen-
cy by the square root of that frequency. The narrow peaks
do not reduce the sensitivity of the device significantly.

FREQUENCY (HERTZ)

STRAIN SPECTRUM shows LIGO’s projected sensitivity and
three plausible sources of gravitational waves. (The projec-
tion allows for an adequate signal-to-noise ratio to rule out
false events.) The red line indicates the strength and frequen-
cy range of the waves that could be measured on the earth if
two neutron stars, 650 million light-years away, spiral to-
gether. The brown line shows the predictions for a star col-
lapsing asymmetrically 100 million light-years away. The
green line represents two coalescing black holes, 10 times
larger than the sun, 650 million light-years away.
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Entering the Age of Gravitational Astronomy

y observing gravitational waves, scientists hope to investigate some of
B the most mysterious events in the universe: the explosions of massive

stars, the interactions between neutron stars and the collisions be-
tween black holes. To record useful information about gravitational-wave
sources, astrophysicists expect that they will need at least three kilometer-
size facilities located at different sites around the world. The U.S. has appro-
priated $23.5 million for LICO, which consists of two four-kilometer facilities.

The approval of LIGO has raised hopes that funding may be forthcoming
for similar projects in other countries. At the moment, the U.S. leads the field
of gravitational-wave detection, but Germany, Britain, France and Italy are
not far behind. Japan has started an ambitious program.

Each gravitational-wave facility would house one or more devices known
as interferometers. These devices are sensitive to small movements that
would be produced when the components of the interferometer interact
with a strong gravitational wave. The sensitivity of the instrument is related
to its length. By operating three interferometers simultaneously, scientists
can determine the approximate location of gravitational-wave sources in the
sky. The approximations should improve as the number of facilities and the
distance between each increases.

Researchers in Germany and Britain have agreed to build a three-kilometer
interferometer. Although the project has received scientific approval in both
countries, the German government has not yet appropriated funds, and
British agencies are not prepared to invest heavily in the project.

Karsten Danzmann is the co-director for the effort to build the German-
British interferometer, and he also heads a team that is reconstructing a 30-
meter interferometer at the Max Planck Institute for Quantum Optics in
Carching. "l consider the approval of LIGO a big help for the approval of the
European plans,” he comments. “It still seems a real possibility to complete
the European and American detectors at about the same time and to start
the age of gravitational astronomy.”

The German and British groups hope to team up with their French and Ital-
ian colleagues, who have plans for their own three-kilometer interferometer.
In the spring French and Italian officials will decide whether to fund the proj-
ect. According to Alain Brillet, co-director of the French-ltalian collaboration,
the project will not be granted “anything like $23 million in 1992, but the
go-ahead for LIGO is a strong incentive for accelerating the decision.”

Japanese researchers have quickly become strong competitors in the field.
They recently built a 10-meter interferometer at the Institute of Space and
Astronautical Science (ISAS). In April 1991 Japan began a four-year, $5-mil-
lion project to construct a 20-meter interferometer at the National Astronom-
ical Observatory and a 100-meter device at the ISAS. Nobuki Kawashima, di-
rector of the program at ISAS, says the 100-meter interferometer will be built
to avoid the “engineering risks” involved in jumping from a 10-meter device
directly to a kilometer-size instrument.

LIGO director Rochus Vogt comments: “The time is right to pluck the apple.”

LASER LIGHT bounces between mirrors in a demonstration of the delay-line
system for the 30-meter interferometer in Germany.
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ing instead that construction of LIGO
be postponed until the researchers
demonstrated greater control over noise
sources using the Caltech interferome-
ter. The House Committee agreed: in
June it continued to endorse “the ex-
penditure of funds for research activi-
ties or design studies” but advised
against authorization of funds for con-
struction of LIGO.

The NSk, Caltech and M.L.T. retaliated
by lobbying members of the Senate.
They argued that LIGO had been strong-
ly endorsed by physicists who had con-
ducted peer reviews of the project.
They also claimed that Tyson had un-
derestimated the sensitivity of LIGO.

The LIGO advocates argued they were
prepared to build the facility. They felt
that a smaller version of LIGO would
not be cost-effective, would slow the de-
velopment of the technology and would
greatly reduce the possibility of detect-
ing gravitational waves.

For now, the advocates seem to have
carried the day. Last September Con-
gress passed a bill appropriating $23.5
million to begin construction of LIGO.
But the project has not seen the last of
the opposition. Many physicists feel that
LIGO—like other “big science” projects,
such as the Superconducting Supercol-
lider—should not be a national priority.
Astronomers fear that money spent on
LIGO will indirectly reduce funds for
astronomy, despite arguments by Vogt
and others that LIGO does not divert
funds from other research, because it
is a line item in the NSF budget.

As plans stand, though, the LIGO
team will create the final engineering
diagrams for the twin facilities during
the coming year and select two sites
that are widely separated on the conti-
nental U.S., ideally ones that are flat,
large and quiet both acoustically and
seismically. The team has received 19
proposals from 17 states that wish to
give one of the facilities a home.

The cost of the sites—indeed, even
that of the interferometers—pales be-
fore that of the vacuum system. All the
components of LIGO must be main-
tained under vacuum conditions to pre-
vent scattering of the laser beams by
gas molecules. Each LIGO site will re-
quire steel pipes that enclose a volume
of 9,000 cubic meters, making it the
world’s largest vacuum system. The cost
of the system, the related structures
and buildings will consume more than
90 percent of the LIGO budget.

“I think LIGO is kind of a long shot, in
the sense that it’s probing uncharted
territory,” Joseph Taylor warns. “But
that’s why you do science—because
you don’t know all the answers ahead
of time.”



GRAVITATIONAL WAVE interacts with a black hole in a su-
percomputer simulation. The black hole curves space, which
is represented by the off-white funnel. The red and blue re-
gions represent gravitational waves. The region below the
white band indicates the interior of the black hole. In the se-

Ultimately, the proof of LIGO’s worth
will be in what it reveals about the uni-
verse and the nature of gravity. Simply
confirming the existence of gravitation-
al waves once and for all would be an
accomplishment that could justify the
entire enterprise. But that verification
would be only the beginning of a series
of experiments that would further con-
firm—or challenge—prevailing theory.

Physicists should, for example, be
able to determine suchbasic properties
as the speed of gravitational waves. If
the waves travel at the same speed as
light, as predicted by theory, a burst of
gravitational waves should arrive at the
same time as a burst of electromagnet-
ic radiation from the same event.

Beyond the First Wave

Thorne readily admits that LIGO is
after bigger game than neutron star bi-
naries: at the top of his wish list are
black holes. Although astronomers have
very little knowledge about how many
black holes might exist, let alone how
many black hole binaries might exist,
“most pundits expect that if LIGO can
look through the whole universe, it will
see the coalescence of black hole bina-
ries at a rate of many per year,” Thorne
suggests.

Two black holes, like two neutron
stars, will spiral toward each other and
produce a gravitational signal that
rapidly increases in amplitude and fre-
quency. A gravitational signal from a bi-
nary system, as Schutz has shown, con-
tains information about the eccentricity
and inclination of the orbit, the masses
of the objects and the absolute distance
to the source. And the eventual collision
of two black holes will provide an ex-
traordinary opportunity to test the the-
ory of relativity. “For the first time, we
may really see what a black hole looks
like experimentally,” Thorne asserts.

Einstein’s theory has a perfect record
in predicting how space and time react
to masses that are relatively small and
moving slowly. But theorists equipped
with Einstein’s equations have not suc-
ceeded in predicting what will happen
to space when black holes collide. The
reason, Thorne explains, is that Ein-
stein’s equations are “horrendously
nonlinear,” and so the dynamics of the
collision may be very sensitive to such
parameters as the masses of the black
holes and the speed of their rotation
and their orbit.

Thorne looks forward to the days
when experimentalists record the grav-
itational waves from such black hole
collisions and when theorists learn to
simulate the events using supercom-
puters. “By comparing the observations
with the computations, we may get a
far, far deeper understanding of what
gravity is all about,” he says.

It is even remotely possible that re-
searchers will eventually be able to de-
tect the gravitational radiation from
the birth of the universe, or what is
called the big bang. Actually, theorists
calculate that gravitational radiation
was first produced about a millionth of
a quintillionth of a quintillionth of a
second after the big bang. They think
the gravitational waves from that mo-
ment have traveled freely through the
universe—without being absorbed or
scattered by matter. The waves could
therefore reveal what the universe was
like at literally the beginning of time.

By comparison, electromagnetic radi-
ation began propagating freely through
the universe a million years after the
big bang. Physicists have detected that
radiation, and the discovery has led to
important insights into the evolution
of the universe.

Although theorists suggest that grav-
itational waves will emerge from spi-
raling neutron stars, exploding massive
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quence of images above (from left to right), a gravitational
wave approaches the black hole and enters, causing the black
hole to generate new waves. The images are based on simula-
tions conducted by David Hobill, Larry Smarr and David
Bernstein of the University of lllinois.

stars, colliding black holes and even the
big bang, all their predictions are limited
in a fundamental sense. They are based
on information about the universe that
astronomers have garnered from elec-
tromagnetic signals. Some predictions
about gravitational-wave sources are al-
most certain to be wrong. To envision
gravitational-wave sources by studying
only electromagnetic radiation is some-
what like trying to guess the sound of
an orchestra by watching its conductor.

Theorists also concede it is illogical to
think all strong sources of gravitational
radiation will emit enough electromag-
netic radiation to be visible. The uni-
verse is very likely to contain sources
that no one has anticipated. “The only
thing that we can promise are coa-
lescing neutron star binaries,” Vogt de-
clares. “I personally believe there is a
hell of a lot more to see than that.”

Vogt, now 62, has no illusions about
his role. “I will be there just for the
opening of the window. I will take one
peek, and I will drop dead,” he says
with frightening conviction. “Others will
learn things that I have never dreamed
of and which I will never know about.”
But, he adds: “The first glimpse will be
worth it—it justifies devoting the rest
of my life to LIGO.”

FURTHER READING

A JOURNEY INTO GRAVITY AND SPACE-
TIME. John Archibald Wheeler. Distribut-
ed by W. H. Freeman and Company. Sci-
entific American Library, 1990.

THE DETECTION OF GRAVITATIONAL

| WAVES. Edited by David G. Blair. Cam-

bridge University Press, 1991.

THE U. S. LASER INTERFEROMETER GRAVI-
TATIONAL-WAVE OBSERVATORY (LIGO)
PROJECT. Rochus E. Vogt in Proceedings
of the Sixth Marcel Grossmann Meeting
on General Relativity. Kyoto, Japan, June

u991, LIGO 91-7; September 1991.
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"N SCIENCE AND BUSINESS

Holey Silicon

Looking for light
at the end of a chip

ciently produce light when stimu-
lated electrically (rather than op-
tically) could, in theory, bring about the
marriage of optics and electronics, pro-
ducing new generations of lightning-
fast switches and other components for
telecommunications and computers. Al-
though wedding bells are not ringing
yet, evidence is steadily building that so-
called porous silicon will be more than
a one-conference stand. “I'm guardedly
optimistic,” says Reuben T. Collins, a
research manager at the IBM Thomas J.
Watson Research Center.
Light-emitting silicon debuted at a
Materials Research Society (MRS) sym-
posium last year, when Leigh T. Can-
ham and his colleagues at the Defense
Research Agency in Great Malvern, En-
gland, claimed that silicon wafers, erod-
ed into spindly structures tens of ang-
stroms wide by a bath of hydrofluoric
acid and excited by a light, would glow

S ilicon chips that reliably and effi-

in a range of colors. The presentation
generated many more questions than
answers. The British investigators said
they had also made wafers that would
electroluminesce, or emit light when
excited with electricity, but offered little
proof. And they could only speculate
on why silicon would light up at all.
But within the past few months, many
others have jumped into the fray. For
instance, at the most recent MRS meet-
ing held last December, researchers
from the Institute for Solid State Tech-
nology in Munich and the Tokyo Uni-
versity of Agriculture and Technology
presented evidence of electrolumines-
cence. At the same time, scientists from
IBM and Spire Corporation in Bedford,
Mass., described making silicon devices
that act like light-emitting diodes.
Building such devices is tricky be-
cause researchers must create sand-
wiches of positively and negatively
charged layers of silicon and porous
silicon, then lay down an electrical con-
tact without damaging the material. “A
lot of people have tried to make silicon
electroluminesce and have had a lot of
problems in doing it,” Collins notes.
Extrapolating from their work on pho-

NEGATIVELY BIASED
INDIUM TIN OXIDE _

POROUS
SILICON

POSITIVELY
BIASED
SILICON

tovoltaic cells, Spire scientists added a
negatively charged layer of indium tin
oxide (ITO) on top of the porous sili-
con. ITO is transparent to visible light.
So when the researchers applied a volt-
age, they could clearly see orange light
coming from the top of the device, says
Fereydoon Namavar, a senior scientist at
Spire. IBM researchers built a more tra-
ditional diode that emitted light from
the edge. They surrounded the porous
silicon with layers of negatively and
positively charged conventional silicon
and then etched through the material.

From a pragmatic vantage point, not
only must porous silicon turn electricity
into light, it must do so efficiently. So
far no researchers are willing to discuss
the efficiencies they have achieved. Na-
mavar’s material, for instance, requires
about 10 volts to produce “visible” light,
he says. He hopes to lower that power
requirement to about two volts by im-
proving the contacts.

Apart from experimental efforts,
workers are still puzzling out a theo-
ry to explain the unusual behavior of
porous silicon. One school, led by Can-
ham, has proposed that porous silicon
is made up of “quantum wires,” struc-

\-.
ALUMINUM CONTACT

UNUSUAL LIGHT-EMITTING SEMICONDUCTORS include ger-
manium (left) etched into the shape of “quantum wires” by
researchers at the Research Triangle Institute. Porous silicon,
fabricated by workers at Spire Corporation, also lights up
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when excited by ultraviolet light (top right). To make silicon
luminesce with electricity, the researchers built a diode device
(bottom right). Visible light from the porous silicon shines
through the indium tin oxide caps.
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tures that confine the movement of
electrons to one dimension, thereby
promoting the recombination of elec-
trons and positive charges. Those re-
combinations produce light. In contrast,
physicists at the Max Planck Institute
for Solid State Research in Stuttgart
attribute the photoluminescence to si-
loxene, a silicon-oxygen-hydrogen com-
pound. Siloxene has long been known
to exhibit the characteristics now as-
sociated with porous silicon. Recently
the researchers showed that siloxene
on crystalline silicon (with an interme-
diate layer of calcium disilicide) similar-
ly luminesces; such material would be
far easier to manipulate than the brittle
porous silicon, they suggest.

Rama Venkatasubramanian and his
colleagues at the Research Triangle
Institute in North Carolina decided to
tackle the question from a different
direction. “I thought, ‘If the effect is
valid in silicon, I should be able to do
it in other semiconductors,”” he recalls.
To test his idea, he used photolithogra-
phy, a highly precise technique for etch-
ing quantum wires on germanium.

At the International Electronic De-
vices Meeting, also held last December,
the Research Triangle investigators re-
ported that the germanium returned
a reddish glow when it was pumped
with light. Even these results, however,
do not conclusively point to a quantum
effect. “There’s still fluorine in there
that may be causing the luminance,”
Venkatasubramanian says.

Equally curious is why such etching
techniques have not produced light-
emitting silicon when the less con-
trolled hydrofluoric acid treatment has.
Venkatasubramanian believes the expla-
nation lies in the differences in the elec-
tronic (or band gap) structures of silicon
and germanium. Still, he hopes that if he
can make germanium light up with elec-
tricity, the work may point to ways of
achieving the same result with silicon.

Even though optically excited silicon
emits a wide range of colors, electrical-
ly powered silicon has so far offered
a more limited range. Canham, for in-
stance, says he and his colleagues have
seenred to orangy-yellow colors in their
electroluminescence experiments, but
no green. Even so, “a single color would
be good enough for a monochrome dis-
play panel,” Namavar points out.

Everyone in the field is haunted by the
roller-coaster rides of enthusiasm—and
funding—other discoveries have en-
dured. “We'’re trying to be very humble,
very careful about our expectations at
this time,” Namavar says. Yet many re-
searchers quietly predict that there will
soon be light at the end of this sili-
con tunnel. —Elizabeth Corcoran
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Executive Fix

Is the Competitiveness Council
overstepping its bounds?

ow could an administration

H with an aversion to “industrial
policy” help U.S. manufactur-

ers compete in the global marketplace?
The Bush administration said it had
one solution: ease the burden of costly
regulations imposed by such executive
agencies as the Food and Drug Admin-
istration and the Environmental Pro-
tection Agency. So in 1989 President
George Bush created the White House
Council on Competitiveness. With Vice
President Dan Quayle at the helm, the
council inherited the mantle of the Rea-
gan-era Task Force on Regulatory Relief.
Instead the council has become a
lightning rod in the power struggle be-
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tween the Congress and the White
House. Democrats protest that the coun-
cil is a shadow government, operating
in secret and coercing executive agen-
cies into modifying regulations. Several
congressional committees are now in-
vestigating the council’s interventions
in agency rule making and are locked
in legal tugs-of-war over access to
council documents.

The council formally consists of
seven high-ranking officials, including
Quayle, Richard G. Darman, director of
the Office of Management and Budget,
Nicholas F. Brady, secretary of the Trea-
sury, Samuel K. Skinner, the president’s
chief of staff, and Michael J. Boskin,
chairman of the Council of Economic
Advisers. Its operations are run by six
members of the vice president’s staff
under the direction of Allan B. Hubbard.



The group has no connection to a pri-
vate-sector group of industry and aca-
demic leaders that bears the same name.

Opponents of Quayle’s council, aided
by leaks from within executive agen-
cies, charge that it skates around legal-
ly required procedures for rule making
by leaning on agency heads to change
proposed regulations in closed-door
sessions. At the same time, conserva-
tive critics point out that the council
has failed to stem the regulatory tide.
The volume of new regulations pub-
lished last year is 20 percent more than
that in late Reagan years.

Moreover, critics from both ends of
the political spectrum question whether
the council’s small staff has the exper-
tise to assess the vast range of regula-
tions proposed by the federal govern-
ment. Lack of technical knowledge has,
for example, been blamed for the coun-
cil’'s foundering attempt to propose a
legal definition of wetlands. Under that
proposal, one third of the nation’s wet-
lands would have lost their protection.

For their part, council staff members
insist that they “work with” experts
within the executive agencies. Ironical-
ly, it is the precise nature of that con-
tact that is attracting the interest of
congressional investigators. The White
House insists that closed-door deliber-
ations are protected by executive privi-
lege. But Cass R. Sunstein, an adminis-
trative law expert at the University of
Chicago, told a December hearing held
by Congressman Henry A. Waxman of
California that, even so, the authority
for regulatory decisions must legally re-
main with agency heads. Sunstein fur-
ther said that if the council influences
regulations, its communications with
outside organizations have to be a mat-
ter of public record.

The possibility that the council may
be exercising improper regulatory au-
thority has inspired at least two other
congressional committees to examine
how the council came up with the se-
ries of reforms last November to speed
the drug approval process at the FDA.
The council’s announcement said the
FDA would use external reviewers to
scrutinize clinical trial results and
would “immediately” lose its jurisdic-
tion over early-stage testing of poten-
tial drugs in healthy subjects.

One company, Eli Lilly, took the coun-
cil at its word and informed the rDA
(over the objections of an rDA official)
that it had asked an Indiana University
review board to approve a planned trial
of a drug for treating Alzheimer’s dis-
ease. Lilly backed down when the FDA
insisted that the new procedures would
take effect only after a formal rule-
making process.
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Nor does it appear that the FDA fully
agreed with the council. David A. Kess-
ler, the FDA commissioner, said in De-
cember that he had originally opposed
the plan to make use of external re-
viewers but later concluded it was
worth trying.

Kessler is not the only one with
reservations. The Health Research
Group, an arm of Ralph Nader’s Public
Citizen organization, published in De-

cember the results of a survey of the
FDA’s in-house physician-reviewers. Of
the 47 physicians who responded (38
percent of those polled), more than 90
percent opposed eliminating FDA juris-
diction over early-stage trials, and more
than 80 percent opposed the plan to use
external reviewers. Charles C. Edwards,
president of the Scripps Clinic and Re-
search Foundation in La Jolla, Calif,
who conducted a major review of the

Vested Interests

bullet-resistant vests for the past 20 years. The company claims that

vests woven from that aramid fiber have saved the lives of more
than 1,300 law enforcement officers, most of them from bullets. But in
1987 a new standard threatened to give the edge to a competitor, and Du
Pont came out shooting.

The trouble began when the National Institute of Justice (N1J), an arm of
the Department of Justice, toughened up its voluntary standard for body ar-
mor and added a new test that required firing nine-millimeter bullets into the
vests at an angle of 30 degrees. Fewer than 50 percent of Kevlar vests
passed. In contrast, vests made with Allied-Signal's Spectra Shield, a high-den-
sity polyethylene composite, passed 97 percent of the time, N1J officials say.

Furious Du Pont executives soon persuaded an industry group, the Per-
sonal Protective Armor Association, to create an alternative standard under
which Kevlar vests performed well. Allied-Signal, unsurprisingly, continued
to support the tougher NiJ standard. Police departments were caughtin the
cross fire, but the International Association of Chiefs of Police and the Fra-
ternal Order of Police both came down on the side of Allied-Signal and the
N1J standard.

Still the sniping continued. Du Pont argues that Nij-certified vests are un-
comfortable and circulated a videotape showing a mannequin wearing a
Spectra vest on fire. Allied-Signal protested that its product, with a flash
point of 354 degrees Celsius, will withstand heat and flame more intense
than that which would kill a human. The company filed suit against Du Pont
last year, charging it with false advertising and illegally monopolizing the
market.

A group of concerned congressmen eventually called in the Office of
Technology Assessment (OTA) to be an honest broker and lay out the com-
plex technical issues of testing. Kevlar tends to “ball and bunch” after multi-
ple shots against the clay support used in the tests, which reduces its effec-
tiveness. The Du Pont-supported industry test standard solves the problem
by allowing the material to be patted back into shape after each shot, a dis-
pensation that Allied-Signal considers unrealistic. Du Pont says a more re-
silientbacking material than clay would solve the problem—but no alterna-
tive has yet been shown suitable.

Du Pont also opposes wet testing, which is optional under the industry
standard: Kevlar loses up to 40 percent of its ballistic resistance when wet.
But Allied-Signal supports the NiJ’s compulsory wet test, because Spectra
Shield is unaffected by water.

Michael B. Callaham of the OTA says his study will not make determinations
about which tests should and should not be used, although it may suggest
improvements to the existing standard and test procedures. But congres-
sional aides to Congressman Edward F. Feighan of Ohio say the report will
probably be effective ammunition to support a bill introduced by Feighan
that would make the existing NIJ standard—or something tougher—manda-
tory. If so, Du Pont’s domination of the body armor market, estimated at $35
million per year for the civilian sector alone, might come to an end.

On the other hand, there could be a truce. A likely outcome, industry
sources say, is a boom in vests that incorporate both Kevlar and Spectra
Shield. Du Pont has previously discouraged efforts to combine the two, al-
though they have properties that complement one another. —Tim Beardsley

D u Pont’s Kevlar has enjoyed a virtual monopoly of the market for
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FDA 18 months ago, doubts that exter-
nal review will save either time or mon-
ey because FDA staff will still have to
oversee the activity.

Although there are few votes to be
won in criticizing efforts to speed new
drug approvals, environmentalists op-
posed to easing pollution regulations
can count on strong public support.
They charge that industry representa-
tives used the Competitiveness Council
for backdoor access to the rule-making
process and are attempting to gut key
provisions of the 1990 Clean Air Act.
Under one of the council’s proposed
changes, now under review by the Jus-
tice Department, industries would be
able to specify their own emission lim-
its, and state agencies would have just
seven days to object.

Council staff do not deny their fre-
quent contacts with industry. And crit-
ics such as OMB Watch and Nader’s Pub-
lic Citizen have fanned the fires by rais-
ing the specter of conflict of interest.
They argue that Hubbard and Quayle
violated the law by influencing regula-
tions that could affect companies in
which they have holdings. Quayle, for
example, has an interest in a newspa-
per company that owns a paper mill;
Hubbard owns half a chemical compa-
ny and had a stake in a utility until he
donated the latter to charity late last
year. He placed other holdings in a
blind trust. Quayle issued Hubbard a
“conflict-of-interest waiver” in 1990,
but the House Government Operations
Committee, headed by Congressman
John Conyers, Jr., of Michigan, plans to
inquire into whether the waiver was
too broad to be legal—or too late. Hub-
bard’s waiver did not take effect until a
year after he took his job.

The controversy swirling around the
council shows no sign of dying down.
Congressman John D. Dingell of Michi-
gan has now joined the fray. Dingell
is examining the council’s influence
over EPA regulations to enforce the Re-
source Conservation and Recovery Act,
an important piece of legislation gov-
erning solid waste that comes up for
reauthorization this year. The agency
has attempted to withhold from Din-
gell’s committee certain documents on
the subject, on the grounds that they
involved meetings with the Competi-
tiveness Council.

But Dingell does not back down easi-
ly. Another congressional committee
has already used subpoenas to gain ac-
cess to documents pertaining to the
Competitiveness Council, and more
subpoenas might be on the way. One
way or another, some of the council’s
quiet intercessions may be dragged
into public view. —Tim Beardsley
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Drag Race

Aerodynamics tackles
one of the final frontiers

he rush of air that streams
I across the wings on a commer-
cial jet can quickly turn into a
turbulent maelstrom that slows flight
and causes fuel consumption to soar.
Now aerospace researchers on both
sides of the Atlantic are racing to equip
wings and other surfaces with vacuum
cleaner-like elements that can stave off
these violent currents.

The payoff to the aircraft maker
whose planes incorporate what is
known as laminar flow control could be
enormous. New aircraft might be de-
signed with lighter airframes and
smaller engines. Using less fuel gener-
ates tremendous cost savings and re-
duces nitrogen oxides and other harm-
ful by-products of combustion.

The National Aeronautics and Space
Administration estimates that a reduc-
tion in friction of 1 percent across the
entire U.S. commercial air fleet could
create a $100-million fuel savings.
Laminar flow control may be able to
achieve reductions in drag of up to 20
percent.

No other redesign measure can pro-
duce comparable economy. The shape
of the modern jet airliner has remained
largely unchanged since the 1950s
because of its streamlined efficiency.
“Some people say this is the last big
thing we can do in aerodynamics for

airframes,” proclaims Joachim Szod-
ruch, a general manager for research
and technology at Airbus Industrie, the
European aircraft consortium. Adelbert
L. Nagel, a manager at Boeing Com-
mercial Airplane Group, adds: “Lami-
nar flow control is the last big carrot
we know about in aerodynamics for
subsonic commercial airplanes.”

The goal is to preserve an orderly in-
tegrity in the boundary layer, the strata
of air currents moving at varying veloc-
ities up to a tenth of an inch or so
around the aircraft. Rivet heads, dirt
and engine noise are enough to turn
these nicely behaved layers of airflow
into a chaotic torrent.

Smaller aircraft can better retain
laminar flow because of shorter length
of flight surfaces and because of wings
that are more nearly perpendicular to
the fuselage. Merely shaping and pol-
ishing wings and other surfaces of
these aircraft are enough to retain the
smooth, layered currents of laminar
flow. Bigger airplanes—those that have
100 seats or more—need both wing al-
terations and a suction system that
draws air into the wing through mil-
lions of tiny holes, a preventive against
turbulence.

Although various experiments aimed
at retaining laminar flow were first car-
ried out during World War II, the
difficulties of manufacturing and main-
taining a laminar wing have acted to re-
tard development. These concerns
have been somewhat allayed by recent
testing. The first suction system for
large airliners was flown in 1990 and
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1991 as part of a joint program with
NASA, Boeing and the US. Air Force.
Using lasers, engineers drilled millions
of perforations of about 0.002 inch in
diameter into a titanium panel that was
fitted into the upper left wing surface
of a Boeing 757 aircraft. A duct system
for the holes was installed inside the
wing, and a pump was placed in the en-
gine strut.

The 757’s wing was smoothed and
painted, and a metal shield was extend-
ed over its leading edge during takeoff
and landings to protect against insects
clogging the holes. Although the panel
in the 757 covered only the front 15
percent of the wing, sensor readings
showed that laminar flow extended
back over two thirds of the upper sur-
face. “Even 50 percent would have been
a roaring success,” Nagel says.

In November, NASA and Rockwell In-
ternational announced they had suc-
cessfully demonstrated a similar suc-
tion system on an F-16 fighter at super-
sonic speeds. The research is directed
toward commercial supersonic trans-
ports. “We feel this might be a make-
or-break technology,” says Fayette S.
Collier, Jr., head of the laminar flow
control project office at the NASA Lang-
ley Research Center.

Officials at Airbus acknowledge that
the NASA flight tests have established a
clear lead for the US. “We're some
years behind,” Szodruch admits. But
Airbus has consistently tried to com-
pete with its U.S. rivals by deploying
new technology first. For its part, NASA
has restricted distribution of some in-
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formation about the various test pro-
grams. “We want to prevent export of
the technology,” Collier says. “We’re try-
ing to protect what we've gained with
taxpayer money and not give it away.”

So far tests of laminar technology by
European aerospace companies have
been limited to smaller aircraft. Airbus
is now planning to put a suction sys-
tem on the fin of one of its airplanes
to determine if the ducting and oth-
er encumbrances impede maintenance
operations.

The consortium also intends to try
suction on a wing, but it, too, is keep-
ing details of this program confidential.
“The technology gives you a competitive
advantage,” says Bernhard F. Dziom-
ba, chairman of Airbus’s technological
working group for aerodynamics. “I
think that’s why both sides are being
so closed about it.”

NASA believes about five more years
of development work remain before
the technology will be ready to be in-
corporated into a new airframe. Deter-
mining whether the wing’s perforated
surface will give the airlines a colossal
maintenance headache—keeping the
holes open and the wing surface clean—
is just one of the issues to be addressed.

At the same time, aircraft builders
are also exploring another less expen-
sive—and less efficient—way of reduc-
ing drag. The technique involves cloth-
ing the aircraft surfaces in a kind of
sharkskin suit. For a number of years,
aircraft companies have been testing
a tape made by 3M, the St. Paul-based
diversified manufacturing concern, that
is covered with a series of microscopic
ridges and grooves.

Like the coarse flesh of a shark, these
so-called riblets lessen friction caused
by turbulence. But riblets are less effec-
tive than laminar flow control: they re-
duce drag by 2 percent or so. Once tur-
bulence has erupted, they serve as a
mild palliative. But they cannot restore
the boundary layer to its original lami-
nar state. Maintenance is also a big
concern. Airlines would be loathe to
have to strip off a tape and carefully
reapply it for each periodic inspection.

No one is dismissing the tiny ridges
yet. They could conceivably be applied
where suction is impossible: over most
of the fuselage, for example. Airbus, for
one, has placed riblets on more than 70
percent of a test aircraft.

Air is not the only fluid where riblets
have proved their worth. In its success-
ful 1987 attempt to regain the Ameri-
ca’s Cup, the yacht Stars & Stripes had
the 3M tape stuck to its hull. Drag re-
duction may now become a pivotal tech-
nology in winning the race to loft an ul-
timately efficient airliner. —Gary Stix
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Objective Data

DARPA nudges development
of object-oriented data bases

omputers now reside inside air-

planes—to navigate, to control

the engines, even to land. Sur-
prisingly, though, software engineers
are stillwrestling with how to put a rea-
sonable facsimile of an airplane inside
a computer.

Keeping a working picture of an air-
craft that contains the millions of com-
ponent parts and the way those parts
interact is a task awkwardly performed
by existing computer software. What is
known as object-oriented program-
ming offers a partial solution. The tech-
nique allows a programmer to provide
a straightforward description of an ob-
ject, say, an aileron, and its behavior.

Still needed is a way to codify these
descriptions into a data-base manage-
ment system that would allow the vari-
ous objects and their related opera-
tions to be stored, retrieved and used
by several different people at once. Data
are now stored as simple files—one for
each part or assembly—or in a data-
base management system. A relational
data base, which consists of entries in
tables, can be used to track simple rela-
tionships, but it falls short if a user tries
to tie together the millions of subsys-
tems and components that make up the
airplane in the computer. “How can you
describe a Boeing 777 with a collection
of tables?” asks Stanley B. Zdonik, a
professor of computer science at Brown
University.

Zdonik is a participant in a pro-
gram set up by the Defense Advanced
Research Projects Agency (DARPA) to
help solve the problem by guiding the
development of object-oriented data
bases to complement the programming
language. Most of this software (sold
by five or so small companies) has
emerged in the past two years.

The potential importance of these
data bases in both military contracting
and battlefield command and control
prompted DARPA to set up a three-year
program to address both technical is-
sues and lack of standards that could
impede widerusage of the technology.

Last fall the agency began providing
$22 million through contracts to Texas
Instruments, a group of universities and
the National Institute of Standards and
Technology. “DARPA is worried that de-
sign in manufacturing takes too long
and is too costly,” says David Maier,
a professor of computer science and
engineering at the Oregon Graduate In-
stitute of Science & Technology, which
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has received a contract from DARPA.

Object data bases attempt to over-
come limitations of existing data stor-
age methods. A relational data base has
to search through entries in separate ta-
bles to assemble the myriad of subcom-
ponents that make up an airplane—and
then it dismantles the whole structure
when the data are stored on disk. “It is
like having to weld a plane together be-
fore each takeoff and then disassemble
it each time it arrives at the gate,” says
Thomas M. Atwood, chairman of Object
Design, a developer of object data bases.

An object-oriented data base, in con-
trast, would represent the subsystem
of the airplane as a set of objects. The
metal sheets and hinges of an aileron,
for example, would be directly linked
to another object called a wing, which
in turn would be tied to the biggest ob-
ject of all, the airplane.

This preassembled description, much
like a schematic, resembles the way an
engineer pictures a design. Object data
bases can also accommodate more
than the simple strings of letters and
numbers present in conventional soft-
ware: voice messages anpnotating an en-
gineer’s work, for instance.

Kinks remain, however. The complex-
ity of these multimedia information
caches makes access slow. And even an-
swering a simple question can some-
times prove difficult. To extract infor-
mation rapidly, university researchers
under the DARPA contracts are explor-
ing options that range from simple in-
dexes to dissecting objects into their
component parts so that the data they
contain can be processed by several
computers simultaneously. One scheme
would place objects on a disk near to
one another, corresponding to their ar-
rangement in the physical world. An ob-
ject for an aileron would be close to a
wing so that the disk drive could access
the objects at close time intervals.

Results of the research will be shared
with companies developing object data
bases. DARPA believes such data bases
are so important that it cannot depend
entirely on a coalition of small compa-
nies to develop standards for the tech-
nology, although the small subindustry
is forging ahead with efforts to do so.
Gio Wiederhold, a DARPA program man-
ager, says object-oriented technology
might eventually become the basis for a
series of shared data bases that would
allow engineers for different military
contractors to access schematic dia-
grams or instructions for computer-
ized machine tools.

Before that dream is realized, howev-
er, these systems must be able to pro-
vide simple answers to simple ques-
tions. —Gary Stix



Getting Out the Bugs

Wise management may keep
a safe pesticide effective

ecause insects have a maddening

knack for evolving resistance to

pesticides, sometimes within only
a few years, the unofficial motto of the
pesticide industry might as well be: “Use
it and lose it.” Now the biotechnology in-
dustry and environmentalists are scram-
bling to stay a jump ahead of bugs that
threaten to overwhelm an important
group of insecticides based on bacterial
toxins of Bacillus thuringiensis (Bt). “We
don’t want Bt to be a flash in the pan
that lasts for five years, makes profits
for somebody, and then we're on to the
next product,” says Fred Gould of North
Carolina State University.

Since at least the 1950s some farm-
ers have been spraying Bt spores over
their crops to discourage insects. Un-
like broad-spectrum chemical insecti-
cides, the various toxins in the spores
are selectively lethal to beetles, flies,
butterflies and moths—all common
agricultural pests. Other insects as well
as animals and humans are unharmed
by Bt, making it ideal as a safe, mini-
mally disruptive pesticide. Bt has one
drawback, however: farmers must ap-
ply it much more often than they
would chemicals, which raises its effec-
tive cost considerably. “After you spray
it on, half the dose degrades within a
day and a half,” Gould explains.

As a result, Bt and all other biopesti-
cides are estimated to hold less than 1
percent of the agricultural insecticide
market. The biotechnology industry has
therefore been developing new sprays
that last longer than their predecessors
or that contain higher levels of toxins.
Bt-based pesticides are now marketed
by many companies, in-
cluding Abbot, EntoTech (a
division of Novo Nordisk)
and Mycogen.

Yet the more effective
Bt products become, the
more they increase the
pressure on insects to de-
velop resistance. During
the mid-1980s, laboratory
tests began to show that
insects such as the Col-
orado potato beetle and
the tobacco budworm had
the genetic potential to
develop Bt resistance un-
der certain circumstances.

The problem ceased to
be academic when Bruce
Tabashnik of the Universi-
ty of Hawaii at Manoa and

his colleagues discovered that a popu-
lation of diamondback moths preying
on a field of watercress in Hawaii had
doubled their resistance to Bt between
1986 and 1989. “The irony is that the
grower had been using a lot of Bt be-
cause he was environmentally con-
scious,” Tabashnik says.

The moths in Hawaii and another
group in Florida are the only well-docu-
mented cases of naturally arising Bt re-
sistance, but observers are worried that
they will not be the last. “Our concern
is that if the biotechnology industry
moves ahead with a lot of products, we
will very quickly select for resistant in-
sects,” warns Edward Bruggemann of
the National Audubon Society in Wash-
ington, D.C. “Farmers will then have no
choice but to return to the use of
chemical insecticides.”

One simple approach to maintaining
Bt’s effectiveness involves varying the
microbial mixtures sprayed on crops.
Various strains of Bt bacteria produce
different combinations of toxins, and
insects that are resistant to one may
still be vulnerable to others. Tabashnik
warns, however, that there might be
“relatively few groups of toxins you
could switch to, even though there are
thousands of different strains.”

Much recent work has also focused
on inserting the toxin genes of Bt into
plants or their symbiotic bacteria. Such
transgenic crops would make and con-
centrate the toxins in their own tissues.
Transgenic cotton, which Monsanto
plans to introduce within the next five
years, will probably be the first Bt-
equipped plant, and potatoes and oth-
er crops should follow soon thereafter.

A scheme to counter the resistance
pressure of transgenic plants would be
to provide havens for Bt-susceptible in-
sects by planting some ordinary crops
among transgenic ones. The suscepti-

BUILT-IN INSECTICIDES protect transgenic cotton (left) when an
ordinary plant (right) falls victim to pests. Photo: Monsanto.
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ble insects would live on the plants but
would also breed with their more resis-
tant fellows. If Bt resistance is a reces-
sive genetic trait, as Tabashnik says
some preliminary evidence suggests,
most of the offspring in the next gener-
ation of insects would be vulnerable to
Bt. A potential problem with this idea,
Bruggemann says, is that no one yet
knows whether a farmer would end up
surrendering a large portion of the
crop to insects.

A more exotic answer is to alter the
expression of the Bt genes in transgenic
plants. They might then be active only
in certain tissues, during critical periods
of plant growth or in response to chemi-
cal triggers applied by farmers. Regulat-
ing the Bt toxins in such ways, Gould ex-
plains, would lower the pressure for re-
sistance. David Fischhoff of Monsanto
points out, however, that the genetics of
crop plants are too poorly understood
for such approaches to be feasible for at
least a decade. The first wave of trans-
genic products will therefore express
Bt toxins continuously—and perhaps
heighten the risk of resistance, Brugge-
mann worries.

Responsibility for resistance manage-
ment will ultimately rest with the farm-
ers, who must decide whether and how
to use Bt products. Gould suspects the
U.S. Department of Agriculture might
be in the best position to offer incen-
tives through programs that would link
prudent Bt use with eligibility for aid.
Such a proposal would be controver-
sial, he concedes.

What farmers, researchers and indus-
try need now, Gould continues, is more
information about the consequences
and effectiveness of the various ap-
proaches, alone and in combination. He
is quite enthusiastic about exploring
the use of Bt as one component of
integrated pest management, in which
farmers rely on both pes-
ticides and natural pred-
ators to control insects.
“You don’t need to kill ev-
ery bug,” Gould remarks:
some insects become pests
only after their numbers
pass a threshold.

More research on the in-
teractions of insects, their
natural enemies and crops
should determine how
best to use Bt while delay-
ing resistance to it. Eco-
logical balance seems to
have preserved the effec-
tiveness of Bt in nature for
millions of years. That may
be the only way to ensure
its long-term survival in
agriculture. — John Rennie
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Disarming Developments

They shall beat their swords into
plowshares, and their spears into prun-
inghooks: nation shall not lift up sword
against nation, neither shall they learn
war any more.

—Isaiah 2:4

ven under the best of circum-

stances, transforming swords into

plowshares—or more contem-
porarily, missile guidance systems into
television sets—has a ring of improba-
bility. Yet these days the world’s major
weapons producers do not have much
choice. In both the U.S. and the re-
publics that once made up the Soviet
Union, arms makers are scrambling to
divert their lethal arts to civilian ends.

With an effectiveness that pacificists
only dreamed of, economic events have
conspired to erode the appeal of the
arms business. First, the centrally
planned economies crumbled, freeing
consumers to express long pent-up de-
mands for fashionable shoes and video-
tape recorders. As peace broke out, the
weight of the U.S. budget deficit began
to depress any lingering yearnings for
areturn to lavish defense spending.

Second, the global market for arma-
ments is sputtering. People around the
world are still keen to bloody one an-
other, but at least for now many of
them do not have the cash to pay for
much weaponry, says Michael D. Intrili-
gator, an economist at the University of
California at Los Angeles. Since the end
of the Iran-Iraq conflict, the third largest
war in this century in numbers of casu-
alties, “there’s been a substantial decline
in demand for arms,” he says.

As triumphant as the world’s shift to
plowshares may be, it is accompanied
by tough challenges that have none of
the glamour of a cinematic submarine
chase. On one level both US. and former
U.S.S.R. military contractors share some
of the same problems, notes Lawrence
R. Klein, a Nobel economist at the Uni-
versity of Pennsylvania. Weapons manu-
facturers on both sides of the Iron Cur-
tain were accustomed to serving a single
customer who had precise demands and
the bottomless pockets of an indulgent
uncle. In contrast, producing consumer
goods means catering to the ever chang-
ing needs and whims of a diverse collec-
tion of price-conscious consumers.
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In addition, the former Soviet military-
industrial complex faces some unique—
and critical—hurdles, suggests Julian
Cooper, who directs the Centre for Rus-
sian and East European Studies at the
University of Birmingham in England.
For instance, the U.S. Congress will be
largely responsible for making decisions
to scale back American military produc-
tion, but it is unclear who will make
such calls in Russia, Ukraine or any of
the other 10 nascent republics.

Moreover, because the republics are
concerned that they may end up scrim-
maging with one another, the changes
they are making in the existing military
infrastructures are mostly cosmetic.
These halfhearted conversions are
bound to be as successful as trying to
open a fast-food restaurant from the
kitchen of a soufflé chef, economists
argue. “It’'s possible to convert people;
it’s much harder to convert institu-

Commercializing former
Soviet weapons factories
holds great promise—and
tough challenges.

tions,” points out Jeffrey B. Miller, an
economist at the University of Delaware.
Instead, he suggests, leaders should
break up the old institutions, jettisoning
much of the hardware and relying on
the flexibility of the work force to pow-
er the move into commerce.

Yet shuttering munitions plants to
develop altogether new ventures such
as tourism will be difficult. Soviet facto-
ries have traditionally provided not
only jobs but often homes, foodstuffs
and social activities. Few citizens are
psychologically prepared to accept the
idea of closing factories, Cooper adds.

Workers’ fears are of ten justified. Be-
cause of housing shortages, they can-
not casually quit their towns to search
for work elsewhere. No wonder, then,
that even the early efforts at konver-
siya, or conversion, have been dubbed
konvulsiya. “Factory managers frequent-
ly observe that their enterprises have
‘fallen under conversion’ in the same
way as one might speak of falling un-
der a bus,” Cooper says.
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Further retarding efforts to reshape
weapons producers into commercial
ventures are the swirls of changes in
other political and economic struc-
tures. Funding for research and devel-
opment is in disarray. Top-flight scien-
tists and engineers are heading for oth-
er countries, some possibly offering to
sell their weaponry skills to the highest
bidder. Critical subsystems and materi-
als for producing consumer goods are
scarce. Then there are the more perva-
sive problems: food shortages and a
fragile confederacy of republics.

Yet the tattered arms producers may
still hold some of the best hopes for cat-
apulting Russia and the republics into
the commercial fray. Workers in the
military infrastructure have traditional-
ly been the best trained and the highest
paid of the Soviet work force. Many of
them are eager to get into business to
preserve—or improve on—their stan-
dard of living. As these people finally
gain the authority to make decisions
about production, new resources will
be freed up, economists predict.

Bright spots are already emerging. In
the absence of formal markets for
goods, a host of barter exchanges is
springing up, Cooper reports in his re-
cent book, The Soviet Defence Industry
(published by the Council on Foreign
Relations). For instance, the former So-
viet Space Flight Control Centre helped
to set up the Russian Commodity and
Raw Materials Exchange by providing
the exchange with the dependable
communications system and the spare
facilities originally built to control the
flights of the Buran space shuttle.

Foreign investors, particularly from
South Korea, are beginning to lend
funds and insight. Establishing separate
currencies for each republic could also
help stabilize local economies, Cooper
suggests. “At least they’ll have to stop
blaming one another for their prob-
lems,” he comments.

Cooper even spies the glimmer of a
silver lining in the scientific exodus. If
those who leave maintain ties with
their colleagues at home, they can help
integrate the remaining Russian scien-
tific community into the international
mainstream. Financial peace dividends
are still too puny to show up on nation-
al balance sheets, but even that may
eventually change as governments sub-
stitute more economics lessons for de-
fense studies. —Elizabeth Corcoran
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Seeing Infrared

e can feel heat and see its ef-
fect on the atmosphere—a mi-
rage, for example. We can also

detect hot objects in another way—
from the infrared radiation they emit.
Most infrared sensors are sophisticated,
solid state devices [see “Infrared Video
Cameras,” by Jerry Silverman, Jonathan
M. Mooney and Freeman D. Shepherd,
page 78]. Recently I developed a way to
build a simple infrared camera using a
concave spherical mirror and a liquid
crystal. Although my camera is not near-
ly so sensitive as state-of-the-art devices,
it can view the infrared radiation from
a hot object that is several feet away.

To test the design of my camera, I
started with a heat lamp, a shaving
mirror and a liquid crystal from a
“mood sensor.” I used the mirror to fo-
cus the radiation from the lamp onto
the liquid crystal. Within a second or
so, an image appeared on the liquid
crystal. It bloomed rapidly into a large
circle. Unfortunately, I could not tell
whether the liquid crystal was respond-
ing to infrared radiation or to the heat
generated when the crystal absorbed
the visible light from the lamp.

Nevertheless, the experiment encour-
aged me to build a more sophisticated
camera. I purchased a high-quality mir-
ror and a set of liquid crystals that had
good temperature sensitivity. (These
items can be ordered from a science
supply catalogue.) I also bought hard-
ware to build a rigid support to hold
the mirror and the liquid crystals. The
materials cost a total of about $250. For
comparison, commercial infrared cam-
eras sell for thousands of dollars.

The most expensive part of my appa-
ratus is the mirror (about $150). Its
quality and size ultimately determined
the resolution and sensitivity of the
camera. I settled on a gold-coated mir-
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has designed optics for infrared sys-
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ror that was six inches in diameter and
had a focal length of 12 inches. The
gold coating reflects much of the in-
frared radiation while absorbing some
of the visible light.

I chose the size and focal length of
the mirror by applying basic principles
of optics. I first calculated where the
image would be focused in relation to
the mirror. The image distance is equal
to the following expression:

focal length x object distance
object distance - focal length

Hence, a mirror with a focal length of
12 inches would focus an object 36
inches away to a point 18 inches in
front of the mirror.

Next I figured out the magnification
of the mirror, which is equal to the im-
age distance divided by the object dis-
tance. When the object distance is 36
inches and the image distance is 18
inches, the magnification is 0.5—thatis,
the image will be 50 percent smaller
than the object. I should also point out
that the image will appear upside down.

The six liquid-crystal sheets, which
together cost about $30, were each six
inches wide, 12 inches long and 0.008
inch thick. Each sheet was sensitive to
a different range of temperatures (as
low as 20 to 25 degrees Celsius and as
high as 40 to 45 degrees C). Eventually
I realized that the sheets sensitive to
low temperatures work best in a cool
room, whereas those sensitive to high-
er temperatures are more appropriate
for warm conditions.

All the liquid-crystal sheets are made
of Mylar coated with two layers of ink.
The inner layer is liquid-crystal ink,
and the outer layer is black ink. The lig-
uid-crystal ink is a mixture of three
different compounds that contain
cholesterol [see “Liquid Crystals,” by
James L. Fergason; SCIENTIFIC AMER-
ICAN, August 1964]. The liquid-crystal
ink is encapsulated so that the sheet
does not leak ink when it is cut.

To make the support structure,
known as an optical bench, I first joined
two boards at an angle of 90 degrees,
thereby creating a wide track [see illus-
tration on opposite page). At one end of
the track, I then attached a small board
to support the spherical mirror. Next I
cut a triangular block that could slide
along the track. In the top of the block,
I drilled a hole to accommodate a
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threaded insert. The insert mated with
a threaded brass post, which I had at-
tached to a half-inch length of copper
pipe one inch in diameter. Finally, I cut
a piece of the liquid-crystal sheet to fit
on the end of the pipe.

By sliding the block within the track,
I could move the liquid crystal in rela-
tion to the mirror and therefore control
the focus of the camera. The height of
the liquid crystal could also be adjusted
slightly by screwing the pipe assembly
more or less tightly into the threaded in-
sert. (The coupler is used as a locknut
when the desired height is achieved.)

I originally designed the apparatus so
that infrared radiation would reflect off
the mirror and directly illuminate the
liquid-crystal ink. I discovered that I
could obtain much better results by di-
recting the radiation onto the black sur-
face of the liquid crystal. The black ink
presumably absorbs the infrared energy
and heats up the liquid-crystal ink. As
the ink is heated, it changes color.

To test the apparatus, I searched my
home for sources of infrared radiation.
I tried a hot teakettle, a 250-watt heat
lamp, the burners on an electric stove
and a bright flashlight. (I should warn
all who attempt these experiments that
they can burn themselves severely if
they mishandle various sources of in-
frared radiation.)

he liquid crystal did not regis-

ter the teakettle with boiling wa-

ter in it. When exposed to the
heat lamp, the camera displayed several
hot spots that bloomed rapidly. A red-
hot burner swamped the crystal instant-
ly. The liquid crystal did detect the ra-
diation from the flashlight, and as I
swung the light around, I could draw
patterns on the crystal.

Although I was excited by these re-
sults, I worried that the liquid crystal
might be detecting visible light instead
of infrared radiation. To prove that this
was not the case, I decided to use a
piece of silicon, which absorbs visible
light but only attenuates the intensity
of infrared radiation. I placed a silicon
chip that was four inches in diameter
and 0.02 inch thick in front of the aper-
ture of the camera. With this setup, I
tested several sources and found that
the images still appeared and, as ex-
pected, were somewhat dimmer.

Eventually I discovered that a steam
iron was the ideal source of infrared ra-
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diation for my experiments. I could set
the temperature of the iron fairly accu-
rately, within a range of 50 to 250 de-
grees C. (The temperature of the iron
could be measured adequately with a
deep-fry kitchen thermometer.) The
iron was a good source for another rea-
son: its bottom was made of Teflon,
which when heated readily emits in-
frared radiation.

I had a few problems with the steam
iron. When tilted for an extended pe-
riod, it turned off automatically, and
other features did not work at all. After
convincing my wife we should buy a
new iron, I dismantled the old one and
modified it as a test target. I spent some
time experimenting with the iron and
my infrared camera. The liquid crystal
displayed a clear image, 0.75 inch high,
when the iron was 12 feet away.

I then set out to determine the resolv-
ing power of my camera. In front of the
steam iron, I positioned a plastic spatu-
la that had four slots, each four mil-
limeters wide. I reasoned that the spat-
ula would block some of the infrared

Threaded Roc{ Y

Infrared Camera

Copper Pipe
Liquid Crystal

P

s

=

4 Coupler

Triangular Block

radiation and therefore form an image
consisting of several bars. It took quite
some effort to produce this image.

I discovered I needed to focus the
image very precisely. To do this, I illu-
minated the spatula from behind with
a flashlight. I could then observe the
visible light from the flashlight on the
black side of the liquid crystal. I fo-
cused the image so that I could clearly
see the shadow of the spatula. (Because
the infrared camera is a reflecting sys-
tem, the visual and infrared radiation
come to the same geometric focus.)

After I replaced the flashlight with
the steam iron, I put a piece of card-
board in front of the infrared camera
to block the radiation. I then heated the
liquid crystal with the flashlight and al-
lowed it to cool. The liquid crystal is
most sensitive at the instant the crystal
turns black. At that point, therefore, I
removed the cardboard, and the image
of the spatula’s shadow could be seen
for a second or two.

To record the images produced on
the liquid crystal, I used a convention-
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al camera. But I had some difficulty
bringing the camera lens close to the
liquid crystal. For this reason, I mount-
ed a mirror on the support structure
so that the image on the liquid crystal
could be seen from the side of the ap-
paratus. This arrangement allowed me
to position the camera a few inches
away from the image.

I have no doubt that other amateur
scientists will find ways to improve the
sensitivity and range of the infrared
camera. [ hope they will enjoy, as I have,
observing the world in a new light.

For more information, please write to:
The Amateur Scientist, Infrared Camera,
Scientific American, 415 Madison Av-
enue, New York, NY 10017-1111.

FURTHER READING

OPTICS AND OPTICAL INSTRUMENTS: AN
INTRODUCTION WITH SPECIAL REFER-
ENCE TO PRACTICAL APPLICATIONS. B. K.
Johnson. Dover Publications, 1960.

Basic OPTICS AND OPTICAL INSTRU-
MENTS. U.S. Navy Bureau of Naval
Personnel. Dover Publications, 1969.
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by Philip Morrison

Catalytic Power

DISCOVERING ENZYMES, by David Dress-
ler and Huntington Potter. Scientif-
ic American Library, 1991. Distribut-
ed by W. H. Freeman and Company
($32.95).

ere is an introduction to the
H broad powers of biochemistry,

a look at molecular biology that
does not focus on the fateful program
coded in the cellular DNA. This book
examines the business end, by which
alone the life plan can be carried out.
Its battery of molecular tools, jigs and
dies are the enzymes, almost all of
them proteins.

The first three of seven beautifully
illustrated and smoothly written chap-
ters, by two Harvard researcher-teach-
ers, open the history of chemical exper-
iment for the uninitiated reader. It was
in 1835 that the great Swedish chemist
Jons Jakob Berzelius saw the possibili-
ties for a chemical grasp of life’s di-
verse nature. “We find solid reasons to
assume that, in living plants and ani-
mals, thousands of catalytic processes
occur within the tissues and fluids, gen-
erating a multitude of substances.” He
cited old results and new, such as the
release of oxygen gas by gold and plat-
inum metal from that new, weakly
bound liquid, hydrogen peroxide. In all
these changes the reaction-promoting
additives were themselves unchanged,
mere bystanders, yet strangely force-
ful. He named them catalysts. Even a
generation later Justus von Liebig and
Louis Pasteur were united in disbelief
of such powerful molecular bystanders.
Berzelius was once dismissed with the
remark that to call a phenomenon cat-
alytic was merely to replace a common
word by a Greek one. “In the nine-
teenth century, chemists were cantan-
kerous—and great chemists were great-
ly cantankerous.”

By about 1900 catalysis was accept-
ed, but enzymes were still a puzzle;
their very efficacy makes them hard
to analyze. An active enzyme prepara-
tion might contain irrelevant impuri-
ties that much outweighed the milli-
gram of enzyme present, so that good
analysts would report inconsistent re-
sults. Enzymes did not seem to be pro-
teins. But in 1926 a young Cornell
chemist, James B. Sumner, crystallized
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CRYSTALS of the digestive enzyme chymotrypsin: more is known about its struc-
ture and mode of catalysis than is the case for almost any other enzyme.

an enzyme for the first time. His small,
uniform crystals were all protein with
a little water; maybe the enzyme was
hidden in the water portion? Ten years’
work led to firm conviction: protein
crystals, however separated or inacti-
vated, always went in parallel with the
catalytic power.

In the latter half of the book, the pro-
tagonist appears, not enzymes in gen-
eral, nor even a long catalogue of them,
but one specific digestive enzyme, the
protein chymotrypsin. It is generated
within the vertebrate pancreas and
used in the intestine to begin break-
down of ingested protein molecules.
The anatomy of chymotrypsin is pre-
sented here in a variety of artful map-
pings. The primary string of amino
acid monomers was read out 20 years
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ago, by taking the links delicately apart
step by step. (You must be alert; some
enzymes are one long chain of links,
but this one has several chains with
side branches and loops. That, too, was
learned by witty disassembly.)

The backbone of links wanders in
three-dimensional space, a ball of yarn
squeezed into an asymmetric atomic
lump five-millionth of an inch across.
“The ridges and grooves on the sur-
face...are as unique as the mountains
and craters of the moon.” (This mole-
cule joins 4,000 atoms, all in specified
position, arranged into 241 amino acid
links. Only complex x-ray diffraction
analysis of pure crystals of the enzyme
enabled this detailed 3-D mapping, as
it did for helical DNA. Every single
molecule of the stuff is almost the



same, or else the thousands of diffrac-
tion spots would blur. (The text does
not tell us enough about the limits to
that precise identity; of course, the var-
ious elemental isotopes are set around
at random.)

A marvelous experiment was carried
out in the 1960s that illuminates the
nature of specific enzyme form like a
lightning flash. A sample of an enzyme,
one rather like our hero, was placed
into reagents able to break all the
cross-links and undo all the internal
folding, but not to sever the main links
of the backbone chain. The protein was
reduced to a mere random coil and lost
all its enzymatic activity. Then the “de-
natured” protein was incubated within
various near-natural environments, in
an earnest effort to heal the poor in-
jured thing by trial after trial. Finally,
the therapy worked; the random coils
of protein refolded, the loops were re-
made and full enzyme activity was re-
gained. “No outside agency or force in
the cell is needed.” Error-free spelling
is enough to yield the entire sculptured
form and function.

All a catalyst can do is increase the
likelihood of a given reaction; it cannot
permanently add or take away energy,
since it acts without lasting change in
itself. Tolerable temperature changes
will bring a modest increase in reaction
rate, say by 10- or 100-fold, but chy-
motrypsin dissolves its target proteins
at a rate one billion times faster than
the spontaneous rate. Enzymes are the
masters of time.

The catalytic specificity of enzymes is
extreme; one enzyme, one reaction—or
anyhow not many. Chymotrypsin is
huge compared with its target protein
threads; only at some active sites do
contact and reaction actually take place.
The tricky chemical logic of inactivation,
substitution and competition has been
able to locate just where the enzyme
surface binds with its target molecule.
The range of specificity arises from the
surface form; the shape must keep out
the wrong sites but admit the right
ones. The fitting portion has a kind of
springy atomic jaw that aligns the target
link; the process is referred to as a lock-
and-key mechanism. Chymotrypsin usu-
ally catches the charged end of the pro-
tein thread and severs the long thin
chain. The parts move off, the spring re-
sets and the unchanged enzyme mole-
cule can act again.

The enzyme responsible for clearing
away the neurotransmitter signal that
swiftly bridges the synapses between
neurons in the brain is related to chy-
motrypsin. It is strange and somehow
moving that the terrible nerve gases act

to bind and degrade these very en-
zymes. It is still stranger that the tiny,
brownish deposits that form in the
brain during Alzheimer’s disease are
pools of two proteins that are specific
inhibitors, able to turn off the active
sites of this decisive family of enzymes.
The tools of life are joined in a pro-
found geometric unity that sometimes
goes ironically and tragically awry.

From Accretion to Zodiac

THE ASTRONOMY AND ASTROPHYSICS
ENCYCLOPEDIA, edited by Stephen P.
Maran. Van Nostrand Reinhold (in North
America) and Cambridge University
Press, 1992 ($89.95).

thousand and two large pages
make up this hefty single volume,
its tall tales as filled with won-
ders as were the thousand and one
nightly spinnings of Scheherazade, if
here expressed in soberer, less personal
accounts. The illustrations, all in black-
and-white and most of them tightly
packed graphs and diagrams, are given
perhaps a tenth of the page area. (The
dust jacket is ornamented by one big,
colorful view of many-ringed Saturn
seen by the Hubble Wide Field Camera
in orbit.) There are about 400 articles, by
a few more authors than that, just about
all of them researchers at work today
in a dozen countries of five continents.
The alphabetized entries add up to a
participant’s collective summary of cur-
rent astronomical interests, written for
the most part at the level of the more
detailed articles found in this magazine.
There are a good many simple formu-
las (hardly two integral signs are to be
found in the entire volume), with many
tables of data and outlined scenarios,
but few of the richer pedagogical aids
frequent in Scientific American.

Sets of entries cluster around impor-
tant current topics. For instance, al-
most 20 pages under the letter A treat
“Active Galaxies and Quasistellar Ob-
jects.” Those pages present nine con-
cise pieces, each by an expert who
writes on one lively subtopic of that
field. The pieces address such topics as
gas infall, jets, superluminal motion
and x-rays, all as they are in active
galaxies, and one fine essay sketches a
unified view of the whole diverse class.

A slow, enjoyable browse was suffi-
cient to encounter a few narratives high
enough and brief enough to report. One
article, written by Frank H. Shu of Berke-
ley and exceptional for its vivid style,
opens with a sharp reminder: without
the dense central furnaces of stars,
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there would be only one molecule in
nature, hydrogen; all matter would be a
structureless gas. Indeed, the main
omission from the entire volume is a
fuller account of that very understand-
ing, the long-convincing evidence of the
formation of the whole run of the ele-
ments, especially those heavier than
iron, by identifiable processes within
the stars. The subject is still unfinished,
although this pot simmers slowly these
days; hard-pressed editors have omitted
the topic.

In “Moon, Origin and Evolution,” H.
Jay Melosh sets aside all the older
views, that our moon is either the sib-
ling, the spouse or the child of Earth. It
is now held that the satellite was
formed in a glancing collision between
a Mars-size projectile and the new-
formed Earth. The moon formed from
the outer mantles of both partners; it
took little central material from either,
and so it lacks much of an iron core. A
wonderful drawing, recently prepared
by George L. Withbroe, now at NASA,
shows the globe of the sun bristling
with lines of magnetic force swept out-
ward by the solar wind, the patchy sur-
face pattern recognizable in an adjoin-
ing x-ray photograph made of the solar
corona at the right time. Anthony P.
Fairall carries deep cosmic mapping
one long step outward; his maps iden-
tify the nearer galaxy superclusters and
then go beyond to show in a prelimi-
nary way superclusters that lie a few
times farther out than what we see in
more familiar surveys.

These symposiumlike clusters of arti-
cles and many more individual articles,
from accretion to zodiacal light, consti-
tute the book. A certain staccato quali-
ty is inescapable; perhaps, too, there is
less introductory matter than might be
optimal. But the sense of engagement,
authority and timeliness is unmatched.
You are among astronomers talking to-
day’s astronomy, at a nontechnical lev-
el for those who will carefully attend.

There are household names here as
senior advisers. But the 400 whose
words we read are mainly a muster of
the young and able, the men and wom-
en closest to current data and theory.
(That is not to neglect a substantial
fraction of notable, more senior con-
tributors.) Neither rank beginners nor
those who want to know about prob-
lems not now on the front burner are
well served. This confident encyclope-
dia is authoritative for its day, for keen
amateurs and writers, for students and
teachers, and will itself in due time be-
come a prime object for the historians
who one day will assess the shortcom-
ings of today’s luminous insights.

115



UNITED
STATES
ACADEMIC
DECATHLON

“HABITAT EARTH”
1992 Competition Finals
Boise, Idaho

Throughout the current school year,
Academic Decathlon teams in 44 states
and Washington, D.C. have studied and
competed on the topic of “Habitat
Earth.” Local and state winners will
meet April 10 in the green beauty of
Boise to compete for major college
scholarships from Northrop Corporation.

Decathlon teams make a difference in
junior and senior grades in high school.
The Decathlon competition creates a
positive school image, excellent
academic role models, changes student
attitudes constructively, and involves all
sorts of people and groups in the
community.

The “Habitat Earth” program involved
study in fine arts and literature, science
and math, economics and social studies.
Competitors developed practical skills
in interviewing and speech, and each
composed an essay. Exposures included
Debussy, Sibelius and Manhattan Trans-
fer; Rachel Carson, Jacques Cousteau
and Walden; Hokusai, Eliot Porter,
climatology, ecosystems and more.

For these young adults, “Habitat Earth”
represents the future, and the U. S.
Academic Decathlon and its state
associations are succeeding in making
that future more secure. As Boise Mayor
Dirk Kempthorne says, “This compe-
tition will serve you well...I look
forward to seeing you!”

Yes, please tell me more!
Name

Address
City
State Zip

USAD

c/o Scientific American
415 Madison Avenue
New York, NY 10017-1111

Mail to:

Narrative Gravity

CONSCIOUSNESS EXPLAINED, by Daniel
C. Dennett. Illustrated by Paul Weiner.
Little, Brown and Company, 1991
($27.45).

ecades back Alan Turing him-

self proposed a brilliant test

for any claim that a machine
might rival us conscious humans, a test
not unfairly tilted by such inessen-
tials as voice or appearance. He sug-
gested searching interviews conducted
by wire, to elicit a sequence of Q’s and
A’s, all recorded on a printout, whereby
a clever conversational computer might
be compared line by line with a witty
human control. That test appears fair
and practical even now (a version was
tried out lately in Boston). But today we
could enrich the wire link, to admit ex-
change of two-way drawings, musical
snatches and mathematical forms as
well as plain-language text, for surely
those are only texts in different symbol
systems.

In this book, 500 pages of sustained
and lively argument, a professional
philosopher from Tufts University has
spun an entire method of inquiry out
of Turing’s hint and used it to wonder-
ful advantage. His sophisticated dis-
course is as savvy and articulate about
good beer or the Boston Celtics as it
is about parallel processing, modern
cognitive experimentation, neuropathol-
ogy, echolocation by bats, or Ludwig
Wittgenstein. He is a rare advocate, will-
ing to examine his own mistakes, cite
and confirm or dispute fairly a long list
of his contemporaries, and allay the
commonsense doubts of nonspecialist
readers with appropriate experimen-
tal results, crystal-clear analysis and
vivid metaphor. He does all this with
verve in a persuasive philosophical
work, the best examined in this column
for decades.

To understand the scheme he has
built over 20 years, begin with the “fau-
na and flora” of conscious experience,
thoughts and memories as well as
“pains or aromas or daydreams.” For
Dennett does not ignore our evidence
of mental experience, beginning with
his own. The dark, old pitfall remains.
How can we know the inner experience
of others? Yet how can we hope to con-
struct a testable and growing science
out of subjective material alone? Den-
nett’s answer is plainly akin to Turing’s
test: we accept as incontrovertible the
varied textual accounts our conscious
friends give of what they consciously
feel and believe. That kind of account
is as objective as tape recorder and
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print can be, and it is fully open to all
critics. Its humanity is beyond doubt.
Nearly as evident is the inference that
animals lacking elaborate text-making
ability can hardly provide us with the
rich data we need to assess conscious-
ness. A fine chapter on the evolution of
consciousness adds the plausibility of
continuity in time.

All accounts of mental life are data,
but what narrators conclude about men-
tal experience need not become part of
our theories. Sincere and well-reported
introspection yields valuable data (not
answers), sources for extrapolations and
eventual model making. The task of ex-
plaining the conscious mind is not un-
like the task of literary criticism: we
do not believe Sherlock Holmes really
looked out at busy Baker Street, yet we
can reasonably make sense and context
for the stories. Every student will agree,
even from mere secondhand accounts
of the actual texts, that “Holmes was
smarter than Watson; in crashing ob-
viousness lies objectivity.”

In the same way, the many convinced
reports that witness every kind of mind
stuff, the medium in which a purple cow
is rendered, the “thinking thing” itself,
the sources of love, hate and enjoyment,
even moral responsibility, are only input
for a serious theorist of consciousness.
“The subject’s...world will be... stable,
intersubjectively confirmable... having
the same metaphysical status as...
Holmes’s London.” Those narratives tell
what seems to be there, to be consid-
ered and assessed just as the Turing
test answers must be.

What Dennett does most of all is to
unpack carefully but vigorously the
simple terms and explanations that we
hold. Most narratives of mental life
suggest a single agent of mind, single
as the body. We all recognize the dan-
ger of a contradiction there; what goes
on, in acts of speech or memory or
even in the judgment of enjoyment, is
more contingent, more diffuse in time
and space, more ambiguous, than the
pat descriptions we freely use. Just as
the organized termite colony has no
Soul but rather a set of inborn rules
by which every one of 100,000 little
agents does its thing, so “our human
consciousness, and our narrative self-
hood,” is more the product of all that
we constantly tell ourselves and others
than it is the single source.

The Self is a grand abstraction, like
the physicists’ center of gravity. Any
mechanical system moves in such a
way that a certain point (it is the av-
erage position of all the constituent
masses) moves with striking and pre-
dictable simplicity, however the rest of



the weights, springs, gears and shafts
tumble, spin and shake. There need be
no matter at all at the position of the
center of gravity. So we may argue for
the Self. It is no point of mind, but a
great abstraction “defined by the myr-
iads of attributions and interpreta-
tions... that have composed the biogra-
phy of the living body whose Center of
Narrative Gravity it is.”

The stream of consciousness is no
single flow, not even a Joycean one,
but a turbulent, gappy, much-branching
stream whose full texture we cannot
sense or recall. Many cognitive experi-
ments, much observation of damaged
minds, inform that view. What is domi-
nant in forming that consciousness is a
noisy chorus of specialized, even com-
peting, elements of mind, “feature de-
tectors,” logically much elaborated from
the simplest model—wired retinal ele-
ments that respond, for example, to a
T-shaped feature in the visual field but
not to a bright point. Choices among
acts of decision, often squeaky judg-
ments, influence future ones, to build
that abstraction of a Center, “just as
other structures keep track of informa-
tion on Boston, or Reagan, or ice cream.”

“The trouble with centers of gravity
is that they aren’t real; they're theo-
rists’ fictions,” the author’s built-in crit-
ical voice objects. But the rejoinder is
brilliant: “That’s not the trouble with
centers of gravity; it’s their glory. They
are magnificent fictions,” like the fic-
tional characters in our best novels.

Can a mere machine, then, ever form
a conscious self? The author says a re-
sounding yes. What sort of silicon “per-
son” will we know one day? Professor
Dennett has only made a beginning with
his wise, conjectural description. His is
brave, knowledgeable discourse, neither
proof nor example; his title might well
have worn a question mark. He plainly
hopes and expects such conscious ma-
chines to come, probably not singly,
but in their families and bands. None
of them will be “artificial intelligences,”
patient, logical von Neumann comput-
ers, serially working out swift inference
on inference infallibly forever. They are
more likely to resemble fuzzily parallel
computers, using probabilities to open
heaps of uncertain gates, learning by
corrected experience as much as by de-
sign—not easily predictable, all too hu-
man! No single machines have yet had
much of what is needed for self-surveil-
lance and multiple computations wired
in. That time will come.

Skeptics, supporters and the unde-
cided should proceed at once to find
and read this good-humored, imagina-
tive, richly instructive book.

Every minute, the world loses 64
acres of forests. The smoke from these
dying lands itself contributes to the
growing pollution of our atmosphere,
to the poverty of peoples desperately
trying to preserve their way of life and
to Global Warming.

...and we’re planting them.

Last year, we helped the peoples of
developing countries to plant nearly
six million trees. Trees that bring these
families a future with hope. Trees that,
every year, remove 150,000 tons of
carbon pollution from our atmos-
phere, replacing it with life-giving
oxygen. Now the program is growing
faster than ever. You can help protect
the forests and save our environment.
For more information, please call:
for

REES >
FUTURE

11306 ESTONA DRIVE. P.O. BOX 1786
SILVER SPRING, MARYLAND 20915-1786

[The World Needs Trees... =

| 1(800)643-0001 |
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intermediate and advanced materials,
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for the U.S. State Department — we offer
foreign-language mystery dramas,
games,
music, and many other helpful mate-
rials. And if you want to learn a new
language, we have beginning courses

We offer introductory and advanced
’s
languages: French, German, Spanish,
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This is one NEW YEAR'S
resolution that every

should keep

can increase your spendable income
with Nuveen’s Tax-Free Value Funds.
Or call the number below.
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Tax-Free Value Funds, including
charges and expenses, send for a pro-
spectus. Please read it carefully before
you invest or send money.

Call usat1-800-4-395-7015.
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WOMEN AND AIDS by Kenneth H. Mayer and Charles C. J. Carpenter

Ithough most of the Americans
living with AIDS and the virus
that causes it are male, the epi-

demic is rapidly spreading among wom-
en. Several major urban hospitals in
New York and Florida report that more
than five percent of child-bearing wom-
en are infected with the human im-
munodeficiency virus (HIV). Screening
of recent entrants into the Job Corps
and the military demonstrates near
parity between the numbers of HIV-in-
fected men and women. On a global
scale, among the more than 10 million
people infected with HIV, approximate-
ly one in three is female. In the U.S., of
approximately one million infected peo-
ple, one in eight is female. But in sever-
al eastern states the distribution of cas-
es is approaching the global ratio.

As is the case with several other sex-
ually transmitted diseases, women are
more susceptible to acquiring HIV from
an infected male partner than the other
way around. Their biological vulnera-
bility is compounded by their frequent
lack of awareness of their partner’s HIV
status, which often leads to a misper-
ception of their personal risk. Women
are therefore less likely than men to
know they are infected until they mani-
fest symptoms. And even when they do
show symptoms, physicians are often
slow to diagnose HIV infection.

Infected women are also more like-
ly than men to be from poor commu-
nities. They are therefore less likely to
have access to therapy that has been
demonstrated to prolong life—for ex-
ample, prophylaxis against Pneumocys-
tis carinii pneumonia and antiretroviral
medication.

These biological and social realities
have combined to produce a marked
underrepresentation of women in clini-
cal research related to HIV. Of these
factors, poverty may be the most sig-
nificant. Many women with HIV infec-
tion are the sole providers for their
children, and they confront a health
care system that may often be insensi-
tive to their specific concerns, such as
child care, transportation costs and
culturally appropriate services.

As several studies have documented,
when HIV-infected women from com-
munities of color who meet clear clini-
cal indications for receiving zidovudine
(formerly named azidothymidine, or
AZT) or Pneumocystis prophylaxis are
compared with white homosexually ac-
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tive males, a much lower percentage of
the women have been offered the treat-
ments. Many HIV specialists have not
developed extensive expertise in the
care of women, although more than
100,000 women in the U.S. are infected
with HIV.

Regional differences in the clinical
signs of advanced HIV-related immu-
nodeficiency have been shown to vary
around the world, depending on the
prevalence of local opportunistic patho-
gens as well as nutritional and immu-
nosuppressive factors. Gender-related
differences, however, have not been
fully delineated. Furthermore, many fed-
eral and state programs are predicated
on a diagnosis of AIDS based on crite-
ria developed at a time when very little
was known about the natural course of
HIV infection in women.

Nevertheless, some studies are be-
ginning to elucidate the progression of
the disease in women. In Rhode Island,
we have observed that recurrent vagi-
nal infections with Candida albicans
have been the first clinical signs in over
one third of a group of more than 200
women. Investigations at Downstate
Medical Center in Brooklyn, N.Y., have
found cervical tumors in many women
who are infected with both HIV and
human papillomaviruses (HPVs). Many
researchers have alsonoted a high prev-
alence of recurrent and recalcitrant
genital warts (which are caused by
certain strains of HPV) in HIV-infected
women.

The oncogenic interactions between
HPV and HIV need careful study. So
does pelvic inflammatory disease. It is
not known whether women with HIV
infection are more likely to acquire this
condition and, if they do, whether they
are less likely to respond to standard
therapy. Failure to recognize symptoms
specific to women may delay diagnosis
and thus the ability to monitor a wom-
an’s immune status and offer appropri-
ate therapies.

ven after showing signs of an

HIV-associated illness that meets

the current criteria for the diag-
nosis of AIDS, a woman may encounter
other hurdles that keep her from re-
ceiving promising experimental thera-
pies. Many research protocols mandate
routine pregnancy tests and eliminate
women from trials if they become
pregnant. Women may consequently be
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forced to choose between pregnancy
and a potentially effective treatment.
Many of them may have personal con-
victions that do not permit the ter-
mination of pregnancy. In an ongoing
study of the heterosexual spread of HIV
in southeastern New England, we have
found that more than one third of HIV-
infected women anticipated becoming
pregnant.

The conflict between reproductive
choice and therapeutic options may rep-
resent remnants of a paternalistic era;
few research trials dictate the respon-
sibility of males with regard to insem-
ination of female partners while the
men are participating in studies. And
the effects of drugs on semen are not
routinely evaluated. Reticence about in-
cluding women with reproductive po-
tential in tests has been linked to the
considerable body of corporate law
regarding liabilities for drug-induced
birth defects. The situation has become
even more complicated because certain
drugs, such as zidovudine, are now be-
ing studied to determine whether they
might decrease the rate of HIV trans-
mission from mother to fetus.

Scientists are increasingly recogniz-
ing the need to learn more about HIV-
specific illnesses in women, and they
are trying to incorporate women'’s con-
cerns in the design of drug trials and
patterns of care delivery. But a great
deal still needs to be done to address
the inequities facing women infected
with HIV. In certain parts of Africa, the
heterosexual epidemic has been called
grandmother’s disease, because the old-
er generation assumes responsibility
for caring for increasing numbers of
children whose mothers have died of
AIDS. As the demographic pattern of
the AIDS epidemic in the U.S. more and
more resembles the African experience,
we must move quickly to learn the
lessons from Africa so that we can re-
spond in a sensitive and forthright man-
ner to minimize both the societal and
the medical havoc caused by this le-
thal virus.

KENNETH H. MAYER is director of the
Brown University AIDS program and
chief of the Infectious Disease Division
at Memorial Hospital of Rhode Island.
CHARLES C. J. CARPENTER is associate
director of Brown’s AIDS program and
professor of medicine at the university.



The sheep that

came home
for winter,

Winds here can scream up to
70 miles per hour. Temperatures
plummet to 20 below: This is Still-
water Valley, Montana. The winter
home of a small, fledgling herd
of Bighorn Sheep. A herd that for
years has been struggling to sur-
vive. But people who work nearby
are providing medication and
food to nurture, protect and save
these majestic animals. Hopefully
helping each generation become
healthier. Each generation larger.

Do people look after their neigh-
bors so nature can grow strong?

People Do.

For more issfriermation. write: People Do-S, P.0. Box 7753,
San Francion, CA 11X
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WE COULD BUILD AN
AUTOMOBILE WITH AN EVEN

SMOOTHER RIDE, BUT

THAT W

LD MAKE

ou
US UNCOMFORTABLE.

It seems the relentless
pursuit of the plushest
possible driving expe-
rience has blinded
some of the worlds (i
carmakerstoa very
important point:

If you com-
pletely insulate the
driver from the
realities of the road,
you've effectively
removed his ability
to contend with the
realities of driving.

First and fore-
most, a driver must
always remain in
control of his vehicle.

And the false luxury of an
ocean-liner-like ride should

never come at the expense

& Coil springs and shock ab-
sorbers are mounted separately
to the chassis for mproved ride
comfort on uneven roads.

gun notfromthe engine down,

AN AUTOMOBILE MUST
COMMUNICATE WITH ITS
) DRIVER.

The ability of a
§ car to hold the road
— and thus, the a-
bility of a driver to
maintain control over
his automobile —are
largely dictated by
the car’s suspension
systern.Which iswhy
atBMW —a com-
pany longrecognized
for its achievements
in engine technology
— every new auto-
motive design is be-

but rather, from the suspen-
sion system up.

patented front and rear sus-
pension systems so refined,
“the communication with
the driver is perfect” accord-
ing to the editors of Sports
Car International.

Its acoustically decoupled
front suspension employs a
unique double-pivot system
with two independent low-
er control arms rather than
the conventional single-arm
design. This increases stabil-
ity, minimizes dive, and pro-
vides improved control and
feel under all driving condi-
tions. While the track link
rear suspension system, also
an exclusive BMW design,
assures crisp, predictable
handling in both comering

and emergency situations.

of a driver’s
safety.

The BMW5 -Series, for ex-

Itis exact- L2

ly this most

w275 Theexreme-

CI’I’[IC8| f mOSt & To achieve its outstanding ride quallty the 5-Series is tested and refined on all types of road surfaces

fundamental issue—enhanc- | ample, offers a perfect case

ing driver safety — against

in point. Both the 525i and

which the engineering deci- | 535i are equipped with highly
sions at BMW are measured. | developed, intemationally

*See your BMW deater for details on this limited warranty. ** Services provided by Cross Country Motor Club, Inc., Boston, MA 02155, except in CA, where services are

© 1992 SCIENTIFIC AMERICAN, INC

" ables the sus-
pension to operate more
accurately from a firmer plat-
form (while also optimizing
passenger protection in the

provided by Cross Country Motor Club of Calif., Inc., Boston, MA.




& While other carmakers strive to isolate the driver with an artificially smooth ride, the BMW 5-Series is engineered to offer the best possible ride quality, while

also providing enough feedback to safely perform the task of driving. Automobile Magazine named the 535i “one of the best sedans ever built”

event of a collision). And, un- | mobiles is its “combination
like the loose, lazy steering | of performance and luxury.”
systems you'll find in many In fact, it is precisely this
of today’s luxury sedans, the overall balance which led
speed-sensitive, variable-  réxzcnerare Automobile
assist steering of the BMW Magazine
5-Series sedan responds ~ todes-
to the drivers every " ignate

input and command "= the b3bi
with an extraordinary S on e ommond-
amount of precision. helped perfectthe 5. S
ACHIEVING AN OPTIMUM it andes
BALANCE BETWEEN | nothing less than“one of
HANDLING AND COMFORT | the best sedans ever built”
All this is not to say that Driving one of the world's
the 5-Series ride is unneces- | truly remarkable automo-
sarily demanding or rough. | biles provides other com-
As AutoWeek magazine has | forts as well. Like all BMW's,
pointed out, what setsthe | the 5-Series sedans are

backed by BMW’s 4-year,
50,000-mile bumper-to-
bumper warranty,” as wedl
as a nationwide Roadside
Assistance program you can
call on at any tirme should
the need arise’”

For more information on
the BMW 5-Series sedans,
simply call 800-334-4BMW.

Or visit e
BMW dealer for a test drive.
It will give you an opportu-
nity to experience some-
thing we've known all along.
That feeling in control at the
wheel is the most comfort-
able feeling an auto-/#4,
mobile can convey|

5351 apart from other auto- | THEE ULTIMATE DRIVING MACHINE.

© 1992 BMW of North America, Inc. The BMW trademark and logo are registered.
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