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Early composite bow could throw an arrow nearly 
half a mile. Its technology was surprisingly advanced. 
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Or, Why Broadband Services From Your 
Local Telco Will Be Music To Your Network. 

Broadband services unleash the true power of the 
public switched network. Let networks of computers 
listen and talk. Allow you to bring up a remotely 
stored document in one window. Video conferences 
in two others. How? By using fast packet switching, 
it allows existing public networks. to transmit more 
information at faster speeds. So things impossible 
now, will be possible tomorrow with broadband. 
High-definition television. Interactive education. 
Image processing. High-resolution faxes. To learn 
exactly what broadband services can do for you and 
your business, talk to the broadband leaders. Call 
your local phone company or AT&T Network Systems 
at 1800638-7978, ext. 6110. 

AlMand Your 
Local Phone Company 

TechnologresForZheRealUiorld 

AT&T 
Network Systems 

© 1991 SCIENTIFIC AMERICAN, INC



Generators humming in oi l fields in the 

arctic. Tanks rumbling 

in the 

• 

Ie 

desert Trains rolling through fields almost any

where. Textron Lycoming has the power for them all. 

If the power source must be light and 

compact, clean and quiet, efficient and powerfu� 

the engine should be a versatile Textron Lycoming 

gas turbine. 

They're light enough and 

compact enough to be mounted on 

tractor-trailer trucks and used as a 

C 1991 Textroo Lycoming 
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mobile source of emergency power, lighting up an 

entire village in the snowbound Austrian Alps. 

They're clean and quiet enough to run in 

the august Banco di Roma, providing electricity to 

power lights and computers during a blackout 

They're efficient enough to be 

used as a "co-generator" by a public 

utility in Winnipeg, Manitoba, pumping 

natural gas to thousands of homes, and 

• 

using the exhaust heat to 

power other parts of the plant 

And they're powerful • 
enough to drive 200-ton

payload trucks at a copper 

mine in Montana; or 

trains pulling heavy loads 

over mountains in Europe 

and Japan. 

Textron Lycoming gas turbines are versa

tile enough to pump liquid gas on the frigid tundra 

of Canada; natural gas in steamy Pakistan; fresh 

water in Germany; sea water in Alaska. 

If you thought Textron Lycoming only 

made engines for the M1 Abrams tank or the 

BAe 146 jetliner, think again. And again. And 

again. Then call our Advanced Applications 

Department at (203) 

385-2255. If you've got 

an idea that needs 

momentum-on land, 

at sea, or in the air-call Textron Lycoming, USA. 

We're On The Move. 
ii£,iht·HI Lycom ing 

Textron Lycoming/Subsidiary of Textron Inc. 
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Nuclear Power in Space 
Steven Aftergood , David W. Hafemeister, Oleg F. Prilutsky, Joel R. Primack 
and Stanislav N. Rodionov 

Nuclear reactors have provided energy for satellites-with nearly disastrous 

results. Now the U. S. government is proposing to build nuclear-powered boosters 

to launch Star Wars defenses. These authors represent sdentific groups that are 

opposed to the use of nuclear power in near space. Here is their argument. 

The Quasar 3C 273 
Thierry ].-1. Courvoisier and E. Ian Robson 

In the 28 years since the first quasars were identified , astronomers have 

learned that they are the cores of extremely active galaxies. This quasar is one 

of the most energetic-on an average day it shines as brightly as 1,000 galaxies, 

each containing 100 billion stars. Observations of 3C 273 are providing clues 

to the nature of these violent and puzzling objects. 

Streptococcal M Protein 
Vincent A. Fischetti 

Just as a porcupine's quills thwart predators, filaments of proteins that coat 

some streptococcal bacteria deter the white blood cells that would normally 

ingest the organisms. These wispy M proteins rely on variability to evade anti

bodies that would target the microbes for destruction. The understanding 

of the protein's structure is suggesting new approaches to creating vaccines. 

Polar Stratospheric Clouds and Ozone Depletion 
Owen B. Toon and Richard P. Turco 

During the Antarctic winter, strange and often invisible clouds form in the 

stratosphere over the pole. These clouds of ice and frozen nitric acid play a 

crudal role in the chemical cycle responsible for the recent appearance of the 

annual "ozone hole." Their chemistry removes compounds that would normally 

trap ozone-destroying free chlorine produced by the breakdown of CFCs. 

Early Bow Design and Construction 
Edward McEwen, Robert L. Miller and Christopher A. Bergman 

Asked to name the most crucial discoveries of early humans, most people 

would quickly come up with fire and the wheel. A third may well be the bow. 

It served as the principal weapon for hunting and warfare until the use of fire

arms became widespread in the 16th century. Bows were developed in virtually 

all cultures, and some achieved high levels of technological sophistication .  
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Laser Surgery 
Michael W Berns 

When surgeons operate, they may wield a laser instead of a scalpel. These 

blades of light do more than simply destroy tissue with heat: they can drive 

chemical reactions or create shock waves. Lasers are unclogging arteries, 

smashing kidney stones, and clearing secondary cataracts from the eye. 

Arthur Stanley Eddington 
Sir William McCrea 

Einstein 's theory of relativity was one of the century's great discoveries. But it 

was Eddington who headed the expedition that proved it correct. He advocated 

the idea of an expanding universe and was the first to infer the composition of 

stars. His exposition of revolutionary concepts still influences scientific thought. 

TRENDs IN GEOPHYSICS 

Peering Inward 
Corey S. Powell, staff writer 

Beneath terra firma lies a dynamic world. Through clever observation and com

puter modeling, geophysicists are rapidly sharpening our view of the earth's rest

lessly seething insides. They are exploring the complex heat engine that drives 

the motion of the continents and maintains the geomagnetic field. The latest find

ings trace the earth's evolution and even offer a glimpse into its distant future. 
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1991 Alcoa Awards for Technical Excellence 
Alcoa salutes the contributions of some of the men and women 

whose skill and determination in seeking continuous improvement 
are shaping the technology of a suPerior future. 

TIlE 1991 FRANCIS C. FRARY AWARD 
for a career of outstanding individual contribution to technology 

Dr. Owen Richmmui 
Corporate Fellow 
Alcoa laboratories 

In the early 1980s, with a technical revolution brewing in materials science and engineer
ing, Owen Richmond was charged with revitalizing directed fundamental research in materials, 
process, and product design sciences so that Alcoa would be in the forefront of that revolution, 
Focusing on process science, he helped to build the physical and human resources to make 
Alcoa a world leader in the design of materials, processes and products, 

TIlE 19911.w' WIlSON AWARD 
for performance in the management and implementation of technology 

Dr. G, Keith Turnbull 
Wce President 
Technology Planning 

Among his many technical achievements, Keith Thrnbull has identified, evaluated, and im
plemented recycling and titanium forging technologies of significant commercial value to 
Alcoa, He has persistently emphasized that the value of technology is not fully realized until it 
is successfully applied on the plant floor, By developing technically rich business unit plans, he 
has led a companywide commitment to turning technical potentials into operating realities, 

TIlE 1991 CIIAIRMAN'S AWARD 
for significant individual contributions to the development and implementation of materials, 
processing and systems technologies 

Robert G. Bartifay, a ferrous metallurgist in a non-ferrous corporation, has applied his 
expertise in materials failure to help restore production in emergenCies and has proved to be 
a valuable team player in materials selection, examination of design concepts, and supplier 
evaluations, 

Eldon O. Merklin, who retired this year as mechanical engineering manager, Rigid 
Packaging Division, was the architect of the modernization program which helped to make 
Alcoa's rolling facilities the most technologically advanced in the industry, 

Robert A. Ramser has created significant value through his developmental work on a 
new atomization process for aluminum powders, enabling Alcoa to produce higher quality 
products and gain competitive advantage in the marketplace, Nearly all of our fabricating 
facilities use Bob's ideas and procedures, 

Craig G. Dermer conceptualized, designed and developed the key process information 
system for Western Australian refining operations, This system has become the principal infor
mation management tool used by Alcoa of Australia plants for critical process control. 

Jack E. Oberhausen is an electrical maintenance supervisor lvith a take-charge attitude 
and an inexhaustible talent for detailed direction, His efforts have cut repair times and in
creased the reliability of motors and generators throughout Alcoa, 

TIlE 1991 ARTIlUR VINING DAVIS AWARD 
for outstanding group achievement in Alcoa technology 

At its best, the pursuit of Excellence through QUality is a team achievement, as demon
strated by the two groups of Alcoans who have earned Arthur Vrning Davis Awards for 1991. 

The Continuous Cold Mill Technical Team - a quality partnership including mem
bers from Tennessee Operations, Alcoa Laboratories, Davenport Works, the Knoxville Office 
and Pittsburgh - commissioned the state-of-the-art Tennessee Continuous Cold Mill in the 
fastest documented startup on record, Their combined efforts took advantage of Alcoa's pro
cess knowledge to shorten the commissioning schedule by four months, saving tens of mil
lions of dollars, Thanks to this team, the new mill reached its pounds-per-month production 
target a full year ahead of schedule, 

Charles F. Blair, j� Don M, Gerhoth WilliamT. Lyon Gerald A, Seddon 
Enoch Blue David P. Haas F. DalJid Magee Donna M. Schneider 
David A, Brichetto john}. Heller Gary 1. Martin C. Norman Smith 

Gary B. Brown William H Hensley Peter D, Masley Terry 1. Smith 
Scott}. Buckman Michael D, Huffstetler Kenneth G, McKinnon Robert E. Sowders 
john R, Burke Dan iel H Hugh William H Mor/on Albion P. Spence 
Marvin 0, Camp Ralph E. Huskey William H Mueller Stella M Sudderth 
Roy}. Chapman james E. jeulhurst james B, Murchie Charles D, Tenpenny 

james F. Connor L: Michaeljohnson,J� Robert R, Nichols Michael D, Terrell 
Hugh R, Decker Thomas I Kasun Dllane A. Nielsen Alu!J'n W Traylor 
Richard}. Ebert john D, Kennedy Glenn W Prager D, Leon Trundle 
james L Eriksson David}. Knapp D, Gene Ramsey Edwin R, Werner 
Robert E. Fanlling james E. Knepp W Richard Reagan Clive F. G, Winney 

Ronald P. Festa Richard D, Lawson Robert P. Redwine Samllel R, "yss 

KMattFi1ll1 Terry C. Lee Ronald A, Reich Stanley I Zelasko 

Richard C, Finney jerry 1. Leonard Marclls A. Rinehart 
Den n is R, Garner Dale H Levisay john F. Rollins 

The Forged Truck Wheel Division Team consists of key players in the Wheel Products 
Division of Alcoa's Forging Division in Cleveland, Team members are involved in all aspects of 
forged truck wheel manufacturing including design, fabrication and distribution, In the last 
three years, this team has achieved significant gains in quality, cost efficiency, and flexibility 
through improvements in design, tooling, materials and manufacturing processes, Results in
clude notable worldlvide growth in aluminum truck wheels and strengthening of Alcoa's 
leadership in this market. 

Tony Aloi, j� Daniell Groszkieulicz DellIlis P. Masterson Thomas R, Stotka 
Charles K Berberich Chester A, Hembrick Dennis C. Matushevski Michael P. Swain 
Barbara A, Bilinovich joseph P. Holz Earl R, McGough Thomas G, Swaney 
Louis P. Bilinovich Robert 5, Hughes, 1/ David W Nolen Donald D, Thomas 
Ralph C. Bot/ernlan Donald E. Hillier Ernest T. O'Connor James L Thomasma 
Roger B, Brzozowski GovenlOr johnson Michael T. Page Frank E. Tripp 
Bradford R, Burge Herbert johnson Vincen/A. Pelini Terry M. Valentine 
Dan iel F. Carbaugh David 1. Kerr Robert Pishko Denl/is I Wade 
Robert 1. Clements MarshallA, Klingensmith Michael H. Rembold Dolores M. Wilson 
Martin G, Fackelman josepb T. Koenig, j� Donna M. Schneider 
Avraham C. Goldman George W Kuhlman,jl' Callie Harris StOI'), 

�ALCOA 
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MANKIND HAs BEEN ThYING 

To MAKE SENSE OUT OF 1HE UNIVERSE 
FOR ThOUSANDS OF YEARS. 

WE'VE DONE IT IN SIX HOURS. 

Available at video stores Waldenbooks' 
everywhere including: YOUR GUIDE ro GREAT VIEWING'" 

The Astronomers did 
take PBS five years and 
more than $5 million to 
produce. After all, this is 
no garden-variety science 
show. It's a six-part video 

series that delves into almost every universal law 
you've ever wondered about, including the real 
biggie: Is anybody out there? Watch Prospecting for 
Planets and you'll find out. And you'll find out all 
kinds of other neat stuff when you watch the other 
shows: Where Is the Rest of the Universe?, Search
ing for Black Holes, A Window to Creation, Waves 
of the Future and Stardust. 

The Collector's Edition of all six shows, plus a 
bunch of other valuable space age gifts including 
"Your Personal Guide to the Night Sky," is only 
$129.95. (Individual shows are $19.95.) 

To place your order or find out where the nearest 
PBS Horne Video dealer is, simply call 1-800-776-
8300. Then relax with the knowledge 
that soon everything you've ever � \ 
pondered about the state of the uni- �I verse is going to make sense. Except 
maybe the instructions to your VCR. 

©1991 Pacific Arts Video Publishing. 
EXCLUSIVELY DISTRIBUTED BY PAClFlC ARTS VIDEO. QUALITY VIDEO PROCRAMMING SINCE 1974. 
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LETTERS TO THE EDITORS 

Small-Business Blues 
The Analytical Economist article "Sec

ond-Class Jobs" [ "Science and Busi
ness," SCIE NTIFIC AMERICAN, January) 
states the problems for the workers 
in small companies well. The financial 
burden of attempting to reach parity in 
salary, health benefits, worker safety 
and satisfying environmental concerns 
would tip the balance to unprofitability 
for many small firms. 

Rather than writing off the employ
ees as second class, however, it would 
be better to seek ways of equalizing 
their compensation. Government could 
directly lessen the burden on the em
ployees in several ways, such as adopt
ing an equitable national health in
surance. Programs could facilitate and, 
when necessary, even underwrite com
pliance with health, safety and environ
mental regulations. The entrepreneuri
al risks of small firms pay off broadly 
for all of us by developing new tech
nologies and identifying business op
portunities. And 40 percent of small 

companies go on to provide stable em
ployment and marketed products !  

IVAN G. OTTERNESS 
Ledyard, Conn. 

Spies in the Sky 
Because several of my books have 

appeared in the bibliographies of Jef
frey T. Richelson's books, I feel quali
fied to comment on " The Future of 
Space Reconnaissance" [SCIE NTIFIC 

AMERICAN, January). In general, Richel
son's effort was accurate and germane, 
but a number of critical points were ei
ther overlooked or ignored. In particu
lar, I take issue with his comment that 
"high-flying aircraft do not make a 
good alternative to satellites." 

Manned aerial systems have dis
tinct attributes that cannot currently be 
matched by systems controlled by or
bital mechanics. Quick reaction times, 
for instance, are virtually impossible to 
achieve with satellites. Points outside 

conventional orbital parameters can go 
for days, if not weeks, without being 
monitored. The predictable arrival of a 
satellite makes it possible to move clas
sified aircraft under cover to prevent 
their detection. 

Some broad-spec trum electromagnet
ic sensors are simply too large and 
cumbersome to be placed in orbit. The 
manufacturing and operating costs of 
satellite launch vehicles are often con
siderably higher than those of aircraft
based systems. And unfortunately, the 
success rate of satellite launch systems 
at delivering sensor hardware is signifi
cantly lower. 

JAY MlLLER 
President 
AeroFax, Inc . 
Arlington, Tex. 

Richelson responds: 
I agree with most of Mr. Miller 's 

statements of fact, but they imply only 
that aerial reconnaissance is a valuable 
complement and supplement to space 

More of a good thing. 

The style and performance of the Accord. Plus the spaciousness of a wagon, a more powerful engine, and 
© 1991 SCIENTIFIC AMERICAN, INC



reconnaissance, not an acceptable al
ternative. The ability of satellites to as
sure frequent, repetitive coverage of 
numerous targets over long periods, re
gardless of their location, cannot be 
equaled by aerial reconnaissance. When 
was the last time that a U.S. aircraft put 
a sensor package over a target in the 
Soviet Union? 

I must also challenge Miller's claim 
about the relative costs. In the U.S., it is 
the very existence of an extensive satel
lite reconnaissance effort that has per
mitted the operation of a limited-cost 
aerial effort. If the U.S. had to replace 
its imaging reconnaissance satellites 
with enough SR-71 aircraft and related 
facilities to maintain the level of cover
age, I expect that the costs would far 
exceed those of the satellite program. 

Great Men, Small Minds 

Timothy Beardsley 's profile of Robert 
C. Gallo ["Science and the Citizen," SCI
ENTIFIC AMERICAN, January] was illumi
nating. Predictably, Gallo turned out to 
be his own worst foe, saying that "the 
right thing the leader of a group should 
try to do is intellectually dominate." 

The greatest tribute to a leader is the 
superior quality of his followers. Soc
rates' finest achievement was Plato, and 

Plato's was Aristotle. Niels Bohr never 
appeared to dominate the two dozen 
first-rate students in the magic circle of 
his Copenhagen Institute. 

By intellectually dominating, rather 
than stimulating, Gallo surrounds him
self with lesser men than himself. The 
history of science demonstrates that 
this approach is counterproductive. 

JOHN BAKER 
Centralia, Wash. 

Back in the Harness 

As a graduate student in ancient 
history, I don't often have the chance 
to get one up on a professor. In "A Ro
man Factory " [SCIENTIFIC AMERICAN, 
November 1990], A. Trevor Hodge con
tends that the inadequacy of the stan
dard harness was such that "if the 
horse tried to pull a heavy load it mere
ly strangled itself." Recent work , how
ever, has proved that Roman harness
ing did not throttle horses. 

R. P. BIRD 
Wichita, Kan. 

Hodge responds: 
The view of Roman harnessing I ex

pressed was the standard one of cur-

rent orthodox scholarship, but it has 
been disputed by ]. Spruytte in Etudes 
Experimentales sur I 'Attelage (Paris, 
Crepin-Leblond, 1977). That well-docu
mented study has perhaps not had the 
impact that it should. 

Maybe in 2041. .. 

In "50 and 100 Years Ago" [SCIENTIF
IC AMERICAN, January], you reprinted 
an item from 1941 that said a new sur
gical procedure, the prefrontal leucoto
my, "was devised by Dr. Egas Moniz, of 
Spain." This is not completely correct, 
since Moniz was Portuguese, not Span
ish. His achievements and investiga
tions in medicine brought him the No
bel Prize in 1949. 

PEDRO DUARTE FONSECA 
Lisbon, Portugal 

ERRATUM 

On page 117 of "Mathematical Recre· 
ations" [SCIENTIFIC AMERICAN, March], 
certain tangents to Dandelin's spheres 
are specified incorrectly. The distance 
between points F and P equals that be· 
tween P and A. The distance between G 
and P equals that between P and B. 

(HJ C 199() American I-blda Mocor Co., Inc. EX model smwn. 

a driver's side airbag . Seems one good thing does lead to another. The Accord Wagon mm�mm 
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That's Intel's. And our 

new family of Math 

CoProcessors is faster

up to 50% for the 287XL. 

In fact, working side by side with the Intel 

microprocessor already inside your computer, 

an Intel Math CoProcessor can increase the 

speed of your spreadsheet, graphics, CAD and 

database programs by as much as 500%. That's 

good to know. 

And the fact that it's made by Intel is also 

good to know. 

Because Intel developed the first Math 

CoProcessor in 1982, and we've shipped 

millions since then. Each one is manufactured 

by Intel in the world's most advanced logic 
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facility, and then tested and retested against an 

exacting set of criteria. 

And we can guarantee that every Intel 

Math CoProcessor lives up to the industry 

hardware standards we helped develop, 

delivering the same results regardless of what 

type of computer you're doing calculations on. 

So call Intel at (800) 538-3373. Ask for 

literature Packet #F6 on Intel's new and im

proved Math CoProcessors. And put an Intel 

Math CoProcessor inside your computer. It's the 

only one with the Intel name to live up to. 

inter 
The Computer Inside:M 

©1990 Intel Corporation. 386 and 387 are trademarks of Intel Corporation. 
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50 AND 100 YEARS AGO 
,..----..... 

JUNE 1941 

"The fact that only 6,000 light-planes 
were produced in all of 1940 would 
seem to indicate that there is not much 
interest on the part of the public who 
buys motor cars by the millions. But 
the reasons for this small demand are 
the same as they have always been: 
present-day planes are still relatively 
difficult to fly; they are dangerous com
pared to automobiles; and there are a 
limited number of large landing fields. 
Ford and United are both aiming to cor
rect these shortcomings by experiment
ing with planes that can be operated 
out of small fields-backyards, if you 
want to stick your neck out that far 
in prediction. This means that the ulti
mate plane will be so designed as to 
be controllable at or very near zero 
speeds, a possibility with certain heli
copter types, as has been amply dem
onstrated by Igor Sikorsky." 

"The flattening of the Earth at the 
ends of its axis of rotation is caused by 
the centrifugal force arising from its 
rotation. There are several quite differ
ent ways in which the Earth's shape 
may be found. We may measure the 
length of a degree of latitude on the 
surface; we may measure gravity, which 
is less at the equator than at the poles, 
by finding the time of oscillation of a 
pendulum. Also, the attraction of the 
Moon on the Earth's equatorial bulge in
fluences the Earth's rotation and caus
es the precession of the equinoxes. The 
annual rate of this slow shift of the 

Earth's axis is very accurately known 
and can be calculated in terms of ellip
ticity. Collecting the results from the 
motions of the Moon and those from 
gravity on the Earth, Dr. Jeffreys finds 
that the ellipticity is 1/297.05 ± 0.38; 
that is, that the polar diameter is short
er than the equatorial by this fraction 
of the latter." 

"A skin test which tells in less than 
an hour whether or not a woman is 
going to become a mother has been 
announced by Dr. Frederick H. Falls, 
Dr. V. C. Freda, and Dr. H. H. Cohen, 
of the University of Illinois College of 
Medicine. The test is similar to those 
made for allergy to hayfever and is 
said to be 98-percent reliable. Colos
trum, a watery liquid secreted in the 
breasts during pregnancy until milk 
formation starts, is injected by hypo
dermic needle into skin of the forearm. 
If the woman being tested is pregnant, 
there is no reaction. If she is not preg
nant, a reddish area of one or two inch
es in diameter appears within an hour 
around the injection point." 

JUNE 1891 

"In the annual meeting of the Mich
igan State Board of Health, Dr. Baker 
reported that he had worked out the 
cause of influenza, the prevalence of 
which has greatly increased during the 

Launching torpedoes 
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last three months. He stated that the 
germs of influenza are generally at all 
times present but that there must be 
certain coincident meteorological con
ditions to irritate the throat and air pas
sages sufficiently to let the germs gain 
an entrance to the body. These mete
orological conditions in this instance 
were the excessive prevalence of the 
north and northeast winds, and the ex
cessive amount of ozone during the 
past three months. Now the causes are 
known, and the study of the measures 
for the prevention can begin." 

"Mr. Hiram Maxim has for some time 
past devoted considerable study to the 
subject of-aerial navigation. His practi
cal experiments appear to have crystal
lized into the form of a machine which 
might be called a steam kite. The exper
imental device consists of a thin sheet 
or kite 4 ft. wide and 13 ft. long, which 
is propelled by a screw capable of 2,500 
revolutions per minute. When properly 
inclined and pushed forward by the 
screw at the rate of 30 miles per hour, 
it will maintain itself in the air; if the 
forward speed is increased to 35 miles 
per hour, it begins to ascend; at 90 
miles its rising power is quite strong. 
Mr. Maxim is now at work on a large 
machine of silk and steel. A petro
leum condensing engine will furnish 
the power." 

"Why, asks the Pall Mall Budget, is 
it so difficult and expensive to con
struct an immense telescope? Some one 
who is anxious to anticipate events has 
asked: Why not replace the glass, which 
is only a medium transmitting light at 
a different velocity from air, by a prop
erly constructed electric field? It is con
ceivable that an electric field 50 feet in 
diameter could be arranged. Just what 
the nature of this field should be, with 
our present knowledge, we cannot say, 
but some day it will be known, and 
then the secrets of the other planets 
will be ours." 

"Among the recent incidents of the 
civil war in Chile was an engagement in 
Caldera Bay, a short distance north of 
Valparaiso, Chile, in which the insur
gent vessel, the Blanco Encalada, was 
sent to the bottom by a torpedo. Our 
engraving shows a torpedo boat in the 
act of discharging torpedoes from the 
low side and the stem." 

© 1991 SCIENTIFIC AMERICAN, INC



© 1991 SCIENTIFIC AMERICAN, INC



© 1991 SCIENTIFIC AMERICAN, INC



SCIENCE AND THE CITIZEN 

Science? Nyet 
Disillusioned Soviets embrace 
mysticism and the paranormal 

}\:pecter never anticipated by Karl 
Marx is haunting Russia-the 

specter of occultism. Real spec
ters, too, if you believe the newly freed 
Soviet press. 

Three-eyed extraterrestrials in silvery 
suits visited southern Russia a year 
and a half ago, according to Tass, the 
once staid Soviet news agency. A televi
sion faith healer claims to cure not 
only viewers but also those who drink 
water or apply cold cream that had 
been set before the TV screen. A Com
munist party paper offers young Mus
covites astrological advice on the prop
er timing for sexual activities. 

When these reports are picked up in 
the West, they are presented as equally 
true by the tabloids, equally false by 
the elite press and equally amusing by 
the television anchors. But the rising 
tide of credulity deeply worries Soviet 
intellectuals and Western specialists on 
Soviet affairs. To them the trend sig
nals an ominous decline in the respect 
accorded to science and rationalism. "A 
diminishing of the prestige of science, 
accompanied by a rise in the prestige 
of occultism, would not bode well for a 
free society," says Loren Graham, a his
torian of Soviet science at Harvard Uni
versity and the Massachusetts Institute 
of Technology. 

OPIATE OF THE MASSES? Krishnaites in Moscow. Photo: Sipa/Wallace. 

To explore the problem , Graham has 
organized a U.S.-Soviet panel to discuss 
anti-science trends in both countries. 
The workshop, to be held at M.I.T. in 
May, will include scientists and histori
ans from both countries, as well as in
fluential Soviet journalists. They will fo
cus on the Soviet case, however, be
cause they agree that it is the more 
alarming. "The question is which way is 
the curve going," Graham says. "Anti
science attitudes are burgeoning in the 
Soviet Union, but in the U.S. they have 
been constant for years." 

Judging by papers to be read by par
ticipants at the M.I.T. meeting, Soviet 
journalists and scientists themselves 
are at least partly to blame for the un
checked advances made by the forces 
of fabulism. "Soviets are not accus
tomed to a variety of opinions," says 
Lev Bazhenov, a workshop panelist 

from the Soviet Institute of Philosophy. 
"Any kind of nonsense, published in a 
newspaper, immediately increases its 
rating significantly." 

As superstition gains wider coverage, 
"it is interesting that at the same time 
we have a marked decline in the pub
lication of popular science magazines 
[and the broadcast of] TV programs on 
science and technology," writes Sergei 
Kapitza, president of the Soviet Physics 
Society [see also "Essay," page 132]. 
Adds Marina Lapina, associate editor 
of Science in the U.S.S.R.: "The blame 
lies ... also with the scientists who al
ways considered the popularization of 
science of secondary importance." 

In extenuation of these failings, some 
observers point out that glasrnost came 
as a shock to a cultural establishment 
that had never had to worry about its 
audience. For the first time in 70 years, 
publications must compete for circula
tion and even advertiSing, producing 
a scramble that often leads editors to 
place sensationalist stories cheek by 
jowl with serious accounts. In time, this 
argument goes, the Russian press will 
sort itself into high- and low-brow lay
ers, like those found in the West. 

Indeed, the garish cover stories on 
display at the supermarket checkout 
counters throughout the U.S. are not 
so different from some SOviet reports. 

The recent unconfirmed accounts of 
former Soviet leader Leonid Brezhnev 's 
penchant for astrology hardly surpass 
Nancy Reagan's famous astrological 
consultations. Soviet anti-science even 
gets some of its material from the 
West. "It is fascinating that in the Sovi
et Union we are now importing cre
ationism from the U.S. fundamental
ists," Kapitza says. 

A survey conducted by the Gallup 
Poll last summer indicated that one in 
four Americans takes cues from the 
stars or believes in ghosts. One in six 
claims to have communicated with the 
spirits of dead people; one in seven has 
seen a UFO (unidentified flying object). 
These figures may seem astoundingly 
high, but at least they are stable. In 
fact, the belief in UFOs-the one para
normal belief the pollsters have tracked 
over time-has actually fallen: only 47 
percent affirm the belief, down from 54 
percent in 1973. 

Data from the Soviet Union, where 
polling became possible only recent
ly

' 
are still largely anecdotal. No doubt 

some of the growth in occult opinion is 
an illusion created by the sudden end 
of censorship. But experts agree that 
paranormal beliefs are actually spread
ing and that regard for science is actu
ally falling. 

A decade ago Western Russia-watch-
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Since building million -mile 
models like these, 

Mercedes-Benz has 
learned how to make a 

really durable car. 
A 1957 Mercedes-Benz 180D and 

a 19 68 Mercedes-Benz 2 2 0D 

have each rolled up more than a 

million miles of faithful service 

on the roads of America-exem

plifying the virtues of good old

fashioned durability. 

The 19 9 1  Mercedes-Benz 

S-Class sedan in the foreground 

exemplifies a more advanced idea 

of durability. 

For example, mere sheet metal 

has been extensively superseded by 

new steel alloys that are simulta

neously lighter and stronger. 

Today's Mercedes is welded 

more accurately and in more 

places, by inhumanly precise 

robots. (Maximum tolerance per

mitted in overall car length: a vari-

ation no greater than the thickness 

of a credit card.) Corrosion resis-

tance extends even into remote 

body cavities, lined with a waxy 

protective compound unknown 

thirty years ago. 

Cylinder walls in 1991 S-Class 

V-8s consist of aluminum, com

bined with microscopic wear-resis

tant silicon crystals, creating a 

surface so hard that it must be ma

chined by diamond-tipped tools. 

The S-Class Mercedes of today 

is not only built but has also been 

tested to higher durability stan-

® 
ENGINEERED LIKE NO OTHER 

CAR IN THE WORLD 

dards. Case in point: Its spnng

core seats are designed to remain 

firm and supportive after half a 

million seatings. 

Since the two million-milers 

departed the assembly works, 

Mercedes-Benz has continued 

pyshing the boundaries of reli

ability and safety and efficiency 

fur ther forward. As that new 

S-Class attests. In its every detail. 

But this modern Mercedes 

does maintain one charmingly 

old-fashioned trait: the stubborn 

determination to repay its owner 

with many miles and many years 

of driving satisfaction. 

For more information on 

Mercedes-Benz durability, call 

1-800-336-8282, anytime. 
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ers interviewed a sample of Soviet emi
gres. James R .  Millar, a Soviet specialist 
at George Washington University, who 
headed that project, says about 80 per
cent of the emigres affirmed that sci
ence could solve most health problems, 
for example. Rather lower percentages 
said science could solve problems of 
energy, agriculture and pollution. 

Today, however, Soviet citizens are 
less enamored of science than sociol
ogists had expected. Lapina cites polls 
showing trust in scientific institutions 
to be lowest among well-educated peo
ple-that is, the opinion leaders. It 
would seem, therefore, that the trend 
has not bottomed out. "It 's a reason
able hypothesis to say there's some
thing of a reaction against the sci en
tism and instrumentalism that was rep-

resented by the party," Millar observes. 
Many scholars see close parallels with 

the U.S. experience of the 1960s and 
early 1970s, when mysticism, anti-sci
entism and radical environmentalism 
rose to their current strength on the 
backs of racial unrest, the Vietnam War 
and economic dislocation. In the U.S., 
though, the dislocation was in a time of 
prosperity, not the dire economic straits 
now faced by the Soviet populace. 

But there are specifically Soviet
or Russian-elements in the story. Not 
only has the Soviet Union's massive sci
entific and technological establishment 
failed to provide a cornucopia, it has 
littered the country with environmental 
horrors, above all the 1986 nuclear di
saster at Chernobyl. The shock is still 
sinking in. 

I Do Screwy Images Solve a Superconductor Mystery? 
, S Piral staircases. Whorls on whorls. Enchanted spiral forest. New micro-

scopic images of high-temperature superconductors have evoked lyrical 
phrases from Science and Nature, the scientific journals where the images 
first appeared. But the pictures are not just pretty. They may help solve a 
major obstacle to applications of these curious materials. 

Just five years ago scientists discovered a class of ceramic compounds 
that could conduct electricity without resistance at temperatures exceeding 
100 kelvins. But efforts to turn the superconductors into highly efficient mo
tors, magnets and other devices have been stymied by their inability to car
ry much current. 

The problem is that current in the ceramics generates magnetic flux lines 
that "wander " through the material and thereby impede the flow of elec
trons. This phenomenon is particularly severe in so-called bulk samples 
of the ceramics, such as wires. Yet thin films of the superconductors, made 
by condensing vapor on a cold surface, have been strangely exempt from 
the problem of wandering flux. Researchers suspected that defects in the 
molecular structure of the thin films "pin down" the flux lines, but the nature 
of these defects was unknown. 

Now scanning tunneling microscope (STM) images made by groups at the 
IBM Zurich Research Laboratory in Switzerland and the Los Alamos National 
Laboratory have revealed a defect candidate. The STM images, such as the 
false-color version from Los Alamos reproduced here, show that thin films 
consist not of evenly stacked layers but of tiny, spiral-shaped mounds a few 
hundred angstroms wide at the base. 

Both groups suspect that these spirals create "screw dislocations" that can 
pin down some of the wandering flux lines. Yet the spirals are not distribut
ed densely enough to account for the full current-carrying capacity of the 
thin films. The Los Ala-
mos workers suggest that 
flux lines may be pinned 
down not only by the spi
rals themselves but also 
by more subtle defects 
nestled between them. Re
solving this question may 
help scientists determine 
how to create defects
and so to improve the 
current capacity-in other 
forms of superconducting 
materials. -John Horgan 
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Meanwhile the Soviet people have be
gun to realize that their health care sys
tem, long advertised to them and the 
world as a paragon of equalitarian util
ity, in fact cannot even supply basic 
drugs or clean hypodermic needles, ex
cept to the well connected. According 
to Graham, the Soviet Union is the only 
industrialized country in which the 
mortality rate has risen during the past 
15 years. 

The ethnically diverse republics, 
which long resented being required to 
support the goals of the central author
ity, thus have many new reasons to re
sist paying their share for science, as 
well as for other cultural activities, such 
as the ballet. The republic of Georgia, 
for example, had already stopped pick
ing up the tab for such budgetary items 
before this spring, when it declared its 
independence from Moscow. 

Paul Josephson, a historian at Sar
ah Lawrence College, notes that mys
ticism has deep roots in Russian cul
ture, as evidenced in the 19th-century 
Slavophile movement, which sought to 
purge Russia of Western influences. An 
echo of the Slavophiles could be heard 
in Aleksandr Solzhenitsyn's speech at 
Harvard University in 1978, in which he 
attacked the West for what he called its 
materialism and soulless rationalism. 

Nostalgia for a premodern world has 
been strengthened by the general back
lash against Communism to create a 
"thirst for other ways of knowing," 
Graham says. Even Soviet citizens who 
are not really believers distance them
selves from the hated dogma of "scien
tific socialism" -the official term for 
Marxism-Leninism-by embracing ei
ther orthodox religion or fringe move
ments, says Lev N. Mitrokhin, deputy 
director of the Institute of Philosophy. 

What is to be done? Lenin, who 
posed that question in the title of his 
most famous book, answered it by call
ing for unquestioning acceptance of 
Communist discipline. But if democ
racy is to survive in the Soviet Union, 
precisely the opposite prescription is 
needed: the spirit of criticism must be 
revivified. 

Paul Kurtz, a philosopher at the State 
University of New York at Buffalo who 
recently visited the Soviet Union, of
fers a typically Western answer. He 
plans to establish a Russian version of 
the Skeptical Inquirer, a magazine he 
founded to investigate reports of para
normal phenomena. "Because of cen
sorship, critical thinking was blocked, 
not only in the masses but in the elite 
as well," Kurtz says. "At least in the 
U.S. we have a significant minority of 
sophisticated people who consider this 
all nonsense." -Philip E. Ross 
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There's more here 
than meets the eye. 

Especially when you put your mind to it. A 

butterfly might appear. Or two dancers. Or an 

inImite variety of other images. 

The unlimited potential of this ink blot has 

little to do with your eyesight. It is the power of 

perception that makes these images possible. 

The extent to which our minds are able to take 

in and impose meaning on our world. 

Our next Smithsonian World explores this 

process of perception, and its impact on our lives. 

You'll discover how our perceptions help us 

create and define our own existence. See how 

various groups and cultures enhance their 

perceptual abilities and heighten their self

awareness. And ultimately, understand that our 

concept of reality can come from inside us as 

well as around us. 

"The Doors of Perception" is an invitation for us 

to probe the perceptions of others. And in doing 

so, to contemplate our own. It is proudly brought 

to you by Southwestern Bell, June 5 at 8 p.m. on 

PBS. Check your local listings. 

And learn why your view of the world is all in 

your mind. 

@ 
Southwestern Bell 
Corporation 

SMITHSONIAN WORLD on PBS 

A co-production or WETA, Washington, D.C., and the Smithsonian Institution. Funding provided by Southwestern BeU Corporation. 
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The World Next Door. Now 

If it's true that all 

the world's a stage 

then Toronto has what it takes to 

be an act all its own. 

Scene opens with a cast of 

thousands - some sixty different 

cultures, dressed in their best, 

alive and in colour at the heart of 

the city. 

Take Caravan, by way of 

example. A city-wide festival 

celebrating nearly every kind of 

folk dance, foreign food and 

fashion that's forever a part of life 

as we know it. 

And try to imagine, if you can, 

over a million people dancing in 

the streets. We call it Caribana, 

a tradition carried on in glorious 

pageantry, flowing from the streets 

down to the waterfront and, of 

course, out onto the islands. 

Scene change. Costume change. 

The selling: Uptown at a table 

for two in an open-air cafe. 

Small wonder then that ward

robe plays a key role. And in a 

section of town -actually known 

as the 'Fashion District' - it's quite 

easy to fit in. 

Or our shopping thoroughfares 

- including a complex that spans 

five city blocks-are 

all within reach. 

Just 

browsing? 

T hen it's hard 

graces our public spaces. T he 

bohemian bent of private galleries. 

And the Art Gallery of Ontario 

for still another perspective. 

You can visit a centre dedicated 

solely to science. And a museum 

where (though, understandably 

the subject matter is seldom 

new) the exhibits are always 

different. 

To take it one stage 

further. .. 

Dim lights. 

Cue orchestra. Make up. 

Spotlight. 

Into the night where stepping 

out is just that. W here you' ll 

see how intimate our city is. 
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playing in a city near you. 

How friendly. How nice. 

Ofttimes, a selection of five-star 

restaurants is but a short stroll 

from your hotel. T he symphony a 

hop and a skip from the ballet. 

And yes, first-run theatres are all 

about town. 

But it really is one of those 

things where you have to be there 

to appreciate it. 

As for famous last words? 

Glad you asked. Let's just say 

you' ll love the reviews. 

Canada 
The World Next Door 

For further information on travel to Canada. see page 118 
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Homeobox Harvest 

A trail of knotted leaves leads 
to key regulatory genes 

When a small bud of tissue in 
an embryo spontaneously ma
tures into a fully formed arm, 

it is following orders. Those orders are 
given by homeobox genes, a family of 
"master" genes that specify develop
mental destiny. Homeobox genes are a 
ubiquitous feature of multicellular ani
mals and fungi-and now it seems of 
plants as well. 

Recently a team of geneticists at the 
Department of Agriculture's Plant Gene 
Expression Center and the University 
of California at Berkeley reported in 
Nature the first discovery of a homeo
box gene in plants. Their work further 
establishes homeobox genes as a uni
versal set of gene regulators that have 
been telling cells what to become for at 
least a billion years. 

During the 1980s, geneticists and 
embryologists realized that remarkably 
complex mutations in fruit flies could 
result from changes to certain individ
ual genes. These homeotic mutations, 
as they were called, could remove en
tire body segments or cause limbs to 
grow in bizarre places: the Antenna
pedia mutants, for example, had legs 
where they should have had antennae. 
The mutated genes appeared to over
see the activity of other genes and, 
through them, the differentiation of en-

tire sets of cells during development. 
Further research revealed that many 

of the genes responsible for home otic 
mutations strongly resembled one an
other at a certain sequence, which be
came known as the homeobox. William 
]. McGinnis, now at Yale University, 
and other investigators later demon
strated that highly similar homeobox 
genes could be found throughout the 
animal kingdom, even in yeast. Yet nu
merous attempts to find homeoboxes 
in a wide variety of plants were curi
ously unsuccessful. 

Sarah Hake of Berkeley and her col
leagues had not set out to find a plant 
homeobox, but they were not surprised 
when their work led them to one. Their 
studies focused on a mutation in maize 
called Knotted. The leaves of Knotted 
mutants are marred by knots, or swirl
ing protrusions of the lateral veins. The 
knots "seem to be a group of cells that 
continue to divide, surrounded by oth
er cells that have stopped," Hake ex
plains. "They're not like tumors. All the 
cells stay in a nice, neat sheet. It 's as 
though you poked your finger through 
the material of a sweater to make an 
outpocketing." 

Even the lateral vein cells that have 
stopped dividing are abnormal: they 
have characteristics of cells in the 
sheath, or base of the leaf. Also, in 
Knotted mutants the ligule-a small 
flap of epidermal tissue normally found 
between the flat blade and the sheath
grows in the blade itself. 

To Hake's group, all the mutant traits 
seemed to be caused by cells exhibiting 

KNOTTED MAIZE MUTANT (left) differs anatomically (rom normal plants (right). An 
abnormality in a homeobox gene that regulates differentiation causes some leaf cells 
to express inappropriate characteristics. Photo: Bruce Veit. 

24 SCIENTIFIC AMERICAN June 1991 

normal behavior in inappropriate plac
es or at inappropriate times. As such, 
they were reminiscent of the homeot
ic mutations observed in fruit flies. 
"llgules in the wrong place aren't as 
dramatic as Antennapedia mutations," 
she comments, "but in a way, they 're 
analogous." 

After several years of work , Hake's 
group succeeded in identifying the gene 
responsible for the Knotted mutation. 
They then deduced the amino acid se
quence it would make and compared it 
with those of other known proteins. 
Sure enough, there were sufficient sim
ilarities between the encoded protein 
and the products of homeobox genes 
for Hake to classify the Knotted gene as 
one containing a homeobox. 

In retrospect, Hake notes, it is clear 
why previous attempts to find plant 
homeoboxes failed. The most common 
search technique involved cross-hybrid
ization, in which DNA strands comple
mentary to one homeobox were used 
as probes for others. The divergence 
between the plant and animal DNA 
sequences is so great, however, that 
probe molecules based on the animal 
genes could not adhere to the plant 
genes reliably. "Now that there's a 
known plant motif, it is easier to pull 
out plant homeoboxes," she says. She 
and her colleagues have already iden
tified more homeoboxes in maize and 
several other plants, including toma
toes and rice. 

Although the plant homeoboxes dif
fer considerably from those found in 
animals and fungi, the similarities still 
suggest that all homeoboxes descend
ed from a gene in the organisms' com
mon ancestor, which lived a billion 
years ago. The role of a homeoboxlike 
gene in that unicellular ancestor is 
open to speculation. One possibility, 
McGinnis notes, is that the gene regu
lated the transformation of those one
celled creatures into a variety of forms. 
After multicellularity evolved, that func
tion could have been co-opted to pro
duce different cell types in different 
body regions. 

The discovery of the genes in plants 
continues to define the range of activ
ities that homeoboxes are known to 
regulate, adds Matthew P. Scott, a pio
neer of homeobox research at Stan
ford University. "In general, this is a 
very important type of question: Why 
is a certain type of regulator molecule 
involved in a particular process?" he 
asks. "Is there anything more than 
an accident of history that determines 
which of these kinds of proteins is 
involved?" Or as Shakespeare might 
have phrased it: Wherefore art thou, 
homeo? -John Rennie 
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Cutty Sark Blended Scots Whisky. 40% Alc. by Vol. Imported by C W. A. Taylor &Co., Miami, Florida 1991. 

-� --------------� 

This is a glass of Cutty Sark. 
It won't make you hip. It won't make you successful. 

And it won't change your life. 
And if you drink it si mply because 

you like the way it tastes, 
your life's probably pretty good already. 

cum SARl(® 

A 
SCOTS WHISKY 

UNCOMMONLY SMOOTH 
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From the Ashes 

Will the Gulf War boost 
the fortunes of Star Wars? 

S hortly after the u.s. and its allies 
began bombing Iraq-and after 
television viewers had watched 

u.s. Patriot missiles apparently blast
ing one Iraqi Scud after another out of 
the sky-the u.s. launched another of
fensive on the home front . The objec
tive: to muster support for the Strate
gic Defense Initiative (SDI), the contro
versial plan to protect the u.s. from 
ballistic nuclear missiles. 

In his State of the Union Address on 
January 29, President George Bush pro
claimed that the Patriots' performance 
had shown "we can defend against bal
listic missile attacks aimed at innocent 
civilians." He urged Congress to sup
port a "limited" new SDI plan designed 
to handle "any future threat to the Unit
ed States, to our forces overseas and to 
our friends and allies." In a budget re
leased later, the White House called for 
increasing next year's funding for SDI 
by more than 50 percent, from $2.9 bil
lion to $4.6 billion. 

Since then, SDI opponents have coun
terattacked. Some contend that the 
Patriots' performance has been great
ly overestimated and that the missiles 
may actually have increased casualties 
in Israel by spreading more debris over 
a wider area than an unintercepted 
Scud would have done. More to the 
point, the critics argue that Bush's new 
SDI plan is subject to the same flaws as 
previous ones. "It's the same old wine 
in a new bottle," says Matthew Bunn of 
the Arms Control Association. 

The limited system proposed by 
Bush, formally known as Global Protec
tion Against Limited Strikes, or GPALS, 
is a far cry from the invulnerable "Star 
Wars" shield envisioned by President 
Ronald Reagan back in 1983. GPALS 
could parry attacks of only 200 war
heads at most, according to SDI offi
cials. The estimated cost of the system, 
which the Pentagon hopes to deploy be
ginning in the mid-1990s, is approxi
mately $4 5 billion in current dollars, a 
fraction of the estimates just a few 
years ago. 

GPALS's first line of defense would 
consist of space-based interceptors 
called Brilliant Pebbles. Each of these 
small (one analyst called them "child
sized"), autonomous missiles would 
supposedly have the ability to detect, 
home in on and smash enemy mis
siles. GPALS also calls for deployment 
of space-based sensors called Brilliant 
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PATRIOTS may not have performed as 
well in the Persian Gulf War as initially 
claimed. Photo: D'Essai/Sygma . 

Eyes and of some 1,000 ground-based 
interceptors-advanced, longer-range 
versions of the Patriot. 

SDI officials say such a system could 
handle three types of attack: an acci
dental launch by the Soviet Union or 
some other nuclear power; an unau
thorized launch (by a renegade subma
rine commander, for example, such as 
the one depicted in the novel and film 
called The Hunt for Red October); or 
a deliberate launch by another hostile 
country. Pentagon officials warn that 
18 countries now have ballistic mis
siles, with which they might someday 
carry out biological and chemical as 
well as nuclear attacks. 

Officially, the cold war is over, and 
the U.S. no longer fears an all-out nu
clear attack by the U.S.S.R . ,  but some 
SDI personnel seem to feel otherwise. 
During a recent meeting in New York 
City, Michael Griffin, deputy director 
of SDI technology, suggested that the 
threat of massive retaliation by the U.S. 
may not be enough to deter the Sovi
ets from launching a first strike. Noting 
that 20 million Soviets died in World 

War II , Griffin said" their notion of ac
ceptable losses is different than ours, 
and I'm worried about that." 

Henry F. Cooper, the director of the 
SDI Office, thinks the U. S. should de
ploy an SDI system even if it means 
scrapping the 1972 Anti-Ballistic Mis
sile Treaty, which allows the U.S. and 
the U.S.S.R . to deploy no more than 
100 ground-based ABM missiles at a 
single site. The Soviets "will scream 
bloody murder," Cooper acknowledged 
in an interview with SCIENTIFIC AMERI
CAN. But he insisted that the Soviets 
would cooperate if only Congress and 
the American public would uniformly 
support the program. 

This kind of talk worries Albert Car
nesale of Harvard University's ]. F. 
Kennedy School of Government, who 
helped to negotiate the ABM Treaty. He 
notes that unilateral deployment of SDI 
by the U.S. would almost certainly scut
tle U.S.-Soviet negotiations aimed at re
ducing offensive nuclear weapons and 
could even trigger a new arms race. The 
Soviets cannot match the U.S. in build
ing a strategic defense, Carnesale says, 
but they could ensure their ability to 
retaliate by building more offensive 
weapons, which are relatively cheap. 

Even if this scenario did not occur, 
GPALS would not be worth the cost, ac
cording to Richard L .  Garwin, a phys
icist at mM and another veteran SDI 
critic. Garwin points out that both Dick 
Cheney, the secretary of defense, and 
Colin Powell, chairman of the Joint 
Chiefs of Staff, have downplayed the 
likelihood of unauthorized launches of 
Soviet missiles and that accidental at
tacks can be prevented much more eas
ily and cheaply by equipping missiles 
with radio-controlled disabling devices. 

As for the proliferation of ballistic 
missiles among Third World nations, 
James Rubin, an arms-control special
ist for Senator Joseph R .  Biden, Jr. , of 
Delaware, contends that for now the 
threat to the continental U.S. remains 
completely hypothetical. "The money 
could be much more safely and effec
tively used keeping people from get
ting this technology," he says. 

There is one part of Bush's new SDI 
plan that even the critics find unobjec
tionable. It calls for research into up
graded versions of the Patriot: ground
or ship-based defensive missiles that 
could protect U.S. troops and allies 
from short- or medium-range ballistic 
missiles like the Scud. Congress may 
well provide the $600 million Bush has 
requested for this effort, says Robert G. 
Bell of the Senate Armed Services Com
mittee-or even increase it. 

Some moderate politicians and inde
pendent experts, Bell adds, have also 
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expressed interest in deploying as many 
as 300 ABM missiles at several sites in 
the U.S. Such a system could protect 
the U.S. from most plausible threats 
at a relatively small cost and with only 
minor modifications of the ABM Trea
ty, according to Michael Krepon of the 
Henry L .  Stimson Center in Washing
ton, D.C. "It won't be amazing SCience," 
he says, "but it could be practical." 

But Krepon says neither he nor-he 
thinks-a majority of Congress will 
support the deployment of 1,000 in
terceptors on the ground and an equal 
number in space. "That just won't hap
pen," he says. 

will keep a lid on funds for strategic de
fenses-and the space-based Brilliant 
Pebbles in particular. He suspects that 
Bush might even intend this outcome. 
The GPALS plan, Pike quips, has effec
tively "deferred the decision on Brilliant 
Pebbles to the first Quayle administra
tion." Vice President Dan Quayle is said 
to be the most ardent supporter of SDI 
in the White House. -John Horgan 

John E.  Pike of the Federation of 
American Scientists predicts that Con
gress will agree to fund tactical ABM 
missiles that improve on the Patriot but 

Of Two Minds about Privacy 

T he father of computer privacy says he's depressed. 
Willis H. Ware of the Rand Corporation wrote a report 

for the U.S. Department of Health, Education and Welfare 
in 1973 that helped lead to the first rules for personal in
formation in government data bases. Since then, he com
plains, "I' ve watched nothing happen." Today, he says, 
" the enemy" is commercial repositories of data rather 
than government ones, and "privacy has been nickeled 
and dimed to death" by piecemeal legislation. 

Maybe that's just the way Americans want it. According 
to a .survey commissioned by Equifax, one of the three 
major credit-reporting bureaus, the majority of U.S. citi
zens may not really mind that people can buy or sell their 
names, addresses, telephone numbers, salaries, bank bal
ances, purchasing habits or commuting patterns. Speak
ing at the Conference on Computers, Freedom and Pri
vacy in Burlingame, Calif., this past March, John Baker, the 
company's senior vice president for consumer and gov
ernment affairs, contended that most people welcome 
the fact that credit data bases let them undertake busi
ness transactions with perfect strangers. 

Equifax's poll, conducted by Louis Harris & Associates, 
reveals that people have mixed feelings about privacy. 
Nearly four out of five express general concern about 
threats to privacy, but the same proportion would be up
set if they could not get credit based on their past record 
of paying bills. Similarly, about two thirds oppose direct
marketing companies being able to buy their personal in
formation, but the same number supports the sale of lists 
containing the names and addresses of those who might 
want to receive information about a particular product. 

These attitudes translate into actions that are also at 
cross-purpost!s. Activists in the U.S. are pushing legisla
tion that would increase people's control over information 
about them held in other hands. One proposal would 
force private data bases to send people a copy of their 
personal files. Meanwhile the computer network Com
puserve offers a national directory capable of producing 
the name and address corresponding to any given tele
phone number for about 50 cents. 

In much of the rest of the industrialized world, people 
already have rights over data bases containing their per
sonal information. And many practices common in the 
U.S., such as electronic monitoring of the workplace, are 
illegal elsewhere. Indeed, Simon Davies of the University 
of New South Wales calls the U.S. situation "an embarrass
ment to the privacy movement." 

Americans seem to have opted against privacy even in 
trivial matters: coin less telephones in the U.S., for exam
ple, rely on credit cards and a centralized data base, 
whereas those in Europe typically rely on anonymous 

magnetic cards that are debited with each call. And elec
tronic highway tollbooths now being tested in several 
cities take the same approach as the telephone system, 
recording the identity of all cars passing through them. 

In addition, at least two U.S. computer companies are 
experimenting with "active badges," ID cards containing 
microchips that can track employees from room to room. 
Researchers say the information can be used to forward 
telephone calls automatically or to produce a personal di
ary of meetings. 

The technology already exists, however, to protect 
privacy instead of encroaching on it. David Chaum of 
the Centre for Mathematics and Computer Science in Am
sterdam, for example, is pushing "digital cash" based on 
"smart" credit cards and advanced encryption techniques. 
He says it can guarantee creditworthiness without resort
ing to central repositories of personal data and buying 
habits. In fact, Chaum claims his system can replace virtu
ally every other form of personal credentials. The only 
question is whether anyone will want it if its only advan
tage is privacy. -Paul Wallich 

In general, Americans value privacy highly: 
79 percent are concerned about threats to personal 

privacy 

79 percent believe that privacy is a fundamental right 

71 percent believe that consumers have lost control over 
personal information 

57 percent believe that consumers are asked to provide 
excessively personal information 

30 percent have decided not to apply for a job, credit or 
insurance to avoid disclosing information 

But when it comes to specifics, other priorities come first: 
96 percent believe that credit checks for loan applicants 

are appropriate 

94 percent believe that credit checks for credit-card appli
cants are appropriate 

83 percent support preemployment drug testing 

78 percent would be upset if they could not get credit 
based on credit reports 

67 percent accept the use of bankruptcy prediction formu
las to deny credit. (Of the 25 percent of respondents 
who reported being denied credit, however, 
72 percent believed the denial was unjustified.) 

54 percent would allow health insurers to exchange infor
mation about previous claims when deciding whether 
to issue policies 

44 percent would be upset if they could not use credit 
cards to purchase goods and services 

SOURCE: Louis Harris & ASSOCiates 
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The name Mitsubishi means "Three Diamonds:' 
And for 75 years, the triple diamond has 
represented the company's unbending 
quality standard. 

porates ETACS-IVTM-a system that quiet
ly extends ten courtesies, from automatic 
doorlock above 12 mph, to automatic 
headlight shutoff. 

INTROD UCING DIAMANTE. 

engineering: from rigid passenger shell 
buffered by a crumple zone, to driver-side 
airbag and ABS anti-lock brakes� 

All told, the Diamante offers more 

A NEW LUXURY PERF ORMANCE SEDAN, 
BRILLIANT IN EVERY FACET. 

Now, on the eve of its diamond anniver
sary, Mitsubishi Motors proudly announces 
the highest expression of that standard
the new Diamante. A new lUxury perfor
mance sedan so thoroughly accomplished, 
it has already won Japan's coveted "Car 
of the Year" award. Against a field that 
included the Acura Legend, Acura NSX and 
Infiniti G20. 

Everywhere, the Diamante's design 
reflects a quest for integration and balance. 

Beginning with a V6 engine that is 
powerful. achieving 202 horsepower in the 
24-valve version. Yet also serenely smooth 
and quiet, befitting a luxury sedan. 

Likewise, the suspension is fully inde
pendent, with a multi-link rear design, to 
strike a balance between tenacious road
holding and a gentle ride. 

These handling traits can be enhanced, 
in the Diamante LS, with optional Active
ECS™ (electronically controlled suspension) 
and TCLlM(dual-mode traction control). 

A gracious host. the Diamante incor-
·ABS optional on Oiamante. standard on Oiamante LS. 

Every object in the cabin exudes 
quality, both to the eye and to the touch. 
The computer-designed front seats provide 

extra support at anatomical centers of 
gravity. Virtually every lUxury amenity is 
available, from leather seating surfaces 
to complete prewiring for an optional 
cellular phone. 

Of course, this wealth of performance 
and lUxury is blended with exhaustive safety 

performance, luxury and technological 
innovation than many established luxury 
cars. Even some costing considerably more. 

You are invited to take a test drive and 
judge for yourself. Please call 1-800-447 -
4700 for your nearest Mitsubishi Motors 
dealer. 
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There's the Rub 

Nanotribology reveals the 
atomic nature of friction 

H ere's a course of study that 
has not shown up at many 
schools yet: nanotribology. It is 

the study of friction on an atomic scale, 
a pursuit made possible by the advent 
of high-resolution microscopy and pow
erful computers. In their efforts to de
scribe the molecular dynamics of fric
tion, researchers are getting some un
expected-and useful-results. 

Uzi Landman and William D. Luedt
ke, physicists at Georgia Institute of 
Technology, and Nancy A. Burnham 
and Richard J Colton, chemists at the 
Naval Research Laboratory in Wash
ington, D.C. ,  investigated the molec
ular interactions that make objects 
try to stick to one another. They used 
computer simulations and an atomic
force microscope to see what happens 
when the tip of a tiny nickel probe ap
proaches a layered substrate of gold. 
The microscope, which consists of a tip 
mounted to a cantilever, can measure 
the forces between two substances sep
arated by less than one angstrom (10 
nanometers). 

The researchers' systems consisted 
of 7,0(1)0 to 12,000 atoms, so they could 

"capture the full faithfulness" of the 
processes unique to the nanoworld, 
Landman says. "At a certain distance 
between the tip and surface, about 4.25 

angstroms, an instability occurs," Land
man explains. Some of the gold atoms 

"jumped" up to the nickel, adhering to, 
or "wetting," the bottom of the tip. 

Pulling the tip back after it had con
tacted the surface brought more sur
prises. A connective "neck" of atoms
a sort of wire on an atomic scale-de
veloped between the two metals. Once 
the tip is pulled far enough from the 
substrate, the wire snaps, leaving be
hind a gold-plated nickel tip and a 
damaged gold surface. 

Landman believes the phenomena 
can be explained by the different sur
face energies of nickel and gold. The 
surface energy refers to the amount of 
energy it costs for a substance to have 
an exposed surface. "Gold has a low 
surface energy compared with nickel, 
so the system would rather have the 
nickel surface wetted, or covered, by 
gold," he says. 

The formation of the intermetallic 
junctions (the necking between the 
nickel and gold) is the microscopic ba
sis for the macroscopic phenomenon of 
adhesion and friction. Two surfaces "do 
not just flatly become glued to each 
other," Landman observes. "The atom
istic mechanisms that bring about the 
formation of these junctions is funda
mental to understanding the resistance 
to shear-what we call friction." 

Some nanotribologists believe such 
studies may soon lead to a "rational de
sign" of lubricants. "The intuition from 
bulk studies is not very useful," says Ja
cob N. Israelachvili, a chemical engineer 
at the University of California at Santa 

Barbara. Before the nanoscale behavior 
of materials could be observed, many 
substances were believed to be good 
lubricants simply because of their high 
viscosity. 

"But we found it's a totally different 
reason," Israelachvili says. He and his 
colleagues studied thin liqUid films 
of hydrocarbons-about one to three 
atomic layers thick-sandwiched be
tween two surfaces. They found that 
the lubricating abilities depend on the 
branching of the chains of molecules. 

"The molecular geometry is such that 
the hydrocarbon molecules interlock 
with neighboring molecules at the sur
faces," Israelachvili notes. The lubricant 
effectively acts as a barrier, preventing 
the formation of any junctions between 
the two surfaces. 

Understanding friction on a molecu
lar level may also lead to ways of coat
ing substances with thin layers and 
controlling individual atoms. Now that 
researchers can manipulate single at
oms with a scanning tunneling micro
scope to spell out letters such as I, B 
and M, for example, nanotribology may 
offer a way to stabilize such configura
tions, which break down if not kept 
cold. Scientists may also one day be 
able to perform "corrective surgery" on 
microscopic defects in surfaces. 

For now, Landman asserts that nano
tribologists have finally begun to learn 
the underlying mechanisms for fric
tion. That means many macroscopic 
descriptions will "have to be modified 
to reflect understanding of the small 
scale." -Philip Yam 

ATOMIC-LEVEL FRICTION between a nickel tip (red) and a 
gold surface (layering of yellow, blue and green) is described 
by a computer simulation. The sequence of events begins with 

the tip indented into the surface (top left). As the tip is slowly 
lifted, an intermetallic junction forms, eventually leading to 
the "wetting" of the tip by the gold atoms (bottom right). 
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Wa1k:ing 
Hearing your customers and having the ability to respond efficiently and 

thoughtfully to their needs is key to the present business climate. T he companies of 

Bell Atlantic know this, so they've created some tools to help you do just that. Features 

the line between 
like 'voice mail,' which allows clients to leave detailed messages 24 hours a day. And 

features that can forward your calls both in and out of the office to follow you wherever 

you are. Improve your bottom line and customer communication. Let Bell Atlantic 

success 
enhance your current phone system or create a new one for you. To get the 

phone system that's right for you, call your representative at Bell of Pennsylvania, 

Diamond State Telephone, New Jersey Bell or T he C&P Telephone companies. 

and failure . 
It doesn't cost to call, but it might cost not to. 1-800-843-2255. 

@Bell Atlantic 
© 1991 Ben Atlantic We're More Than Just TallZ. 
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Double Vision 

Binary-optics developers focus 
on sensors and communications 

B y etching microscopic grooves in 
the surface of translucent mate
rials, engineers are creating pre

cise, efficient , inexpensive, paper-thin 
lenses known as binary optics. More 
than 50 companies in the U. S. , Europe 
and japan have begun to capitalize on 
binary optics. But Wilfrid B. Veldkamp, 
who helped pioneer the technology at 
the Massachusetts Institute of Technol
ogy 's lincoIn Laboratory, believes that , 
considering the potential of binary op
tics, researchers have only scratched 
the surface. 

Binary optics can already be found in 
such systems as infrared cameras, en
doscopes and ultraviolet sensors. The 
lenses have improved the performance 
of these systems while reducing the 
number of optical elements, the size 
of the device and the cost of manu
facturing . And because high-quality, bi
nary-optic lenses can be as small as 
tens of microns in diameter, research
ers are discovering that they are well 
suited as focusing elements for sensor 
systems, scanning optics for laser print
ers, read heads for compact disc play
ers and transducers in communications 
networks. 

The first binary-optic lenses had cir
cular, concentric grooves and ridges. 
Because these features formed a two-

level surface, Veldkamp coined the 
term " binary optics." For a binary-optic 
lens to function effectively, the depth 
of the grooves and the spacing be
tween them must be comparable to the 
wavelength of the light they are intend
ed to modify. 

Instead of refracting light like con
ventional lenses, binary optics diffract 
light like holograms. The light that 
strikes the ridges of a binary-optic lens 
travels through more material than the 
light that enters the grooves. As a re
sult, the light passing through the ridg
es is delayed with respect to the re� 
mainder, and the light waves diffract , 
or interfere with one another. The in
terference effect can be used to focus, 
filter, polarize, shape, split or combine 
beams of light . The effect can be modi
fied by altering the pattern of grooves 
as well as their dimension and shape. 

The technology of binary optics is 
by no means the first to be based on 
diffraction, but in most circumstances, 
it is far more efficient than any oth
er. Binary- optic lenses operate best on 
beams of radiation of a single frequen
cy, for example, laser light. They can be 
adapted or combirled with convention
al lenses to handle a broad spectrum of 
light or to provide a wide field of view. 

Most of the principles of binary op
tics have been known for two decades. 
What launched the technology in the 
1 980s were the advances in fabrication 
that made commercial applications fea
sible. The first of two manufacturing 
processes involves a machine that ro
tates lenses on cushions of air and then 

MICROLENSES advance the effort to integrate optics with electronics. Each lens is SS 
microns in diameter, smaller than a grain of sand. Photo: Wilfrid B. Veldkamp. 
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cuts them with diamond-tipped tools. 
To produce more intricate structures, 

workers rely on lithographic techniques 
similar to those used to make integrat
ed circuits : a surface is covered with a 
patterned mask , and a particle beam 
etches away the unprotected regions. 
As many as 20,000 binary-optic lenses 
can be packed on a surface one square 
centimeter in area. These microlenses 
can split or combine light from laser 
diodes, and in this capacity, they have 
demonstrated their potential in optical 
computing . 

Microlenses can be combined with 
microelectronics to make sensors that 
gather and process data with great fa
cility. H. john Caulfield of the Universi
ty of Alabama at Huntsville, Veldkamp 
and many others are developing such 
sensors for robotic vision and missile 
guidance. The sensors rely on arrays 
of microlenses that can focus a small 
part of a scene onto a detector less than 
a millimeter away. Indeed, the micro
lenses concentrate the light so precise
ly that the detectors can be extremely 
small, leaving room nearby for process
ing electronics. The sensors are already 
capable of crudely detecting the move
ment of objects or their edges. 

Although such high-tech applica
tions foretell a promising future for bi
nary optics, most short-term benefits 
will come from combinations of con
ventional and binary optics. Workers at 
3M Corporation, for instance, have de
signed elements to replace the lenses of 
eyes in patients who suffer from cata
racts. Conventional lenses are routinely 
used in the operation, but they are lim
ited in their ability to allow patients to 
focus on near or distant objects. 

To solve this problem, john Futhey, 
a senior physicist at 3M , and his col
leagues have added a binary- optic ele
ment to a conventional lens. As light en
ters the eye, the element focuses about 
half of the rays on the surface of the 
retina and half within the retina . The 
eye and brain can concentrate on one 
focal point and ignore the other, pro
viding either near or distant vision. The 
binary lenses have been implanted by 
the thousands in 5 0  countries, and 3M 
expects that they will be available to 
surgeons in the U. S. within the year. 

Veldkamp wonders whether the op
tics industry suffers from its own 
brand of shortsightedness. "I fear that 
companies in the U. S. are working only 
on applications that can be devel
oped within the next five years," Veld
kamp comments. " To maintain our 
leadership in this field , we must begin 
thinking about long-term possibilities 
that will appeal to a mass consumer 
market ." -Russell Ruthen 
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Second Guessing 

Is more oversight needed 
to curb scientific cheating? 

S ince the very nature of science is 
checking , testing and replicating , 
it hardly seemed necessary to peer 

over researchers' shoulders. And , af
ter all , who could be more trustworthy 
than a seeker of truths ? But following 
recent revelations of apparent fraud
ulent research at top scientific insti
tutions-and cases involving leading 
scientists-policymakers are becoming 
convinced that more must be done to 
deter misconduct and to ensure an ef
fective response to allegations. "There 
is a perception that things are out of 
control , "  says Erich Bloch of the Coun
cil on Competitiveness, who was until 
last year the director of the National 
Science Foundation. "And even if that is 
not true, something more than a busi
ness-as-usual approach is needed ."  

The most publicized recent case 
began five years ago, when Margot 
O' Toole, a postdoctoral fellow at the 
Massachusetts Institute of Technology, 
questioned data in a paper written by a 
team that included her supervisor, The
reza Imanishi-Kari , and Nobel laureate 

David Baltimore, who is now president 
of the Rockefeller University. 

In March 1 99 1 ,  a draft report by 
the National Institutes of Health Office 
of Scientific Integrity concluded that 
Imanishi-Kari had indeed fabricated 
data both in the original paper, pub
lished in Cell, and in a subsequent cor
rection letter. Baltimore, whose own 
contribution to the research has not 
been challenged,  finally retracted the 
paper. Observers say that if the Nlli ' S  
findings stand-the draft report was 
leaked to the press before final re
view-Imanishi-Kari will probably be 
barred from receiving federal research 
funds and may face criminal charges.  

But the still unfolding drama could 
have wider consequences. An oversight 
subcommittee, chaired by Representa
tive John D. Dingell of Michigan, held a 
series of hearings on the affair, which 
Baltimore angrily denounced as a threat 
to scientific freedom. In April the sub
committee was preparing a potential
ly damaging report on how M . I .T. and 
Tufts University, where Imanishi-Kari 
currently works, investigated O'Toole's 
challenges. An Nlli committee has a 
similar inquiry under way. As a result, 
many observers believe the affair could 
intensify pressure on universities to 
sharpen their procedures for investigat
ing misconduct .  

Science fraud is ,  of course, not new. 
Harvard University was shaken by a no
torious case in the early 1 980s, when 
John R .  Darsee was caught faking re
search. And the developments in the 
Imanishi-Kari case follow hard on the 
heels of another Dingell investigation
into accounting improprieties related 
to research at Stanford University. Sci
entific misconduct runs a gamut from 
such frowned on practices as adding 
the names of "honorary authors" to re
search reports to the deliberate fabrica
tion of data . 

Still , more cases now seem to be 
coming to light. Several congressional 
hearings have examined the frequent
ly heard explanation that science facul
ty members who consult for high-tech
nology companies are subject to ines
capable conflicts of interest . Another 
view is that intense career pressures 
on young scientists to " publish or per
ish" tempt some into cutting corners. 
Faculty appointments are often made 
on the basis of research publications, 
and more are generally seen as better. 
"Sometimes a scientist falls into slop
piness that evolves into outright mis
representation, "  says Suzanne W. Had
ley, who was in charge of the Nlli' S  in
vestigation of Imanishi-Kari. 

In an attempt to keep its own house 
in order, Harvard introduced guidelines 
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on research conduct in 1 988 to combat 
the publish-or-perish syndrome. The 
guidelines suggest, for instance, that 
only five publications should be as
sessed for junior appointments. They 
also stipulate that in collaborations, 
principal authors review all data. Oth
er universities have adopted similar 
policies. 

A committee of the National Acade
my of Sciences, chaired by Edward E .  
David, Jr. , a science adviser t o  Presi
dent Richard M. Nixon, is considering 
whether such guidelines should be pro
mulgated for all scientists. David voic
es popular sentiment in scientific cir
cles when he says, "You're better off if 
contentious cases are handled close to 
the people involved. I would look to lo
cal mechanisms first." 

But even supporters of that view be
lieve that self-policing by the univer
sities is far from easy. Eleanor Shore, 
dean for faculty affairs at Harvard Medi
cal School, points out that a determined 
scientific cheat is unlikely to be deterred 
by rules. The committees convened by 
M. LT. and Tufts to investigate, for ex
ample, the allegations against Imanishi
Kari found no evidence of wrongdoing. 
David concedes that many universi
ties lack the expertise to conduct com
plex investigations fairly-and prompt
ly. Hadley has similar doubts. "It's a 

real paradox that in some of the most 
difficult, challenging and sensitive situ
ations, we put the responsibility back 
on the institutions," she says. 

Hadley notes, for example, that when 
university officials call to say they are 
initiating an investigation of miscon
duct, she usually has to impress on 
them the need to secure immediately 
all primary data. A bungled investiga
tion can destroy the career of a wrong
ly accused researcher or of a whistle
blower whose complaint is dismissed. 
(O'Toole was fired after making her al
legations and was unable to find work 
in science for four years.) 

Moreover, despite the recent spate 
of publicized cases, ill-founded charges 
are more likely than out-and-out fraud. 
The Nm Office of Scientific Integrity, 
which investigates Nm-funded research 
when a local inquiry has found wrong
doing or when a whistleblower is dis
satisfied, has concluded l l O  investiga
tions since it was created in 1 989. It 
found misconduct in only 1 6  of them. 

The Nm'S procedures, however, also 
have their critics. Barbara F. Mishkin, 
an attorney who represents several ac
cused scientists, argues that the Nm 
denies due process to those under sus
picion. Mishkin points out that leaked 
draft reports from the Office of Scien
tific Integrity can-as in the Imanishi-

Kari case-damage reputations before 
the findings can be challenged. 

Bloch and a growing number of other 
science administrators think what is 
needed is "a mechanism so that all 
parties, including the institutions, can 
obtain help" in resolving allegations. 
Bloch emphasizes that he would like to 
see scientists themselves enact such a 
mechanism, to avoid chilling free in
quiry. But Peter Stockton, a staff mem
ber of Dingell's subcommittee, believes 
the root of the problem is unwilling
ness, rather than inability, to investi
gate. Both M. LT. and Tufts had pro
cedures for dealing with allegations 
of misconduct, he suggests, but they 
failed to uncover the facts. 

One option being studied is that 
Congress may punish universities that 
are lax, perhaps by barring them from 
receiving federal funds. "That is the 
key," Stockton says. "The procedures 
are worthless unless you have the will 
to do it." 

It is certain that more instances of 
misconduct will come to light-especial
ly with the payoff in publicity for inves
tigators. The Nm has several probes un
der way, and the Nm fraud busters who 
pressed the Imanishi-Kari investigation 
are now using computers to search for 
plagiarism. They say they have already 
netted a big case. -Tim Beardsley 
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PROFILE : PHYSICIST JOHN A .  WHEELER 

Questioning the " It from Bit" 

I t ' s hard keeping up with John Ar
chibald Wheeler. When we leave his 
third-floor office at Princeton Uni

versity to get some lunch, he spurns 
the elevator-"Elevators are hazardous 
to your health," he declares-and charg
es down the stairs. He hooks an arm in
side the banister and pivots at each 
landing, letting centrifugal force whirl 
him around the hairpin and down the 
next flight . "We have contests to see 
who can take the stairs fastest ,"  he says 
over a shoulder. 

Outside, Wheeler march
es rather than walks, 
swinging his fists smartly 
in rhythm with his stride. 
He pauses only when he 
reaches a door. Invariably, 
he gets there first and 
yanks it open for me. After 
passing through, I wait a 
moment in reflexive def
erence-after all , the man 
will be 80 years old in 
July-but a moment later 
he's  past me, barreling to
ward the next doorway. 

after a bus or woman or cosmological 
theory, because there'll always be an
other one in a few minutes" (a profes
sor of French history at Yale ) ;  and " If 
you haven't found something strange 
during the day, it hasn't been much of 
a day " (Wheeler). 

Lately Wheeler has been drawing 
his colleagues'  attention to something 
strange indeed. It is a worldview uniting 
information theory, which seeks to max
imize the efficiency of data communi-

rous appetite for reading ),  he entered 
Johns Hopkins University at the age of 
16 and emerged with a Ph.D.  in physics 
six years later. 

He subsequently journeyed to Co
penhagen to study with Niels Bohr, the 
great Danish physicist ,  "because he 
sees further ahead than any man alive,"  
Wheeler wrote on his application for 
the fellowship. In 1939 Bohr and Wheel
er published the first paper successfully 
explaining nuclear fission in terms of 
quantum physics. Wheeler 's expertise in 
nuclear physics led to his involvement 
in the construction of the atomic bomb 

during World War II and , 
during the cold war 's  early 
years, the hydrogen bomb. 

I had heard that beneath 
Wheeler's puckish demean
or lay a core of steel . That 
is apparent when I ask if he 
has any second thoughts 
about helping to create 
nuclear weapons. His eyes 
narrowing , he acknowledg
es that "a lot of my friends 
have gone around giving 
what I call 'scare-the-dope 
speeches' " deploring such 
weapons. But he has no re
grets. Nuclear weapons, he 
insists, saved lives by end
ing World War II quickly 
and by deterring Soviet ag
gression thereafter. 

The metaphor seems so 
obvious I almost suspect 
it is intentional. Wheeler, 
a professor emeritus of 
physics at Princeton and 
the University of Texas 
at Austin, where he holds 
a joint appointment and 
spends a few weeks each 
year, has made a career of 
racing ahead of other sci
entists and throwing open 
doors for them. He has 

Wheeler 's cosmos is participatory. Photo: J. Pinderhughes. 

When his involvement in 
the H-bomb project ended, 
Wheeler immersed himself 
in studying relativity and 
gravity-which he calls his 
" lifelong love"-at Prince
ton. In 1 966 he proposed 
that a brilliant cloud of gas 

helped gain acceptance-or at least 
attention-for some of the most out
landish ideas of modern physics,  from 
black holes to multiple-universe theo
ries .  "He has this great ability to see 
what is important before anyone else 
and persuade others that this is so," 
says David Deutsch, a physicist at the 
University of Oxford. 

Wheeler is also renowned for his 
coinages, analogies and aphorisms, 
both self-made and co - opted.  Among 
the one-liners he bestows on me are, " If 
I can't picture it , I can't understand it " 
(Einstein) ; "Unitarianism [Wheeler 's of
ficial religion] is a feather bed to catch 
falling Christians" (Darwin) ;  " Never run 
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cations and processing , with quan
tum mechanics. As usual , Wheeler has 
packaged the concept in a catchy 
phrase : " it from bit . "  And as usual, he 
delights in being ahead of-or at least 
apart from-the pack . "I hope you 
don't think I 'm too much like Daniel 
Boone,"  he says slyly. "Any time some
one moved to within a mile of him, he 
moved on. "  

Wheeler might have been dismissed 
as fun but flaky long ago if he did not 
have such unassailable credentials. The 
son of two librarians "who were inter
ested in ideas, interested in the world , 
interested in adventures" (and who ob
viously endowed him with an omnivo-

known as the Crab nebula was illumi
nated from within by a whirling sphere 
of solid neutrons created by the implo
sion of a star. Astronomers later de
tected such a spinning neutron star, or 
pulsar, both in the Crab nebula and 
elsewhere in the Milky Way. 

Wheeler also speculated that matter 
could collapse even beyond the solid
neutron state, becoming so dense that 
nothing-not even light-could escape 
its gravitational clutches.  Such an ob
ject was first proposed by j. Robert Op
penheimer and Hartland S.  Snyder in 
1939 ,  but it had been dismissed as a 
theoretical curiosity and not something 
that might actually exist . 
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Wheeler recalls discussing such "com
pletely collapsed gravitational obj ects" 
at a conference in 1 967, when someone 
in the audience casually dropped the 
phrase "black hole. "  Wheeler immedi
ately adopted the phrase for its brevity 
and "advertising value,"  and it caught 
on. Largely because of Wheeler 's  prose
lytizing, black holes now play a crucial 
role in astrophysics and cosmology. 

In the 1 9 5 0s Wheeler grew increas
ingly intrigued by the philosophical im
plications of quantum physics .  Accord
ing to quantum theory, a particle such 
as an electron occupies numerous posi
tions in space until we observe it , when 
it abruptly "collapses" into a single po
sition. Wheeler was one of the first 
prominent physicists seriously to pro
pose that reality might not be a wholly 
physical phenomenon. In some sense, 
Wheeler suggested, reality grows out 
of the act of observation and thus con
sciousness itself : it is "participatory. " 

These ruminations helped to inspire 
two of the odder notions of modern 
physics. In 1 9 5 7  Hugh Everett III of 
Princeton, in a Ph.D.  thesis supervised 
by Wheeler, proposed the many-worlds 
theory : although we can observe a par
ticle in only a single position , it actual
ly occupies all the positions allowed 
it by quantum theory-in different uni
verses. Four years later another Prince
ton physiCist , Robert H. Dicke, intro
duced the anthropic principle : it as
serts that the universe is the way it is 
because if it were not , we would not 
be here to observe it . Although many 
physicists recoiled from such ideas 
as untestable and therefore unscientif
ic , Wheeler urged that they be taken 
seriously. 

At the same time, Wheeler began to 
draw his colleagues' attention to some 
intriguing analogies between physics 
and information theory, which was first 
proposed by Claude E .  Shannon of Bell 
Laboratories in 1 948.  Just as physics 
builds on an elementary, indivisible en
tity that depends on the act of obser
vation-namely, the quantum-so does 
information theory. Its "quantum" is 
the binary unit , or bit , which is a mes
sage representing one of two choices : 
heads or tails, yes or no, zero or one. 

In addition, information theory pro
vided a new way of viewing entropy, 
one of the most important , and con
fuSing , concepts in physics. Entropy 
is defined as the disorder, or random
ness,  or "shuffledness,"  as one physi
cist has put it , of a system . Shannon 
had proposed that the information in a 
given system-the sum total of all its 
possible messages-is a function of its 
entropy ; as one increases, so does the 
other. Wheeler pointed out that entro-
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py, like a quantum event, is thus tied to 
the state of mind of the observer. The 
potential information of a system is 
proportional to one's ignorance, and so, 
therefore, is the entropy of the system. 

Wheeler was not the only scientist to 
recognize these links, "but he was prob
ably the first to recognize the potential 
implications for fundamental physics," 
says physicist Wojciech H.  Zurek of Los 
Alamos National Laboratory. In the ear
ly 1 9 70s Wheeler's speculation bore 
some tangible fruit when yet another 
of his graduate students,  Jacob Beken
stein, described a black hole in terms 
of information theory. The surface area 
of a black hole's  "event horizon ,"  Bek
enstein showed ,  is equal to its thermo
dynamic entropy, which in turn is equal 
to the information that the black hole 
has consumed. 

Spurred by this and other findings, 
an ever larger group of researchers
including computer scientists, astrono
mers,  mathematicians and biologists as 
well as physicists-has passed through 
the doors flung open by Wheeler. In the 
spring of 1 989 a number of them gath
ered at the Santa Fe Institute in New 
Mexico to update one another on their 
progress. The proceedings of the meet
ing have just been published by Addi
son-Wesley as Complexity, Entropy and 
the Physics ofInformation . 

The lead chapter of the book is based 
on Wheeler 's address to the meeting , 
and it is vintage Wheeler. Over the 
course of 1 6  pages ,  he cites 1 7 5 sourc
es, including the Greek poet Parmen
ides, Shakespeare, Leibniz, Einstein and 
graffiti in the men' s room of the Pe
can Street Cafe in Austin, Tex . ,  which 
state s :  " Time is nature's way to keep 
everything from happening all at once." 
Wheeler also spends some time estab-

Wheeler thinks the 
whole show may 
be explained by the 
"surprise 11 version 
of 20 questions. 

lishing what reality is not : it is not a 
"giant machine, ruled by any pre-estab
lished continuum physical law " ;  at its 
most fundamental level, it even lacks 
dimension, such as space or time. 

What is reality, then? Wheeler an
swers his own question with the koan
like phrase " it from bit . "  Wheeler ex
plains the phrase as follows : " Every 
it -every particle, every field of force,  
even the spacetime continuum itself
derives its function, its meaning, its 

very existence entirely-even if in some 
contexts indirectly-from the appara
tus-elicited answers to yes- or-no ques
tions, binary choices, bits." 

Elaborating on this idea , Wheeler 
evokes what he calls the "surprise" ver
sion of the old game of 20 questions. 
In the normal version of the game, 
person A thinks of an object-animal , 
vegetable or mineral-and person B 
tries to guess it with a series of yes- or
no questions. In surprise 20 questions, 
A only decides what the object is after 
B asks the first question. A can then 
keep choosing a new object , as long 
as it is compatible with his previous 
answers. In the same way, Wheeler sug
gests, reality is defined by the ques
tions we put to it . 

How do other scientists react to such 
propositions? Zurek , who organized the 
Santa Fe meeting and edited the pro
ceedings, calls Wheeler's style "prophet
ic , leadillg the way rather than relating 
what 's already been done."  

Wheeler acknowledges that the ideas 
of the entire field are still raw, not yet 
ready for rigorous testing. He and his 
fellow explorers are still " trying to get 
the lay of the land " and learning how 
to converse in the language of informa
tion theory. Wheeler says the effort 
may lead to a powerful new vision of 
" the whole show " or to a dead end . " I  
like that phrase o f  Bohr ' s :  ' You must 
be prepared for a surprise, a very great 
surprise.'  " 

Another favorite Wheelerism is "one 
can only learn by teaching." Wheeler 
has been the supervisor for some 5 0  
Ph.D. 's  i n  physics during his career, an 
"enormous number," according to Jere
my Bernstein , a physicist and science 
writer. Wheeler 's  most famous stu
dent was the late Richard P. Feynman, 
who received a Nobel Prize in 1 96 5  for 
his work in quantum electrodynamics. 
Technically, Wheeler can teach no long
er. " If you know of a school that lets its 
professors teach after they reach 70," 
he says, " let me know." 

But of course, Wheeler can neither 
stop teaching nor stop learning. Dur
ing my visit , we run into a young 
physicist who briefs us on his new 
cosmological theory, which posits that 
the universe is riddled with knotlike 
spatial "defects . "  "I can't believe space 
is that crummy," Wheeler declares. 
Noting the physicist 's  somewhat crest
fallen expression , Wheeler touches his 
arm and says : " To hate is to study, 
to study is to understand , to under
stand is to appreciate, to appreciate is 
to love. So maybe I 'll end up loving 
your theory. " The smile returns to the 
young man's face, and Wheeler march
es off. -John Horgan 

© 1991 SCIENTIFIC AMERICAN, INC



"Reading the Alfred P. Sloan Foundation 
Science Series is the best way I know to 
explore the scientific vision of the world . . .  
In these lively, engaging memoirs you will meet some 

of the finest minds of the 20th century." 
-RICHARD RHODES, author of The Making of the Atomic Bomb 

NEW! 

"The new physicists of the 20th century, like 
the painters of Renaissance Italy or the 
composers of 18th-century Austria, made so 
substantial and dramatic a contribution to 
human culture as to all but insure that 
their memoirs will be read with interest in 
years to come. Weisskopf ranks high in this 
august throng." -TJMOl'HY FERRIS, 

New York Times Book Review 

.� inspiring personal memoir by one of 
the most thoughtful scientists of our 
time." -RUSSELL MCCORMACH, 

Boston Globe 

He worked with Neils Bohr and Wolfgang 
Pauli . . .  contributed to the Manhattan 
Project and helped found the Bulletin of 
the Atomic Scientists . . .  discussed mysti
cism with Gersholm Scholem, taught 
physics to Murray Gell-Mann, spent 

hardcover, $24.95 

weekends with Isaiah Berlin . . .  Here i s  a 
riveting memoir set against the backdrop of 
one of history's most fertile periods of 

scientific endeavor. 

ADVICE TO A YOUNG SCIENTIST 
PB. MEDAWAR 

"Medawar is very good indeed." 
-JOHN LEoNARD, NY Times Book Review 
paperback, $9.95 
ALVAREZ 
Adventures of a Physioist 
LUIS W. ALVAREZ 

"Should be read by everyone who is inter
ested in science and adventure, or who just 
wants to meet one of our most fascinating 
contemporaries." -JAMES TREFIL, 

NY Times Book 
paperback, $9.95 
ASTRONOMER BY CHANCE 
BERNARD LOVELL 

'� fascinating trek through the 
incredible difficulties of building 
a great structure." -JOHN J. NANCE, 

San Franoisoo Chroniole 
hardcover, $24.'95 
DISTURBING THE Tn.TT .. '",D' C!'" 
FREEMAN DYSON 

"Endlessly absorbing, brimming 
with provocative. intellectual juices 
and sauces, and utterly readable." 

-HENRY KISOR, Chioago Sun-Times 
paperback, $10.95 
IN SEARCH OF MIND 
Essays in Autobiography 
JEROME BRUNER 

"This is a fun book by a serious man. ,, ' 
-HOWARD GRUBER, NY Times Book Review 
hardcover, $20.00 

IN PRAISE OF 
IMPERFECTION 
My Life and Work 
RITA LEVI-MONTALCINI 

"This chronicle of the discovery 
is an exciting one . -RICHARD RESTAK, 

Washington Post Book World 
paperback, $9.95 
MAKING WEAPONS, 
TALKING PEACE 
A Physioists Odyssey 
from Hiroshima to Geneva 
HERBERT F. YORK 

"This autobiography sets the standards of 
involvement that the post-nuclear genera
tions will need if a way out is to be found." 

-PAUL DorY, Nature 
paperback, $10.95 
MEMOIRS OF AN UNREGULATED 
ECONOMIST 
GEORGE J. STIGLER 

"Anyone even on the edge of economic 
romance will find in these pages a refresh
ing bouquet." 

-ROSERT B .  REICH, Wall Street Journal 
paperback, $9.95 
RABI 
Scientist and Citizen 
JOHN S. RIGDEN 

"A real tour de force 
to read?'-JOHN G. KING, 
paperback, $9.95 

7bday 

Now at your bookstore or call toll-free t-8QO-331-3781 . 

= BasicBooks 
A Division of Harper Collins Publishers 
Also available from HarperCollinsCanadaLtd 

"As much as any one 
person, Herbert A. Simon has 
shaped the intellectual agenda of 
the human and social sciences in 
the second half of the twentieth cen
tury . . .  Now he has turned to 
autobiography and thus provides a 
window onto the subjective side of 
scientific achievement." 

-SHERRY TURKLE , 
front page , New York Times Book Review 

Creator of artificial intelligence, 
winner of the Nobel Prize in Econom
ics , and the first social scientist 
admitted to the National Academy of 
Science, Herbert Simon is a true Ren
aissance man. Reminiscing about the 
controversies and successes of his 
life, he continually asks himself 
whether (and how) what he learned as 
a scientist helps to explain other 
aspects of his life. 

hardcover, $26.95 

A SLOT MACHINE, 
A BROKEN TEST TUBE 
An Autobiography 
S.E. LURIA 

"I found especially fascinating his account 
of the role of metaphor (a slot machine) 
and serendipity (a broken test tube) . . . 
Luria writes well and with wry humor." 
-R. S. EDGAR, Scienoe 
paperback, $8.95 
THE STATUE WITHIN 
An Autobiography 
FRANQOIS JACOB 

"A first-rate writer as well as a 
major figure in contemporary 
molecular biology . . .  not only 
literate, but literary." -PETER BROOKS, 

NY Times Book Review 
paperback, $10.95 
WHAT MAD PURSUIT 
A Personal View of 
Soientitl.o Disoovery 
FRANCIS CRICK 

"Written by one of the grand men 
of science, looking back on a 
career that has been a smashing success. 
-GEORGE JOHNSON, NY Times Book Review 
paperback, $8.95 
Also in this series: 
THE YOUNGEST SCIENCE, 

LEWIS THOMAS 
HAPHAZARD REALITY, 

HENDRICK B.G. CASIMIR 
ENIGMAS OF CHANCE, MARK KAC 

© 1991 SCIENTIFIC AMERICAN, INC



New York Telephone speaks my 
language. 

Telecommunications had become inte
gral to our business strategy. Mission-criti
cal applications were completely dependent 
on the network, which was completely 
dependent on the local loop. Any loop fail
ure would surely crash the network and, in 
turn, the whole enterprise. 

Redundancy was called for. But how 
much redundancy? At what cost? 

Fortunately, disaster protection is a 
New york Telephone specialty. They took us 
through the whole array of options. Count 
diversity. Cable diversity. Route diversity. 
Riser and closet diversity. 

They showed us how they could split 
our circuits between two central offices, to 
assure service in case of a loop failure. They 
call it Alternate Serving Wz're Center 
Service, and the cost was well within our 
operating budget. 

Obviously, no system is completely 
fail-safe, but thanks to New }Vrk Telephone, 
downtime in the local loop doesn't have to 
mean downtime for us. 

© New York Telephone 1991 
© 1991 SCIENTIFIC AMERICAN, INC



New York Telephone speaks my 
language. 

Our network is a competitive weapon, 
possibly the most important one we have. 
In my worst nightmare, a backhoe severs an 
outside cable, leaving us completely 
defenseless, hemorrhaging money. 

U% needed backup, a contingency plan 
that would kick in when disaster strikes. 

But how far were we willing to go to 
guard against events that were, admittedly, 
unlikely? And how much were we willing to 
pay for peace of mind? 

New Thrk Telephone had some answers, 
which helped us weigh acceptable risk 
versus acceptable cost. And they helped us 
find a disaster protection plan that was 
right for us. 

Thanks to New Thrk Telephone, if and 
when that backhoe hits that cable, it might 
hurt a little. But we'll get over it. 

For more information about Disaster Protection, 
contact one of our authorized sales agents, or call 
New YorkTelephone at 1-800-942-1212, Operator 12. 

© 1991 SCIENTIFIC AMERICAN, INC



SCIENTIFIC 
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Nuclear Power in Space 
The best course for space-borne 

reactors? Ban them from Earth orbit and 
use them in deep space, the authors say 

by Steven Aftergood, David W. Hafemeister, Oleg F. Prilutsky, 

Joel R. Primack and Stanislav N. Rodionov 

Space nuclear power is a double
edged sword. Although it has 
played a constructive role in the 

exploration of space and could contin
ue to do so, it has been burdened by an 
extensive history of accidents and fail
ures, both Soviet and American. Nu
merous nuclear-powered spacecraft 
have released radioactive materials. 
Spent reactors now in Earth orbit exac
erbate the threat posed by orbital de
bris. And radiation from orbiting reac
tors has interfered with the operation 
of other satellites. 

In addition, nuclear power in space 
has in general been a source of inter
national tension because of its role in 
Soviet and American military space 
programs. As a result, organizations of 
both Soviet and American scientists (of 
which we are members) have proposed 

baruting the use of nuclear power in 
Earth orbit. Such a ban would reduce 
the risks associated with nuclear pow
er in space, while permitting its use in 
those deep-space missions for which 
nuclear power is essential. 

T he first nuclear-powered space
craft was Transit 4A, a naviga
tional satellite launched by the 

U. S. in 1961. Transit used a radioiso
tope thermoelectric generator (RTG), 
which converted heat from decaying 
plutonium 238 to electricity. The first 
nuclear accident in space came less 
than three years later: Transit SBN-3, 
the fifth RTG-powered craft to be 
launched, failed to achieve orbit in 
April 1964. Its power source disinte
grated in the atmosphere (as early RTGs 
were designed to do) at an altitude of 
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about 50 kilometers. Release of its 
17,000 curies of plutonium 238 fuel 
tripled the worldwide inventory of this 
isotope and increased the total world 
environmental burden of all plutonium 
isotopes-mostly from atmospheric 
testing of nuclear weapons-by about 
4 percent. (Current RTGs contain an 
order of magnitude more radioactive 
material.) 

In 1965 the U.S. launched its first 
and only space nuclear reactor, the 
prototype SNAP-lOA. (Reactors gener
ate heat by means of a controlled 
fission chain reaction rather than sim
ple radioactive decay.) The SNAP-lOA 
operated for 43 days; it is still in orbit. 
Later that same year the U. S. S.R. sent 
its first RTG-powered satellites into 
space. It also launched radioisotope
powered Lunokhod lunar modules in 
1969 and 1973. 

After 1970, however, the Soviet pro
gram largely revolved around the 
Radar Ocean Reconnaissance Satellite 
(RORSAT) ,  used to monitor U. S. naval 
forces. The small reactors on board 
these craft produce about two kilowatts 
of electricity. Although a RORSAT's 
power requirements could be met by 
solar panels, the craft uses a reactor 
because solar panels would cause too 
much drag at the RORSAT's typical alti
tude of around 250 kilometers. The lim
ited range of the craft's radar necessi
tates the low orbit. 

After a lifetime of several months, a 
RORSAT's reactor is ordinarily boosted 
to a "disposal orbit" at approximately 
950 kilometers, while the body of the 
spacecraft reenters the atmosphere. 
The disposal orbit of the reactor guar-
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CLEANING UP AFTER RORSAT: a Soviet surveillance satellite 
(Cosmos 954) reentered the earth's atmosphere over the 
Northwest Territories in 1978, littering radioactive debris over 
thousands of square miles. In the photographs above, workers 

gather both large and small fragments of the satellite and its 
reactor. Decontamination cost the Canadian government ap
proximately $10 million. Proposed U.S. nudear-powered space
craft would produce hundreds of times as much radioactivity. 
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The Next Step 
in Space Nuclear Power? 

T here are two fundamental sources of nuclear power for applications in 
space: reactors and radioisotope power supplies. Whereas a reactor 
produces heat through the controlled fission of uranium fuel, a ra

dioisotope thermoelectric generator, or RTG, derives heat simply from the 
decay of a highly radioactive material. In both cases, the heat is converted to 
electric power. The RTG is best suited for power requirements of less than a 
few kilowatts, the reactor for higher power levels. 

Although the U.S. has launched only one nuclear reactor into orbit, an am
bitious reactor development project has been under way for most of the 
past decade [see illustration be/owl. As currently planned, the SP-1 00 reactor 
would generate approximately 100 kilowatts of electricity from 2.5 
megawatts of thermal power-far more power than any reactor flown to 
date. It would contain about 190 kilograms of uranium nitride fuel enriched 
to 96 percent in the fissionable isotope uranium 235. 

The entire reactor is intended to weigh approximately 3,000 kilograms, a 
mass-to-power ratio of 30 kilograms per kilowatt. Except for a small "shad
ow shield," which helps to protect the payload from the intense radiation 
emitted during operation, the SP-1 00 is designed to be unshielded. 

The reactor would be cooled by liquid lithium metal, which would flow 
through pipes to thermoelectric celis-circuits containing junctions between 
dissimilar metals that can transform a temperature difference into a voltage 
difference. These cells would convert about 4 percent of the reactor-generat
ed heat into electricity. The considerable waste heat would be ejected 
through a set of radiator panels with a surface area of around 100 square 
meters. 

Nearly every component of the SP-1 00 design extrapolates beyond exist
ing technological experience, making it uncertain whether the program will 
be able to achieve its goals. Moreover, the reactor has been designed in the 
absence of a proposed mission, and so any specific application is likely to re
quire substantial revision. 

Flight-testing of the SP-1 00 will not be possible before the turn of the cen
tury; cost estimates for the test alone exceed $1 billion, a discouragingly 
large sum. Furthermore, as the program moves toward its second decade, a 
specific mission for the SP-1 00 has still not been defined. 
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antees that it will not reenter the atmo
sphere for several hundred. years, by 
which time most of its radioactivity will 
have decayed. 

Between 1970 and 1988 the Soviets 
deployed 31 RORSATs. The jettisoned 
reactors from 29 of these systems are 
still in orbit, along with hundreds of 
kilograms of radioactive fuel. Two 
have reentered accidentally. Cosmos 
954 fell to the earth on January 24, 
1978, spreading radioactive debris over 
thousands of square miles of north
western Canada. U. S. President Jimmy 
Carter immediately proposed a ban on 
orbiting nuclear-powered satellites, but 
the U. S.S.R. did not respond. 

After the Cosmos 954 incident, the 
Soviet Union introduced a backup fuel
core ejection system, so that in the 
event of accidental reentry, the fuel 
would disintegrate in the atmosphere. 
This m�asure increases the total popu
lation that may eventually be exposed 
to radiation, but it minimizes the expo
sure received by any single person. In 
1983 the fuel core on board Cosmos 
1402 at least partially disintegrated in 
the upper atmosphere over the South 
Atlantic Ocean. 

Another RORSAT, Cosmos 1900, 
ceased to respond to radio commands 
in April 1988. Days before its anticipat
ed reentry, however, an automated 
backup booster system was successful
ly activated, and the reactor was lifted 
to a high orbit. The Soviet Union has 
not launched any additional RORSATs 
(or other space nuclear power systems) 
since then. 

In 1987 the Soviets flight-tested the 
Topaz, a next-generation reactor. One 
flew on board Cosmos 1818 and operat
ed for six months; the other, on board 
Cosmos 1867, operated for a year. Each 
generated about 10 kilowatts of elec
tricity. The Soviets have since offered 
Topaz reactors for sale to Western na
tions, and the U.S. government has pur
chased an unfueled version for ground 
testing and development. 

I t is possible to detect a learning 
curve in the history of nuclear pow
er in space. The identical type of 

accident has never happened twice. 
DeSigners have learned such obvious 
lessons as encapsulating RTG power 
sources so that they can withstand 
most launch failures and accidental 
reentries. Reactors, too, have been rede
signed to improve safety. Nevertheless, 
the power levels, operating lifetimes 
and radioactive payloads of current and 
projected space nuclear power systems 
have also increased significantly. Fu
ture accidents could therefore have un
acceptable consequences. 
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But accidental reentry is not the only 
danger that space nuclear power holds. 
Even those reactors that are launched 
or later boosted into a long-lived orbit 
present hazards because they could col
lide with orbital debris. Although it is 
unlikely at present, a collision between 
a nuclear reactor and one of the thou
sands of sizable objects traveling at a 
relative velocity of 10 kilometers per 
second could yield an abundance of 
radioactive fragments. Many of them 
would be driven into the lower orbits 
utilized by manned spacecraft and back 
into the earth's atmosphere within a 
few years. Unfortunately, most of the 
spent nuclear power supplies in orbit 
now reside in those parts of space near 
the earth that are most densely popu
lated with debris. 

Furthermore, even while they are op
erating safely, reactors can disrupt the 
operation of other satellites. To mini
mize mass and cost, orbiting reactors 
are largely unshielded. They thus pro
duce strong emissions of radiation that 
can make it difficult for astronomical 

UNSHIELDED ORBITING REACTOR emits a cloud of electrons and positrons that 
spiral around the earth's magnetic field lines and create a temporary radiation belt. 
A satellite passing through the belt is subject to bursts of gamma rays as the 
positrons annihilate electrons in its outer skin. Such bursts have disrupted the op
eration of astronomical satellites. 

TOPAZ REACTOR, flight-tested by the Soviet Union in 1987, has been purchased 
by the U.S. for ground testing. The Topaz is the first space reactor to use thermion
ic energy conversion, in which electrons boil off a heated electrode and flow 
across a narrow gap to a cooler surface, thereby generating electric current. All 
earlier nuclear power sources in space have relied on less efficient but more reli
able thermoelectric conversion, which transforms a temperature difference to a 
voltage at the junction of two dissimilar metals. 

satellites to detect signals from distant 
sources. This phenomenon (which was 
kept secret by the U.s. government un
til 1988) has already significantly inter
fered with the work of orbiting gamma
ray detection systems such as that on 
board the National Aeronautics and 
Space Administration's Solar Maximum 
Mission. 

The gamma rays emitted by orbit
ing reactors do not just outshine dis
tant supernovas or black holes; in ad
dition, the more energetic gamma rays 
interact with the outer shell of the re
actor to produce streams of electrons 
and positrons. These charged particles 
are trapped in the earth's magnetic 
field, forming a temporary radiation 
belt. When another spacecraft passes 
through such a cloud, the positrons an
nihilate electrons in the spacecraft's 
skin, producing penetrating gamma 
rays that can overload the spacecraft's 
detectors. 

These brief interruptions of astro
nomical observations afflicted the Solar 
Maximum Mission spacecraft an aver-

age of eight times a day for much of 
1987 and early 1988, when the Topaz 
reactors were operating. Similar inter
ference with the gamma-ray burst de
tector on board the Japanese Ginga sat
ellite effectively blinded it during about 
a fifth of the same period. 

NASA is endeavoring to limit the 
threat from orbiting reactors to its 
$ SOO-million Gamma Ray Observatory 
mission, launched in April of this year. 
One proposed safeguard involves sim
ply shutting off the gamma-ray burst 
trigger at times when it might be sub
ject to interference. This strategy as
sumes, however, that only one or two 
low-power reactors, in predictable 
orbits, will be operating at any given 
time. If the number and operating pow
er of orbiting reactors increase, the abil
ity to conduct x- and gamma-ray ob
servations from near-Earth platforms 
will be severely restricted. 

Finally, orbiting reactors and RTGs 
pose not only environmental risks but 
political ones as well. From the first U.S. 
RTG-powered navigation and commu-
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nications satellites through 20 years of 
RORSATs, military requirements have 
often guided space nuclear power de
velopment, particularly when near-term 
civilian applications have been lacking. 
For instance, when the Strategic De
fense Initiative was announced in 1983, 
the considerable power requirements 
of space-based missile defense ap
peared to provide a rationale for the 
SP-100, a proposed U.S. reactor that 
otherwise had no obvious application 
[see box on page 44]. s o what good purpose is there for 

nuclear power in space? We be
lieve that a useful distinction can 

be drawn between nuclear power in 
Earth orbit and in deep space. Many 
environmental hazards of space nu
clear.power vanish when an RTG or re
actor is bound for another planet. 
Furthermore, deep-space applications 
are exclusively civilian and scientific 
or exploratory. (We include lunar mis
sions in the deep-space category, even 

though the moon is, strictly speaking, 
in Earth orbit. )  

During the past two decades, RTGs 
have made a major contribution to 
planetary exploration. The Mars probes, 
Viking 1 and 2, relied on nuclear pow
er, as did the Pioneer 10 and 11 and 
Voyager 1 and 2 missions to the outer 
planets and the Cali/eo mission to Ju
piter launched in October 1989. Ulysses, 
launched in October 1990 to explore 
the sun's polar regions, brought the 
U.S. total of nuclear-powered space
craft to 25. 

Indeed, the feasibility of many future 
space missions may depend on nuclear 
power sources. They are unaffected by 
their distance from the sun or by natu
ral planetary radiation belts. Although 
solar panels or chemical power sources 
might hypothetically generate hundreds 
of kilowatts for a long period, the mass 
and volume of these systems would far 
exceed those of an equivalent reactor. 

Nuclear power is essential, in partic
ular, for missions to the outer planets. 

COSMOS 954 
IMPACT AREA 

NUCLEAR-POWERED SPACECRAFT successfully deployed in Earth orbit by the u.S. 
and U.S.S.R. are estimated to number 42. (Two are in distant orbits not shown 
above.) All the spacecraft, or their jettisoned power supplies, are now in orbits high 
enough so that they will not reenter the earth's atmosphere until their radioactivity 
has substantially decayed. Most of them, however, orbit in a region populated with 
space debris. A collision could send a large number of radioactive fragments along 
trajectories that would reenter the atmosphere in a few years. 
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Beyond the orbit of Jupiter, the inci
dent solar flux is less than 4 percent of 
the amount that reaches Earth, making 
solar power utterly impractical. 

Eventually reactors not only may 
power spacecraft systems, they also 
may propel the craft. Various forms of 
nuclear propulsion are now under con
sideration as part of the U.S. Space 
Exploration Initiative. A reactor can 
heat a propellant directly or produce 
electricity to drive various kinds of 
thrusters. The U. S. conducted extensive 
ground-based tests of nuclear rockets 
in the 1960s, and both the U.S. and the 
Soviet Union have tested electric pro
pulsion systems in space. 

The availability of such advanced 
power and propulsion systems would 
increase the scientific return of future 
space missions. It would also reduce 
the need to wait years or decades for a 
favorable planetary alignment. These 
technologies would make possible such 
ambitious missions as the Thousand 
Astronomical Unit (TAU) program, for 
example, a 50-year voyage into nearby 
interstellar space. An electric propul
sion system driven by a one-megawatt 
reactor could carry TAU far beyond the 
limits of our solar system, making pos
sible unprecedented observations of 
the galaxy. 

A nuclear reactor might be used to 
meet the power needs of a permanent 
lunar colony if one were ever estab
lished. Reactors weigh far less than the 
systems that would be needed to store 
solar energy during the 14-day lunar 
night. Alternatively, a base could be lo
cated at the north or south lunar pole, 
where there is continuous sunlight. One 
energy-intensive activity that would 
probably require a reactor is the pro
duction of propellant from lunar soil. 

NASA is conSidering using a nuclear 
rocket to propel a manned mission to 
Mars. DOing so could perhaps reduce 
by half the mass that would have to be 
boosted into orbit from the earth's sur
face. Of course, the technical feasibil
ity and the scientific value of such a 
mission are two distinct questions. 

The development of any nuclear 
rocket would have to be carried out 
very carefully to minimize the environ
mental risk of an accident near the 
earth. Recent disclosures indicate that 
the U.S. Department of Defense is in 
fact working on such a rocket, but with 
imperfect attention to safety. 

The highly classified project, code
named Timberwind, is funded through 
the SDI . Timberwind was reportedly in
tended to boost massive space weap
ons into orbit on short notice, although 
the Defense Science Board concluded 
in 1990 that the nuclear rocket proj-
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NEPTIJNE'S MOON TRITON was photographed by the nucle
ar-powered Voyager 2 spacecraft. The complex structure of 
Triton's surface has forced substantial revisions of theories of 

planetary geology. Radioactive power sources have been used 
on board several of the most scientifically productive space 
missions, including the Viking, Pioneer and Voyager probes. 

ect was more likely to benefit deep
space propulsion. Preliminary testing 
of the fuel was carried out at Sandia 
National Laboratories in the late 1980s. 
The Timberwind reactor would operate 
at or near the melting temperature of 
its nuclear fuel, prompting concerns 
about the release of radioactive fission 
products. 

SDI has proposed a suborbital flight 
test of Timberwind within the atmo
sphere near Antarctica. Such testing 
would violate accepted nuclear safety 
standards. Indeed, United Nations 
guidelines prohibit the operation of re
actors on board spacecraft that have 
not achieved either a stable Earth orbit 
or an interplanetary trajectory. 

I n view of the various dangers they 
present, we favor an international 
agreement to ban nuclear reactors 

and RTGs from Earth orbit. This readi
ly verifiable measure would eliminate 
many environmental hazards, enhance 
international stability and help to pro
tect the space environment; it would 

also preserve the possibility of using 
nuclear power for scientific and explor
atory missions in deep space. 

Since space nuclear reactors possess 
a variety of distinguishing character
istics, an international agreement to 
prohibit them in orbit could be veri
fied with confidence. In the first place, 
space reactors necessarily radiate large 
amounts of waste heat. They therefore 
give off a strong infrared signal that 
can be easily detected. Soviet RORSATs 
have been observed with a satellite
watching telescope at the Air Force 
Maui Optical Station on Mount Haleaka
lao An operating SP-IOO reactor would 
be readily detectable at geosynchro
nous orbit or even beyond. 

Operating reactors also emit strong 
gamma and neutron radiation signals 
that are easy to spot. Indeed, the type 
of gamma-ray interference that has dis
rupted scientific missions is uniquely 
produced by orbiting reactors and is a 
highly reliable, though unwelcome, sign 
of their presence. 

It is true that a nation planning to 

"break out" of an arms-control treaty 
could conceivably place reactors in or
bit without activating them, thus mak
ing the violation much more difficult to 
detect. But until large reactors have 
been thoroughly tested in space, they 
are unlikely to be covertly deployed. 

Nuclear power has greatly enhanced 
space exploration. But it has also dem
onstrated the potential to produce sig
nificant environmental damage. Even if 
it is wisely controlled, nuclear power in 
space is likely to remain a challenging 
and costly technology. 
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The Quasar 3C 273 
It is one of the most luminous objects in the known universe and 

the nucleus of an active galaxy. As astronomers scrutinize the spectrum 
of radiation {rom 3C 273, they are learning what makes quasars shine 

by Thierry ].-L. Courvoisier and E. Ian Robson 

T he quasar 3C 273 lies about one 
fifth of the way from the earth to 
the edge of the known universe. 

Of all the objects in the cosmos, only a 
few other quasars surpass the energy 
and activity of 3C 273. On an average 
day, it is more luminous than 1,000 gal
axies, each containing 100 billion stars. 
During one remarkable day in February 
1988, the quasar erupted with a burst 
of radiation equivalent to lighting up 
stars the size of our sun at the rate of 
10 million per second. 

By monitoring 3C 273 in all domains 
of the electromagnetic spectrum and 
by observing variations in its luminosi
ty, astronomers have begun to under
stand quasars and the physical process
es that power them. 

Since quasars were first identified 
some 28 years ago, astronomers have 
come to realize that quasars are the 
cores of extremely active galaxies. Qua
sars are unmatched in luminosity and 
hence are the most distant objects that 
can be detected in the universe. One of 
the most important discoveries about 
quasars is that their luminosity can 
vary greatly over periods of less than a 
year. This variability led investigators to 
the conclusion that the tremendous en
ergy of quasars is radiated from a re
gion many times smaller than the cores 
of ordinary galaxies. 

THIERRY J.-L. COURVOISIER and E .  
IAN ROBSON have collaborated o n  many 
projects to investigate the quasar 3C 
273 and other active galactic nuclei. 
Courvoisier is a research associate at 
the Geneva Observatory in Switzer
land. After receiving his Ph.D. from the 
University of Zurich in 1980, he worked 
for the European Space Agency. Robson 
heads the department of physics and as
tronomy at Lancashire Polytechnic in 
England. In 1973 he earned his Ph.D. 
from Queen Mary College, where he was 
a member of the faculty until 1978. He 
then moved to Lancashire Polytechnic 
and two years later became the director 
of its observatories. 
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Quasars are powered by the gravita
tional energy that is released as gas and 
dust fall toward their massive, dense 
centers. Some of this energy channels 
particles into beams, blasting materi
al out into the host galaxy at speeds 
close to that of light. Most of the ener
gy is converted into radiation by a wide 
range of physical processes, probably 
occurring at different distances from 
the core. Yet quasars exhibit many phe
nomena that cannot be explained, and 
they remain one of the most puzzling 
objects in the universe. 

On the whole, we know more about 
3C 273 than any other quasar. It pos
sesses a very wide range of properties, 
not all of which are shared by all qua
sars. The wealth of activity displayed 
by 3C 273, however, is a key in helping 
astronomers understand the phenome
na at work in quasars. 

The task of observing 3C 273 is as 
challenging as it is rewarding. After 
traveling through space for more than 
a billion years, only a tiny fraction of 
the radiation from 3C 273 reaches the 
earth. Capturing this radiation requires 
frequent observations using a battery 
of ground-based telescopes and satel
lite-borne instruments. 

The effort began more than a cen
tury ago. The object known today as 
3C 273 was first recorded on photo
graphic plates as astronomers surveyed 
the stars in the constellation Virgo. It 
looked like nothing more than an ordi
nary, moderately bright star. Then in 
1962 Cyril Hazard and his colleagues 
at Sydney University discovered that 
the starlike object occupied the same 
position in the sky as a strong source 
of radio waves. The radio emitter had 
been previously identified as 3C 273, 
which stood for number 273 in the 
Third Cambridge Catalogue of Radio 
Sources. Objects such as 3C 273 were 
subsequently described as quasistellar 
radio sources, or quasars. 

In 1963 Maarten Schmidt of the 
Mount Wilson and Palomar Observato
ries deduced that the quasar 3C 273 

was about three billion light-years away 
from the earth. The implications of this 
discovery were extraordinary. The qua
sar was by far the most luminous and 
distant object ever' observed. Soon a 
few other quasars were identified that 
seemed to be even farther and bright
er than 3C 273. At the time, many of 
Schmidt's colleagues had good reason 
to question these results. Yet as mod
ern astronomers review the evidence 
collected during the past 28 years, we 
find little room to doubt that Schmidt 
was right. 

T oday astronomers are confident 
that quasars are not an isolated 
phenomenon in the universe. 

Quasars are the most active kind of ce
lestial object that can be found in the 
nucleus, or center, of galaxies. To ap
preciate the properties of quasars, one 
should compare them with those of 
normal galaxies. 

Galaxies, like our own Milky Way, are 
large assemblies of about 100 billion 
stars. In most galaxies the radiation ob
served on the earth comes mainly from 
the constituent stars, and the luminos
ity of the galaxy is therefore just the 
sum of the luminosities of the individ
ual stars. In some galaxies a portion 
of the radiation originates in interstel
lar gases illuminated by hot stars. In 
yet another group of galaxies the nu
cleus generates most of the radiation 
and can even outshine all the associat
ed stars. These are the so-called active 
galaxies, of which quasars are the ex
treme case. 

The spectrum of radiation from gal
axies-indeed, from any hot object
can exhibit three kinds of features: 
continuum, absorption lines and emis
sion lines. Continuum radiation is com
posed of photons of all wavelengths. 
Its intensity changes smoothly from 
long wavelengths to short ones. At the 
wavelength of an absorption line, the 
intensity of the radiation is Significant
ly less than the associated continuum 
radiation. An absorption line is created 
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as intervening gases absorb continuum 
emission at a particular wavelength. At 
the wavelength of an emission line, the 
radiation intensity is significantly great
er than the continuum emission. These 
spectral lines are generated, for exam
ple, when interstellar gases absorb con
tinuum emission and then reemit the 
absorbed energy as radiation of specif
ic wavelengths. 

The spectrum of a normal galaxy 
consists mainly of continuum emission 
that is strongest in the visible domain . 
In contrast, the continuum emission 
from active galaxies and quasars is 
very intense from the infrared domain 
through the X-ray domain and is often 
strong at radio wavelengths. Spectra of 
normal galaxies typically display ab
sorption lines but not emission lines. 

Active galaxies and quasars, however, 
exhibit strong emission lines in the vis
ible and ultraviolet domains. 

In active galaxies, emission lines are 
formed when ultraviolet and X-ray con
tinuum emission strongly illuminate 
gas clouds. The atoms of the gas ab
sorb the energy from the ultraviolet 
light and the X rays and then emit radi
ation at precisely defined wavelengths. 
The emission lines can indicate, there
fore, that the active galaxy contains a 
strong ultraviolet and X-ray continuum 
source close to clouds of gas. 

Even the center of normal galaxies 
can exhibit some properties of the 
more active ones, albeit on a much re
duced scale. It is possible that the phe
nomena seen in quasars occur in a very 
much weakened form in the center of 

our own galaxy. It is also possible that 
many normal galaxies were much more 
active in the past and that the weak ac
tivity observed today is the relic of a 
dead or dormant quasar. 

B y studying the emission lines in 
quasars and active galaxies, as
tronomers can derive valuable in

formation about the size, structure and 
dynamics of quasars. 

Some emission lines observed in the 
spectra of quasars are broad rather 
than the sharp peaks generated in gas
es under laboratory conditions. This 
broadening implies that the gas clouds 
in the quasar are moving violently. By 
measuring the broadening, one can 
determine that the clouds are typical
ly traveling at several thousand kilo-

JET OF QUASAR 3C 273 appears as a faint projection point
ing toward the bottom of the photograph. (The other faint 

lines, which form an X, are artifacts.) To enhance the image 
of the jet, astronomers masked the bright light from the core. 
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SPEClRAL FEA TIJRES are apparent when a source of continu
um radiation and a cloud of gas are viewed in different ways. 
An observer very near the source sees a spectrum of continu
um radiation (a). Another observer, looking through the cloud, 
measures an absorption line spectrum (b), which is produced 

because the cloud absorbs radiation at certain wavelengths. 
The light absorbed by the cloud is reemitted, and a third ob
server, looking at the cloud, sees an emission line spectrum 
(c). A fourth, viewing both the cloud and the source, sees the 
emission line superimposed on the continuum radiation (d). 

meters per second. The high velocities 
most probably imply the existence of a 
strong gravitational force caused by a 
very massive object. 

The velocity of the gases gives an in
dicaqon of the mass associated with 
the central source, just as the velocity 
of the planets is linked to the mass of 
the sun. Unfortunately, to calculate the 
mass of the central source with con
fidence, one must know the distance 
of the gas from the center. This dis
tance depends, however, on other pa
rameters that are still uncertain. Never
theless, astronomers can estimate the 
mass of the core of 3C 273. If the ve
locity of a typical cloud is assumed to 
be 5,000 kilometers per second at a 
distance of 10 light-years from the cen
ter, the core of 3C 273 can be calculat
ed to be two billion times more mas
sive than the sun. 

One of the greatest controversies that 
surrounded quasars was just how dis
tant they are from the earth. The dis
tance from the earth to a galaxy is re
lated to the speed at which that galaxy 
appears to be receding from the earth. 
This relation, known as Hubble's law, is 
a consequence of the cosmological ex
pansion of the universe. When one ob-
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serves the light emanating from distant 
galaxies, one is also looking into the 
past because of the time it took light to 
travel from the galaxy to the earth. 
These distant galaxies are seen at a 
time when the universe was younger, 
smaller and expanding more rapidly 
than at the present time. Therefore, the 
more distant the galaxy, the faster it is 
receding. 

Because galaxies move away from the 
earth, the spectral lines that they emit 
are shifted. For instance, if a spectral 
line from 3C 273 is observed from the 
earth, its wavelength is 1.1 58 times the 
wavelength of the corresponding spec
tral line measured in the laboratory. 
This effect is known as the redshift. Be
cause 3C 273 has a large redshift, one 
can infer that it is moving away from 
the earth at great speed. This high re
cession velocity then implies that the 
quasar is very distant. 

One possible flaw in this argument
and a source of controversy-is that a 
galaxy's redshift can be altered by ef
fects related to the great mass and en
ergy of its nucleus. This led some 
workers to claim that the observed red
shifts were caused, in part, by gravita
tional effects and other phenomena. 

If such effects caused large redshifts 
in quasars, one would expect that the 
redshift associated with the nucleus of 
a galaxy would be greater than the red
shift of the fringes of the galaxy. In all 
cases where both the galaxy and its ac
tive nucleus can be observed, however, 
the red shift of the active nucleus has 
been found to coincide with the red
shift of the associated galaxy. This re
sult gives great confidence that in cas
es where the active nucleus or quasar 
is too bright to allow observations of 
the underlying galaxy, the distance de
termined from the redshift of the emis
sion lines provides the distance to the 
object. This argument and several oth
ers have convinced most astronomers 
that quasars are indeed at the distance 
indicated by their redshift. 

The distance to 3C 273 can therefore 
be derived from Hubble's law. The dis
tance is equal to the recession velocity 
divided by Hubble's constant. The re
cession velocity, which can be derived 
from the redshift, is 44,700 kilometers 
per second. Estimates for the Hubble 
constant range from 1 5  to 30 kilome
ters per second per million light-years. 
The distance to 3C 273 is therefore be
tween 1. 5 and three billion light-years. 

© 1991 SCIENTIFIC AMERICAN, INC



By performing another calculation 
that takes into account the distance 
from 3C 273 to the earth and the ob
served flux of radiation, astronomers 
find that the luminosity of the qua
sar exceeds 10 14 times that of the sun. 
This is about 1,000 times the luminosi
ty of a typical normal galaxy. 

Quasars radiate in almost all 
domains of the electromagnet
ic spectrum: radio, infrared, 
visible, ultraviolet, X and gam

ma. Most quasars are relatively weak in 
the radio domain, but 3C 273 emits 
roughly the same energy in all domains 
from radio to gamma regimes. 

The flux of radiation from 3C 273 
and other quasars can vary dramatical
ly during periods of less than a year. 
The flux can also change at different 
rates in different regions of the spec
trum. This variability was one of the 
very first discoveries about quasars and 
is an important clue to their behavior. 

The spectrum of a quasar can be bro
ken down into several emission com
ponents, each representing a portion 
whose intensity changes at the same 
rate. Each component probably arises 
from a different physical process oc
curring in the quasar. By observing 3C 
273 for several years, we and our col
laborators have been able to identify 
many distinct emission components. 
Some of them were already known, 
whereas others were revealed as a re
sult of these studies. 

The quasar 3C 273 can be observed 
in the visible domain from December 
until July, when it comes so close to 
the sun on the celestial sphere that our 
star effectively drowns out the object's 
light. Longer-wavelength radiations can, 
however, be detected for a more ex
tended period. 

Using a radio telescope in Finland, 
we observed the longest-wavelength 
component, which appears as a series 
of bumps in the radio domain [see il
lustration at right). These features are 
thought to come from clouds of elec
trons that move through a strong mag
netic field at velocities close to that of 
light. The magnetic field acts on the 
electrons in such a way that they fol
low curved paths and emit radiation. 
This process is called synchrotron emis
sion. Astronomers believe that the syn
chrotron process is responsible for 
emissions in the radio and millimeter 
domains. To observe 3C 273 at wave
lengths in the millimeter range, we used 
the James Clerk Maxwell Telescope in 
Hawaii and the Swedish Submillimeter 
Telescope at the European Southern 
Observatory in La Silla, Chile. 

In 1986 we studied the variability of 

the infrared flux using the United King
dom Infrared Telescope in Hawaii and 
instruments at the ESO in La Silla. We 
discovered that the synchrotron emis
sion could not contribute significantly 
to the flux observed in the near infra
red. This discovery agreed with previ
ous puzzling observations that showed 
that the infrared emission was unpolar
ized. Synchrotron emission, however, is 
strongly unpolarized. 

The origin of the infrared component 
is not yet known with certainty. One 
possible explanation is that the emis
sion comes from cosmic dust heated 
to a temperature of about 1, 500 kel
vins. If this hypothesis is correct, the 
dusty region must be very large. The 
near infrared flux should therefore not 
change significantly over time, a pre
diction well corroborated by our ongo
ing observations. 

Using the Swiss optical telescope in 
La Silla, an optical telescope in the Ca
nary Islands and the International Ul
traviolet Explorer satellite, we moni-

tored a large, flat component known as 
the big blue bump. It is probably gener
ated by the emission from the surface 
of a very hot object. 

At present, astronomers cannot view 
the spectrum of 3C 273 between the ul
traviolet and X-ray domains, for two 
reasons. Instruments that capture radi
ation in the extreme ultraviolet range 
are not nearly so sensitive as telescopes 
that monitor radio waves or light. In 
addition, radiation in the extreme ul
traviolet is readily absorbed by in
terstellar matter, and so the flux of 
radiation that reaches the earth is 
small compared with the flux at other 
wavelengths. In fact, a new space tele
scope, the Roentgen Observatory Satel
lite (ROSAT), is just beginning observa
tions in this spectral domain. 

In the X- and gamma-ray domains, 
the flux decreases as a power law with 
decreasing wavelength. The X-ray com
ponent is probably produced by a phe
nomenon called inverse Compton emis
sion. The phenomenon involves a pop-
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FLUX OF RADIATION that reaches the earth from the quasar 3C 273 was measured 
at a variety of wavelengths (red line). This energy spectrum can be divided into 
four components, each arising from a different physical process. When each value 
of the flux is multiplied by its corresponding frequency, the blue line results. The 
peaks in this line represent regions in which the power output is greatest. All the 
observations were made in July 1987, except those in the millimeter-wavelength 
domain. Vertical lines show the range of uncertainty for each measurement. 
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ulation of high-energy electrons within 
the quasar. Such electrons scatter off 
photons to which they impart some of 
their own energy. In the process, the 
low-energy photons are transformed 
into X rays. 

The European X-ray Observatory Sat
ellite (EXOSAT) allowed us to view most 
of the X-ray domain, although technical 
obstacles make it difficult to monitor 
short-wavelength, or "hard," X rays. Fur
ther observations of X rays were made 
using the Japanese satellite Ginga. 

To determine how much each emis
sion component contributes to the to
tal luminosity of the quasar, astron
omers can use a simple calculation: the 
luminosity at a particular wavelength 
is related to the wavelength multiplied 
by the flux density at that wavelength 
as measured on the earth. Such calcula
tions show that all the emission com
ponents have comparable luminosities, 
a surprising fact considering that each 
component seems to originate from a 
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different physical process. Two compo
nents, however, are dominant: the ex
treme ultraviolet and the hard X rays. 
By a quirk of fate, these two regions are 
the most difficult to observe, leading to 
some uncertainty about the total energy 
emitted by quasars. 

T he time scale of variation of any 
object is crucial because it can 
indicate the approximate size of 

the source of the radiation. As a simple 
example, consider a line of 10 light 
bulbs. If one wishes to decrease the to
tal luminosity significantly, a large 
number of the light bulbs must be 
switched off, say, at least six. To do 
this, one must send a signal that in
structs the bulbs to turn off. In the 
physical world, no signal can travel 
faster than the speed of light. The dim
ming process will therefore take at 
least the time light needs to cross the 
distance from the center of the line of 
bulbs to the most distant bulb to be 
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FLUX observed from the quasar 3C 273 varies considerably over time in the visi
ble domain. In February 1988 the flux changed rapidly and dramatically, indicat
ing that the quasar was in a state of violent activity. Vertical lines show the range 
of uncertainty for each measurement. 
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turned off. Ukewise, the dimming pro
cess for astronomical oejects must 
take at least the time light needs to 
cross the emission region. Hence, an 
upper limit on the dimensions of the 
source can be determined by multiply
ing the speed of light by the time scale 
of variation. 

Photographs of 3C 273 taken during 
the past century show that the object's 
visible flux varies over many different 
time scales, most longer than about 10 
days. We and our colleagues have also 
recently observed that most spectral 
domains vary over time scales of about 
one to a few months. This variation in
dicates that the diameter of the source 
of continuum emission must be much 
less than one light-year, less than the 
distance from the solar system to the 
nearest star. 

We were surprised to discover that 
the variations of the different emission 
components are not correlated. This 
apparent lack of correlation revealed 
that the structure of 3C 273 was much 
more complex than expected. This 
complexity is one of the reasons as
tronomers have found it very difficult 
to untangle the relations between the 
geometry of the emission components 
and their physical origins. 

During the 1988 observing season we 
and our colleagues made an unusual 
discovery concerning such variations. 
In January we noted that 3C 273 was in 
a state of low activity. Suddenly in Feb
ruary, it flared up rapidly and repeated
ly. The visible and infrared flux changed 
by as much as 50 percent. The time 
scale of these changes was unprece
dented: the fastest variations hap
pened in the course of a day. This be
havior was totally unexpected for an 
object as luminous as 3C 273 (although 
rapid flaring in the X-ray domain had 
been seen before in some low-luminos
ity nuclei of galaxies). 

The violent activity lasted for four 
months, during which time the activi
ty in the optical spectrum peaked five 
times. The peaks of maximum flux were 
separated on average by about 1 5  days. 
Indeed, two of the maxima were only 
two days apart. The fastest variation in 
flux was a decrease of about 15 percent 
in 24 hours. This rapid decline was 
equivalent to the turning off of some 10 
million StillS per second! 

Repeated flares were also recorded in 
the infrared domain, but only two max
ima were caught, because the infrared 
component was observed less frequent-
1y than was the optical domain. The 
two maxima coincided with two of the 
visible maxima. One infrared maximum 
was roughly twice the "quiescent" emis
sion. The fastest change observed in 
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the infrared was an increase of about 
40 percent in 24 hours. This rate of 
change corresponds to the switching on 
of about 10 million suns every second. 

This very active period came at a 
most opportune time: when 3C 
273 was clear of the sun and our 

collaboration was ready to react quick
ly. We managed to cover the event thor
oughly, sometimes making daily ob
servations. Yet the flaring was so rapid 
that we suspect that many features 
went undetected. 

In May, 3C 273 settled back to its 
normal state for the rest of the observ
ing season. We and our colleagues are 

carefully analyzing the periods before 
and after the 1988 maxima in an at
tempt to understand why 3C 273 sud
denly erupted with activity. The 1988 
observations were the first records of 
such violent activity in quasars, show
ing either that this state is relatively 
rare or that astronomers have been un
lucky not to have caught other such 
events in the past. To determine just 
how rare these events are, we will need 
to monitor 3C 273 and other quasars 
for many years to come. 

Fast variability often indicates that 
regions of the source are mOving at ve
locities close to that of light (relativis
tic speeds). One must first know some-

thing about the behavior of high-ener
gy electrons and the concept of bright
ness temperature before understand
ing the phenomenon. 

High-energy electrons in a very com
pact source cool as they scatter off in
frared photons produced by synchro
tron emission. The electrons give some 
energy to the photons and shift them 
to the X-ray domain. This combined 
process, called synchrotron self-Comp
ton emission, is related to the size of 
the source. Specifically, as the size of 
the source decreases, the ratio of the 
self-Compton component to the syn
chrotron component increases. 

The luminosity and the size of an 
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emitting region can be expressed as a 
quantity called the brightness temper
ature. This quantity is not the actual 
temperature of the object. It is simply a 
convenient way to express the luminos
ity and size. An object that exhibits 
synchrotron self-Compton emission 
will not exceed a brightness tempera
ture of 1012 kelvins by very much or 
for very long. At temperatures above 
1012 kelvins, radiation is largely re
leased through self-Compton emission, 
which cools the object back to 1012 
kelvins. In addition, an object whose 
brightness temperature exceeds 1012 
kelvins would emit most of its flux in 
the X-ray domain and not in the infra
red domain. Hence, 1012 kelvins is es
sentially the highest possible brightness 
temperature. It is technically known as 
the Compton limit. 

In some cases, however, the observed 
brightness temperature can exceed 1012 
kelvins. How can this be? The simplest 
interpretation is that the source of emis
sion is moving at relativistic speeds 
toward the observer, and as a result, 
the observed radiation is concentrated 
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RELATIVE RIGHT ASCENSION 
(MILLIARCSECONDS) 

RADIO IMAGES obtained on June 25, 
1988 (top), and March 9, 1989 (bottom), 
show a blob of radiation (red dot) mov
ing away from the core of the quasar 
3C 273. From these images, one can de
duce the velocity of the blob and its 
time of birth. The blob seems to have 
been generated during the quasar's vi
olent period in February 1988. The il
lustrations were based on data from 
T. Krichbaum of the Max Planck Insti
tute for Radioastronomy in Bonn. 
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into a beam and is strongly intensified 
as compared with radiation from an 
identical source at rest. This apparent 
change is called beaming. 

The measured flux of the source is 
therefore greater than what would be 
detected if the source were mOving 
at nonrelativistic speeds. Hence, the 
brightness temperature recorded from 
a relativistic source is greater than the 
temperature that would be measured 
from a nonrelativistic source. In this 
way, the observed brightness tempera
ture can be greater than the Compton 
limit of 1012 kelvins. 

The very fast variations in the opti
cal and infrared flux of 3C 273 imply 
a brightness temperature still well be
low the Compton limit. Observations at 
wavelengths longer than infrared sug
gest, however, that the brightness tem
perature produced during the Februa
ry and March events of 1988 were well 
in excess of the Compton limit. Hence, 
beaming is suspected. Further evidence 
comes from observations that the ra
diation at millimeter wavelengths var
ies rapidly (on a time scale of several 
hours). This rapid variation implies ex
tremely high brightness temperatures, 
greatly exceeding the Compton limit. 
Apparently, the source of the flare is 
moving at relativistic speeds toward 
the earth. 

Another powerful line of argument 
points to the existence of relativis
tic motions in 3C 273. Astronomers 
can obtain very high resolution radio 
maps using a technique known as very 
long baseline interferometry (VLBI ) [see 
"The Very-Long-Baseline Array," by 
Kenneth I .  Kellermann and A .  Richard 
Thompson; SCIENTIFIC AMERICAN, Jan
uary 1988]. The VLBI network produced 
radio images of several quasars, reveal
ing in most cases compact cores and 
jets formed of successive "blobs" of 
synchrotron emission. 

Perhaps the most remarkable aspect 
of these blobs in 3C 273 and other 
quasars is that they appear to move 
away from the core at velocities sev
eral times that of light. The theory of 
special relativity holds that physical 
speeds do not exceed the velocity of 
light anywhere in the universe. But if 
an object ejects material in the ob
server's direction at velocities slightly 
less than the speed of light, the materi
al can appear to be moving at speeds 
exceeding the fundamental limit [see 
box on opposite page ]. 

Recently workers found that a new 
blob appeared at the same time as did 
the rapid variations. It so happened 
that the VLBI network observed 3C 273 
in June 1988 and in March 1989. The 
1988 observation yielded an image 

of the source in which a new blob had 
appeared [see illustration on this page ]. 
The 1989 image revealed that the blob 
had moved some distance from the 
core. Using these two measurements, 
investigators deduced the apparent ve
locity of the blob and therefore the 
time at which it had been ejected from 
the core. They found that the new com
ponent emerged during the period 
when 3C 273 was releasing bursts of 
radiation in the optical and infrared 
domain. So it seems that the violent ac
tivity is closely related to the birth of 
components in the jet. We hope that 
this connection will help us understand 
how the jets are formed. 

S uccessful theories of quasar ac
tivity must explain the presence 
of relativistic jets as well as the 

broad and narrow emission lines and 
the several continuum emission com
ponents. As yet, no theory exists that is 
this complete. Current theory suggests 
that high-energy continuum emission 
is radiated from the center of the qua
sar and illuminates clouds of gas some 
distance away. Astronomers have some 
understanding of the processes at the 
origin of the continuum emission in 
terms of synchrotron emission, Comp
ton emission and so on. None of this, 
however, tells us where the enormous 
quantity of energy needed to fuel these 
processes is generated. In other words, 
although we know the radiation is pro
duced by very energetic electrons, we 
do not as yet know how the electrons 
acquire their energy. 

Workers therefore confront the diffi
cult task of explaining how an object 
only a few light-years across or even 
less can emit as much radiation as 
1,000 galaxies. 

Most investigators now believe that 
quasars are ultimately powered by the 
gravitational energy associated with 
very massive and dense objects known 
as black holes. The evidence is circum
stantial. Some clues come from the 
rapid variations, which show that the 
central source is very compact. Other 
clues are mass estimates deduced from 
the motion of gas clouds. 

Astronomers can also point to the 
fact that it is possible to extract much 
more energy from gravitational forces 
than from any other kind. They have 
come to this conclUSion, in part, by 
studying gravitational and nuclear pro
cesses in X-ray "bursters" in our gal
axy . The cores of these objects are ex
tremely dense, hot bodies known as 
neutron stars. As material falls onto the 
surface of the star, gravitational energy 
is released. This material then under
goes a nuclear-burning process that 
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produces bursts of X rays. The analysis 
of X-ray bursters shows that gravita
tional forces release 100 times more 
energy than nuclear forces do. It is 
therefore natural to expect that gravita
tional energy is also the primary source 
in quasars. 

The emission from any compact ob
ject cannot be boundless. It is limited 
by the fact that radiation itself exerts a 
pressure. Extremely luminous sources 
can emit radiation so intense that it 
blows surrounding material away. If an 
object gains energy as matter is attract
ed toward it, the resulting luminosity 
cannot exceed the Eddington limit, the 
luminosity at which the radiation pres
sure will begin to push matter away. As 
the mass of the object increases, so 
does the Eddington limit. Hence, if one 
assumes that the luminosity of an ob
ject is close to the Eddington limit, one 
can estimate the object's mass. 

For the quasar 3C 273, the mass de
duced from the luminosity is billions 
of times the mass of the sun. The mass 
estimated from the luminosity of 3C 
273 and other quasars is not inconsis
tent with that derived from studies of 
motions of gases. Within the uncertain
ties it is therefore reasonable to think 
that gravitation plays a major part in 
the energy release of quasars. 

Another parameter that determines 
the energy output of a quasar is the ac
cretion rate: the amount of mass falling 
toward the gravitational center per unit 
time. Because quasars require a great 
amount of gravitational energy per unit 
time, they must also have high accre
tion rates, that is, a large quantity of 
mass must fall toward the gravitational 
center. Indeed, the accretion rate of 3C 
273 can be deduced from its power 
output of about 1040 watts. If the qua
sar converts gravitational energy to 
radiative energy with an efficiency of 
about 10 percent, the accretion rate is 
about 1024 kilograms per second, or a 
few times the mass of the sun per year. 
This calculation suggests that every 
year the equivalent of a few stars like 
the sun falls into the gravitational cen
ter of 3C 273. 

To emit so much energy, a quasar 
requires a core that is very compact 
as well as massive. The densest body 
known to physics is a black hole, an 
object whose gravitational forces are 
so great that neither material nor radia
tion can escape. According to the theo
ry of general relativity, a black hole is 
the ultimate stable configuration for a 
very massive object. Many astronomers 
therefore believe that whatever the orig
inal state of the massive compact ob
ject in quasars, a black hole will be 
formed. Unfortunately, no direct obser-

How an Object Can Appear to Move Faster Than Ught 

O
ne of the most fundamental 
laws of physics is that all radia

tion and matter can move only as 
fast as the speed of light, that is, 
300 Mm/sec (million meters per 
second). If a blob of matter is eject
ed from a quasar at speeds close to 
that of light, it can appear to move 
faster than light, however. This ef
fect has a straightforward explana
tion. Consider a blob that is moving 
at 240 Mm/sec toward the earth 
and at 90 Mm/sec perpendicular to 
the line of sight. (Equivalently, one 
can say that the blob is moving at 
256 Mm/sec at an angle of 20 de
grees from the line of sight.) 

BLOB\� 
----7) 

TO THE EARTH 
QUASAR 

At the instant the blob leaves the 
core, it releases a photon of radia
tion, designated photon 1. 

P1 
� 

After one second, photon 1 has 
traveled 300 Mm, and the blob has 

vation has ever been made that could 
either confirm or refute the existence 
of black holes in quasars. 

The matter surrounding a massive 
black hole is likely to spiral toward the 
center rather than taking a direct path. 
The matter will therefore form a disk 
around the central mass. This accretion 
disk is a structure that is seen around 
many compact objects in our galaxy. 
Accretion disks are so dense that radi
ation escapes only from the surface of 
the disk, just as stars emit light mainly 
from the surface region called the pho
tosphere. Investigators have shown that 
the luminosity of the accretion disk's 
photosphere is possibly responsible for 
the big, blue bump observed in the visi
ble and ultraviolet domains of the spec
trum of 3C 273. 

The structure and dynamics of qua
sars remain a mystery in many respects. 
Astronomers cannot yet figure out the 
geometries of the synchrotron com
ponent, the infrared component and 
the X-ray component. Nor can they de
duce what relation these components 
have to the fueling mechanisms and 
the accretion phenomena. The obser-

moved 240 Mm from the quasar to
ward the earth. It then emits a sec
ond photon. 

P2 
� 

� 
P1 

As the two photons travel through 
space, photon 2 will lag 60 Mm be
hind photon 1 in the direction paral
lel to the line of sight. The two pho
tons will also be separated by 90 
Mm in the direction perpendicular 
to the line of sight. 

P2 
� 

� 
P1 

EARTH 

Photon 2 will arrive at the earth 0.2 
second after photon 1 because the 
time delay equals the "parallel" 
change in distance (60 Mm) divided 
by the velocity of the photons (300 
Mm/sec). The apparent velocity of 
the blob across the sky is the "per
pendicular" change in distance (90 
Mm) divided by the time delay (0.2 
second). Hence, the blob appears to 
travel at 450 Mm/sec, or 50 percent 
faster than the speed of light. 

vations we have made with our col
leagues have shown that these issues 
are complex. These components might 
be closely associated with the gener
ation of the relativistic motions. Al
though our knowledge of quasars is 
still far from complete, we hope that 
extensive observations and theoretical 
insights will continue to provide clues, 
like pieces of a puzzle, enabling the 
overall picture to be assembled. 
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Streptococcal M Protein· 
The bacteria that cause strep throat and rheumatic fever depend 

on this cell-surface molecule to evade the body's defenses. 
The key to the protein's power is its remarkable structure 

J
ust as mammals have hair and 
birds have feathers, microorgan
isms have sophisticated struc
tures on their exteriors that help 

to ensure their survival. Some of these 
structures are receptor molecules that 
direct a microbe to the specific envi
ronmental niche that is its natural 
habitat. Other molecules prevent an 
organism from being destroyed by nat
ural processes. Pathogens that cause 
diseases in people are probably the 
microorganisms whose surface fea
tures have been best studied. Such 
viruses, parasites and bacteria are cov
ered with protein or sugar molecules 
that help them gain entry into a hu
man host by counteracting his or her 
defenses. 

One such molecule is the M pro
tein produced by certain streptococcal 
bacteria. Early studies of its structure 
made it seem unique, but the molecule 
now appears to embody a common mo
tif shared by many bacterial surface 
proteins. The M protein can therefore 
serve as a model for other surface pro
teins, a fact that may hasten the de
velopment of some antibacterial thera
pies. A thorough understanding of the 
M protein has already led to its use as a 
possible candidate for a vaccine to con
trol streptococcal infections. 

VINCENT A. FISCHETTI is professor 
and co· chairman of the laboratory of 
bacterial pathogenesis and immunolo
gy at the Rockefeller University. He also 
serves as editor in chief of the journal 
Infection and Immunity. Fischetti was 
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After receiving a bachelor's degree in 
bacteriology from Wagner College in 
1962 and a master's degree in micro
biology from Long Island University in 
1967, he went on to earn his doctorate 
in microbiology from the New York Uni
versity School of Medicine in 1970. Fis· 
chetti holds a MERIT Award from the Na
tional Institutes of Health for his work 
on the streptococcal M protein. 
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by Vincent A. Fischetti 

Streptococci are a group of bacteria 
with the capacity to grow in chains. 
Many varieties are part of the normal 
bacterial flora in humans and are not 
especially harmful. Streptococcus sa li
varius, for example, is found routinely 
on the tongue. Streptococcus mutans is 
commonly and exclUSively associated 
with the teeth (and is usually involved 
with dental caries). 

A particular subgroup of streptococ
cal bacteria, called group A and repre
sented by Streptococcus pyogenes, is a 
human pathogen. Between 20 and 30 
million cases of group A streptococcal 
infections occur every year in the U.S. 
alone. These cases include infections 
of the skin and throat, forms of pneu
monia and a recently identified dis
ease resembling toxic shock . The most 
common infection is acute streptococ
cal pharyngitiS, or strep throat, which 
occurs predominantly in school-age 
children. Strep throat would qualify 
as a major worldwide health problem 
if judged only by the time lost from 
school and work and by the amount 
spent on related doctor's fees. 

Strep throat's toll is much great
er, however. In as many as 4 percent 
of the pharyngitis cases that are un
treated or treated ineffectively, the 
strep infection leads to acute rheumat
ic fever, a disease that damages the 
heart, particularly the heart valves. 
Currently most surgical procedures to 
correct damaged heart valves in the 
U.S. are performed on patients who 
had rheumatic fever as children. Those 
heart-valve injuries are not direct ef
fects of the bacteria; instead they re
sult from an immunologic assault. 
Streptococci fool the immune system 
into attacking some of the body's own 
tissues. 

Although rheumatic fever is not a se
rious problem in the U.S. today, it is 
still a major health hazard in devel
oping nations. About 1 percent of the 
children between ages five and 15 in 
the developing world have rheumat
ic heart disease. By one estimate, for 

example, it affects nearly six million 
school-age children in India. 

Group A streptococci can persist 
in tissues for weeks, primarily because 
of the M protein on their outer sur
face. The M proteiD. gives a streptococ
cus the ability to resist ingestion by 
human phagocytes, the white blood 
cells that seek and destroy invading 
microorganisms. Rebecca Lancefield 
of the Rockefeller Institute (now Uni
versity) discovered this fact about 60 
years ago, and it is easily demonstrated 
by a simple experiment. If streptococci 
are placed in a drop of human blood, 
the phagocytes will avoid the bacteria 
with M proteins on their surface, but 
they will actively attack those that lack 
the protein. 

Thus, it is apparent that group A 
streptococci have developed a 
system for avoiding some of the 

antimicrobial defenses of a human 
host. Yet resistance to an infection by 
these bacteria is possible if the host's 
body can produce antibodies directed 
against the M protein. Such antibodies 
will neutralize the protective capacity 
of the M protein and allow the strepto
coccus to be engulfed and destroyed 
by phagocytes. 

Unfortunately, there are more than 
80 different serotypes, or varieties, of 
M protein. Laboratory tests suggest 
that antibodies against one serotype do 
not offer protection against others. As 
a result, researchers believe that expo
sure to one serotype of group A strep
tococcus will not immunize an individ
ual against all further streptococcal 
infections. The system that the strepto
cocci have devised for changing the M 
molecule to avoid antibody recognition 
is called antigenic variation. It is not 
unique to streptococci. Other disease 
organisms, including viruses and para
sites, commonly rely on antigenic vari
ation to avoid immune recognition of 
their surface molecules. 

My colleagues and I at the Rocke
feller University, among many other 
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scientists, have worked toward under
standing how the M molecule changes 
antigenically and how it helps the strep
tococcus evade phagocytosis (attack by 
phagocytes). The key to these charac
teristics seems to be in the M protein's 
structure, which helps the bacteria fend 
off the body's defenses in at least three 
ways. That knowledge has enabled us 
to develop strategies-and a potential 
vaccine-for controlling streptococcal 
infections. What we have discovered 
also gives us insights into the structure 
and function of surface proteins on 
other bacterial pathogens. 

When we look at ultrathin sec
tions of group A streptococci 
under an electron microscope, 

the M proteins appear as hairlike pro
jections on the surface of the bacterial 
cell wall. The cell wall is a strong but 
pliable physical barrier that protects 
the more fragile cell membrane below 
it. That membrane controls the inward 

flow of nutrients and the outward flow 
of wastes and other products. It also 
bears many enzymes necessary for cel
lular metabolism and protein synthe
sis. In most bacteria, a layer of com
plex carbohydrates is linked to the out
er surface of the cell wall. 

Streptococci are categorized as gram
positive bacteria because they have rel
atively thick cell walls that retain a spe
cific chemical stain after an identifica
tion procedure. (This staining technique 
was developed by the Danish bacteriol
ogist H.C]. Gram.) The streptococcal 
cell wall consists of long linear chains, 
or glycan units, of a disaccharide sugar 
molecule, N-acetylglucosamine-N-acetyl
muramic acid. These chains are inter
connected by short peptides, or amino 
add chains. Because of its structure, the 
cell wall is often called a peptidoglycan. 
The peptidoglycan of a gram-positive 
organism may be envisioned as rough
ly 10 layers of glycan strands cross
linked by pep tides to form a meshlike 

bag. The peptide constituent some
times varies among different gram-posi
tive species, but the fundamental struc
ture of peptidoglycans is almost always 
similar. 

An important first step in decipher
ing the structure of the M protein was 
learning the sequence of amino acids 
in one such molecule. In 1986 our lab
oratory, in collaboration with June R. 
Scott of Emory University and Susan 
Hollingshead, who is now at the Uni
versity of Alabama, succeeded at this 
task . We cloned (isolated and copied ) 
an M protein gene-specifically, the 
gene for the M protein of type 6 (M6) 
streptococci. Other investigators had 
previously determined portions of the 
amino acid sequences from M mole
cules. With a cloned gene, we could de
cipher the complete amino acid se
quence and begin to study the M6 pro
tein's whole structure. 

Approximately 80 percent of the 
M6 molecule is made up of four dis-

M PROTEIN appears as long, hairlike filaments on the surface 
of group A streptocpcci. It helps the bacteria evade their hu
man hosts' immunologic defenses and avoid being cleared 

from the body. Recent studies of the streptococcal M protein 
have revealed how specific structural features of the mole
cule enable it to carry out these functions. 
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N-TERMINUS 
tinct regions, each of which consists 
of repeated sequences of amino acids. 
(These regions are arbitrarily desig
nated by the letters A through D.) Near 
the N-terminal, or amino, end, the part 
of the molecule farthest from the bac
terial cell, lies region A .  This region 
has five tandem repeats, or blocks, of 
14 amino acids each. The three cen
tral repeats are identical, whereas the 
repeats at each end of the region di
verge slightly from the common amino 
acid sequence. Next on the molecule is 
region B, which has a similar five-re
peat structure except that the repeat
ed blocks contain 25 amino acids. Re
gion C consists of two and a half tan
dem repeats of 42 amino acids each; 
these blocks are not as identical to one 
another as those in the A and B re
peats. Region D is composed of four 
partial repeats containing seven ami
no acids. 

Adjacent to the D-repeat blocks is a 
nonrepeat region containing an abun
dance of proline and glycine amino 
acids, which are distributed in a nearly 
regular pattern. Beyond that region lies 
the C-terminal, or carboxyl, end of the 
molecule, which is the part within the 
cell. Near the C-terminal end are 20 hy-

CELL 
MEMBRANE 

drophobic (water-avoiding) amino acids 
and, at the terminus, six charged ami
no acids. By enzymatically removing 
the parts of the M protein exposed 
above the cell wall, we have demon
strated that the section buried in the 
cell extends from about the last repeat 
of the C region to the C-terminus. 

Reports from other laboratories have 
subsequently shown that similar ar
rangements of repeat blocks occur in 
the M proteins from type 5, l2 and 24 
streptococci. An alignment of the ami
no acid sequences of these different M 
proteins reveals that their C-terminal 
ends are more than 98 percent identi
cal. Closer to the N-terminus, however, 
differences in sequence among M pro
teins increase. Consequently, the A-re
peat blocks and a short ll-amino acid 
region at the N-terminus are unique for 
each M molecule: Currently it seems 
that blocks of repeated sequences con
stitute many surface proteins found in 
gram-positive bacteria. 

As my co-worker Belur N. Manjula 
and I continued to inspect the amino 
acid sequence of M6, another intrigu
ing structural detail revealed itself. Run
ning throughout all the repeat regions 
is an unusual seven-amino acid pat-

-' 
-' 

� 
-' 
-' 
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() 

ROPEUKE SlRUCTIJRE OF M PROTEINS (left at top) extends away from the 
surface of the streptococcus. Pairs of helical M molecules curl around one 
another, giving the protein its coiled-coil conformation. Specialized regions 
of the protein anchor it in the cell membrane and stabilize it in the cell wall. 
The cell wall (above) is a meshlike structure consisting of long chains of a 
disaccharide sugar that are randomly cross-linked by pep tides. 
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tern: the amino acids in the first and 
fourth positions are hydrophobic; the 
intervening amino acids allow the pro
tein to twist itself into a spiral shape 
called an alpha helix. This observation 
prompted us to look through the litera
ture for other proteins that shared this 
characteristic. All such molecules, we 
found, had an alpha-helical coiled-coil 
conformation-that is, they consisted 
of two alpha-helical chains twisted into 
a ropelike structure. 

T he coiled-coil structure forms be
cause of the geometry of the al
pha helix and the characteristics 

of its constituent amino acids. Making 
a single turn in an alpha helix requires 
3.6 amino acids. Consequently, in the 
M6 protein the hydrophobic amino 
acids in the first and fourth positions 
line up to form an inclined stripe 
around the helix. Because of their hy
drophobic nature, these amino acids 
prefer to be buried within a protein, 
away from the water molecules in the 
epyironment. Pairs of M6 alpha helices 
will therefore coil around one another 
to internalize, or cover, one another's 
hydrophobic amino acids. 

The seven-unit pattern in the ar
rangement of the amino acids in M6 in
dicated that the repeat regions of the 
protein molecule make up a long heli
cal rod. The pattern in M6 is not per
fect, nor is that found in many other 
coiled-coil structures. Such irregulari
ties probably account for the flexibility 
of the M molecules observed in elec
tron micrographs. More important, the 
characteristics of these irregularities 
differ in the A-, B- and C-repeat regions. 
That observation suggests that each re
peat region evolved independently and 
may have a distinct function. New data 
from a variety of ongoing experiments 
continue to verify that idea. 

In collaboration with Carolyn Cohen 
of Brandeis University and George N. 
Phillips, Jr. , who is now at Rice Univer
sity, we gathered more physical and 
chemical data about M6. Our measure
ments confirmed that each M protein 
fiber on a streptococcal cell wall is 
about 50 to 60 billionths of a meter 
long and consists of a single coiled-coil 
molecule. 

It is likely that M proteins of all sero
types are built along a basic theme: 
they have a lengthy coiled-coil rod re
gion in their centers that is flanked by 
a floppy section at the N-terminal end 
and an anchoring region at the C-ter
minal end. Because the alpha-helical 
coiled-coil structure can accommodate 
a large number of varying amino acid 
sequences, many different M proteins 
with the same general conformation 

STREPTOCOCCAL BACTERIA (Streptococcus pyogenes) grow in chains and can 
cause rheumatic fever. In this micrograph the streptococci have been labeled with 
a fluorescent dye by monoclonal antibodies that bind to the M protein. 

can be constructed. Natural selection 
pressures on the molecule appear to 
favor the coiled coil. Streptococcal mu
tants that produced M proteins with 
deviant structures would probably not 
survive in the human body. 

For an M protein to protect a strepto -
coccus, it must be able to attach to the 
organism. The mechanism that holds 
surface proteins on gram-positive bac
teria is still poorly understood, but 
our studies of the M protein have been 
enlightening. 

My Rockefeller colleague Vijaykumar 
Pancholi and I found that we could 
strip a streptococcus of its cell wall by 
exposing it to an enzyme that cuts the 
peptidoglycan. If we did so in a 30 per
cent solution of the sugar raffinose, the 
high osmotic pressure of the solution 
prevented the bacterial membrane from 
rupturing. Under those circumstances, 
the M protein remained attached to the 
exposed cell membrane. This simple ex
periment proved to us that the M pro
tein is bound to the cell membrane and 
not linked to the cell wall, as many re
searchers had previously suspected. 

We believed that the 20 hydrophobic 
amino acids near the C-terminal end 
were inserted into the similarly hydro
phobic membrane itself, whereas the 
charged amino acids at the very ter
minus protruded into the aqueous cy
toplasm. Because the charged amino 
acids would resist moving into a hy
drophobic environment, they would act 
like a knot at the end of a string, pre-

venting the M molecule from being 
pulled through the membrane. 

That mechanism may be valid for 
some proteins attached to membranes. 
More recent evidence indicates, howev
er, that the attachment mechanism for 
M protein and other bacterial surface 
proteins may actually be more sophisti
cated. Our studies have revealed that 
all surface proteins from gram-positive 
bacteria have a similar arrangement of 
hydrophobic and charged amino acids 
at their C-terminal end. 

More important, however, a short six
amino acid sequence adjacent to the 
hydrophobiC region is highly conserved 
in all the known surface proteins of 
gram-positive bacteria. The sequence 
consists of a leucine, a proline, a ser
ine, a threonine, a glycine and a glu
tamic acid. Its designation is usually 
abbreviated as LPSTGE. 

T he importance of the LPSTGE se
quence in the attachment of the 
M protein (and probably in all 

other proteins with this sequence mo
tif) was dramatized by genetic experi
ments performed by Olaf Schneewind 
in my laboratory. He found that if he 
removed only the LPSTGE sequence 
from the M protein gene, the M mole
cule that was produced would not at
tach to the bacterial membrane. This 
result suggested that the hydrophobic 
domain and the charged amino acids 
at the C-terminus are not sufficient for 
membrane attachment and that the 
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PROTEIN SEQUENCE of the M6 molecule was determined by 
cloning its gene. About 80 percent of M protein consists of 
blocks of repeated amino acid sequences (A, B, C and D). The 

region rich in prolines and glycines may help the protein tra
verse the cell wall. Amino acids near the C-terminus permit 
attachment to the cell membrane. 

LPSTGE motif may be an important sig
nal for initiating the process. The na
ture of the signal and the mechanism 
of attachment are currently under in
tense investigation. 

In nearly all surface proteins found in 
gram-positive bacteria, there is another 
distinctive region that spans about 50 
to 75 amino acids on the N-terminal 
side of the hydrophobic region. This 
part is probably located within the pep
tidoglycan. Proline, glYCine, threonine 
and serine constitute a high percent
age of these amino acids. The rea
son for their prevalence has not been 
fully explored, but it is known that 
prolines and glycines can create turns 
and bends in proteins. One hypothesis 
holds that cross-links in the peptido
glycan can weave through the proline
and glycine-induced bends, thereby sta
bilizing the M protein's position in the 
cell wall. 

The discovery that all known surface 
proteins on gram-positive bacteria at-

N 

N 

tach themselves by a similar mecha
nism may open new avenues for con
trolling infections caused by these or
ganisms. Surface proteins help path
ogenic organisms initiate infections. 
By preventing the proteins from an
choring to the bacterial cell, we should 
eventually be able to block infections 
and circumvent some of the problems 
associated with resistance to antibiot
ic therapies. 

Just as the structures at the C-termi
nal end of the molecule tell us about 
how the M protein attaches to the bac
terial cell, structures at the N-terminal 
end offer clues about how the molecule 
helps to fend off phagocytes. The N
terminal end of all M molecules has 
an excess of negatively charged amino 
acids, which results in a net negative 
charge for the region. Mammalian cells 
also exhibit a net negative charge on 
their surface. The charge on M proteins 
may thus have evolved to hamper con
tact between streptococci and phago-

C (� C 
1 

C ( � W�� DGROIC � C 

1 3 1 2 � 4 GLY 
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DIFFERENT FORMS OF RELATED M PROTEINS arise when mutant streptococci de
lete copies of the amino acid repeats found in the parental molecules. Antigenic 
variation that results from these changes helps streptococci evade the immune 
system. Most variations in the M protein structures occur toward the N-terminus. 
The C-terminal half of the molecule is less variable. 

62 SCIENTIFIC AMERICAN June 1991 

cytic cells through electrostatic repul
sion. It seems likely that one function 
of the central rod in the M protein is to 
act as a shaft for holding the negatively 
charged N-terminal end-and phago
cytes-away from the bacterial surface. 

At the N-terminal end of the coiled
coil rod, there is also a hypervariable 
region. This part of the molecule has 
a distinctive sequence in each M sero
type. The hypervariable region consists 
of the short II-amino acid nonhelical 
sequence and the adjoining A-repeat 
region. We found that the hypervari
able region plays an important role in 
the biological activity of the molecule: 
only antibodies against this area per
mit phagocytes to consume the strep
tococci. That observation explains why 
only serotype-specific antibodies pro
tect against strep infections. 

F or years, researchers have won
dered how streptococci change 
the sequences in their hypervari

able regions. Our finding that M mole
cules vary in size between organisms 
has led to a partial explanation. 

Initially we examined 20 serotypes of 
M proteins that had been collected 
from streptococcal infections during a 
40-year period. The molecules showed 
a wide range in size, from 41,000 to 
80,000 molecular-weight units. We en
countered a similar variation among 
streptococcal M6 proteins collected 
from several children in a daycare cen
ter during a pharyngitis outbreak . 

To determine how rapidly the mole
cules change size, we examined the M 
proteins from samples of one M6 strep
tococcal strain that had been grown in 
our laboratory for more than 30 years. 
To our surprise, we did not find any ev
idence that its M protein had changed 
size during that time. 

We also analyzed other streptococcal 
strains that had been serially collected 
from patients during a period of several 
weeks in the 1940s, before the advent 
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of penicillin therapy. Streptococci that 
had been isolated a week apart from 
the same patient had M proteins that 
were of the same serotype but were dif
ferent in size. We therefore believe that 
in a patient's throat, natural selection 
pressures on the streptococci may fa
vor the appearance of mutants that 
produce M proteins of different size. 
Such pressures would not exist for the 
strain growing in the laboratory. 

Our further investigations revealed 
that size mutations are present in low 
numbers among the seemingly homo
geneous cells of the M6 laboratory 
strain. According to our calculations, 
mutants that make smaller M proteins 
arise once in every 2,000 streptococcal 
chains. That rate is much too high to 
be explained by spontaneous point mu
tations, or changes in individual DNA 
bases. Such changes would be expected 
only about once in every one million to 
10 million chains. 

To examine what caused this change 
in size, we analyzed the M protein 
genes from several different mutants. 
Our results demonstrated that the 
changes had been caused by the re
moval of DNA sequences for certain re
peat blocks in the M protein. For exam
ple, one mutant had deleted two identi
cal A-repeat blocks from its M protein, 
and another mutant had eliminated 
one B-repeat block . In a third case the 
deletion extended from the center of 
the first A-repeat block to the center of 
the third A-repeat block . Because the 
end repeat blocks are slightly different, 
the deletion resulted in a change in the 
amino acid sequence. 

These observations clarified how the 
changes in the M protein arose. Dur
ing DNA replication in the multiplying 
streptococci, mistakes sometimes re
move the DNA segments for some re
peat blocks. As a result, the mutant off
spring produce smaller M molecules. 
Larger M6 molecules appear in nature, 
but our laboratory techniques do not 
allow us to isolate them. 

With this discovery in mind, my col
league Kevin Jones and I next asked 
whether antibodies that react with a 
parental M protein would also react 
with the shorter, mutant M molecules. 
Antibodies speCific for the A and B re
peat regions of a parental M6 protein 
provided us with a means to test the 
idea. We found that the antibodies ei
ther did not bind to the mutant M pro
teins or bound only very weakly if their 
normal binding sites were in a deleted 
area or immediately adjacent to one. 

Size changes in M proteins can there
fore interfere with the ability of some 
antibodies to bind to the molecule. 
Streptococci take advantage of genetic 

mistakes to change the size and anti
genic character of their M molecules, 
thereby escaping recognition and de
struction by the host's immune sys
tem. The streptococcal mutants that 
appeared in the weekly throat cultures 
of the pharyngitis patients may have 
survived because their M proteins were 
not targeted by the antibodies against 
the parental organisms. 

T his finding illustrates the basic 
strategy used by disease organ
isms to survive in the environ

ment: they exploit their ability to repli
cate rapidly. One organism dividing 
every 30 minutes will produce more 
than a million daughter cells within 10 
hours. Mistakes during this replicative 
process create mutant organisms. Usu
ally a mutant will not survive, because 
its defect is in a function vital for 
growth. In other instances, however, 
the genetic change may allow the mu
tant to survive and prosper in an envi
ronment that is unsuitable for other 
daughter cells. 

The same principle applies to the M 
protein and other surface molecules 
with the capacity to change. Often DNA 
changes occur in genetic "hot spots," 
where repeat sequences predominate. 
Because those areas are particularly 
prone to mistakes during DNA replica
tion, the microorganism maintains the 
repeat sequences to ensure a steady 
supply of mutants. Although this mech-

anism explains how changes occur in 
the repeat regions, we still do not un
derstand how the 11 amino acids at the 
N-terminus change between serotypes. 

I have now outlined two ways in 
which the M protein may confound a 
human host's defenses: N-terminal re
pulsion and antigenic variation. To un
derstand a third mechanism, we must 
first review another surveillance sys
tem by which the host identifies and 
prevents microbial infection. 

In their blood and lymphatic fluid, 
mammals carry a complex array of pro
teins and enzymes-the complement 
system-that recognizes pathogenic 
microorganisms and other foreign par
ticles. When a foreign particle enters 
the body, the complement protein C3b 
quickly binds to it. The C3b label marks 
the pathogen as something to be killed 
and cleared from the body by white 
blood cells or other related systems. 
Such a rapid process for recognizing 
invaders can make mistakes by wrong
ly labeling normal mammalian cells. 
Therefore, the blood serum also con
tains a set of regulatory proteins that 
can reverse or block the binding of C3b 
to these cells. 

While investigating why streptococci 
are not cleared after an infection, re
searchers noticed that C3b bound ef
fectively to streptococci without M pro
teins but not to M-bearing ones. In col
laboration with Rolf Horstmann of the 
Bernhard-Nocht lnstitute in Hamburg, 

How M Protein Becomes a Coiled Coil 

3 2 4 

HYDROPHOBIC 
AMINO ACID 6 

" 

5 

The M protein sequence 
has a regular pattern of 
hydrophobic amino acids. 

2 

When the sequence coils 
into an alpha helix, a hy
drophobic stripe forms. 

3 

Pairs of helical strands 
intertwine to cover their 
hydrophobic regions. 
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we discovered the reason for this dif
ference: factor H, one of the regulatory 
proteins of the complement system, 
can bind specifically to the M protein. 
That binding limited the deposition of 
C3b onto the streptococci and protect
ed them from being cleared. In a sense, 
the M-bearing streptococcus cleverly 
disguises itself as a normal human cell 
to evade the complement system. We 
found subsequently that factor H binds 
to the M protein within the conserved 
C-repeat region. 

That strategy for evading clearance 
from the body has made the strepto
coccus a successful human parasite. We 
postulate that during an infection, fac
tor H binds to the M protein, thereby 
preventing the destructive labeling of 
the streptococci. If the infection goes 
untreated, the host will generate anti
bodies against the M protein within sev
en to 14 days. 

We believe that antibodies that bind
to the B- and C-repeat regions of the 
molecule fall under the influence of 
factor H. Consequently, those antibod
ies do not help to eliminate the infec
tion. Only antibodies against the hyper
variable region near the N-terminal end 
are far enough away from factor H to 
trigger the destruction of the bacteria 
by antibody-mediated phagocytosis. 
Antibodies to the N-terminus also neu
tralize the region's negative charge and 
thereby assist phagocytosis. 

The full cycle of infection, antibody 
production and clearance from the 
body requires up to 14 days. During 
that time the streptococcus can gen
erate a large number of progeny, some 
of which will be identical to their par
ent, but some of which will be mutants 
that have changed M proteins. The 
successful cells are usually passed on 
to another individual to begin a new 

ORGANISM 

M PROTEINS STREPTOCOCCUS 

IgA-BINDING PROTEIN STREPTOCOCCUS 

TPROTEIN STREPTOCOCCUS 

Ig-BINDING PROTEIN G STREPTOCOCCUS 

WALL-ASSOCIATED STREPTOCOCCUS 
PROTEIN A 

Ig-BINDING PROTEIN A STAPHYLOCOCCUS 

FIBRONECTIN-
BINDING PROTEIN 

STAPHYLOCOCCUS 

cycle and to perpetuate the species. 
Our structural studies have helped 

point out how a group A streptococcal 
infection may indirectly cause the heart 
damage associated with rheumatic fe
ver. We compared the amino acid se
quences of M proteins with those of 
other proteins that were recorded in 
a computer data base. The M proteins 
were as much as 40 percent identical 
with other fibrous coiled-coil proteins 
such as tropomyosin, myosin and ker
atin-all three of which are found in 
mammalian tissues. That similarity has 
immunologic consequences. 

One hallmark of rheumatic fever is 
the presence of antibodies that react 
with muscle tissue, particularly heart 
tissue, in a patient's blood serum [see 
"Rheumatic Fever," by Earl H. Freimer 
and Maclyn McCarty; SCIENTIFIC AMERI
CAN, December 1965]. Normally, anti
bodies are not made against one's own 
tissues. Researchers have discovered, 
however, that so-called cross-reacting 
antibodies can sometimes be induced 
by a molecule in an infective organ
ism that resembles one in the mam
malian host. In the process of making 
antibodies against the microbial mol
ecules to clear an infection, the body 
is tricked into generating antibodies 
against its own tissues-a potentially 
harmful development. 

The late Edwin H. Beachey and his 
co-workers at the University of Tennes
see at Memphis found that rabbits im
munized with purified M protein pro
duced antibodies to both the M protein 
and the mammalian muscle myosin. 
Some antibodies produced in this way 
have also been found to react with tro
pomyosin and other mammalian mus
cle proteins. Because these muscle pro
teins are also coiled-coil molecules, it is 
likely that the cross-reactive antibodies 

recognize a common conformational 
feature of the M protein and the mam
malian molecules. The exact role of 
such cross-reactive antibodies in the 
genesis of rheumatic heart disease, 
however, is not yet understood. j\:tempts have been made to apply 

the knowledge of the M protein's 
structure and function to the 

development of a vaccine for prevent
ing streptococcal infections. Antibodies 
against the N-terminal hypervariable 
region will initiate phagocytosis, but as 
mentioned previously, vaccines pre
pared from that region will protect 
against only a single type of strepto
coccus. Such vaccines would therefore 
need to include many different N-ter
minal sequences. That problem, along 
with the continuously changing nature 
of the N-terminal region, makes the ap
proach unattractive. 

An alternative strategy that we have 
explored takes advantage of the con
served regions of the M molecule that 
are not buried within the cell wall or 
membrane. This tactic was inspired by 
the observation that the incidence of 
group A streptococcal pharyngitis gen
erally peaks at about age six or sev
en, then declines rapidly after age 10. 
The lowest incidence of pharyngitis oc
cUrs after age 20. Yet it is unlikely that 
adults have been exposed to all of the 
more than 80 streptococcal types, and 
recent experiments in my laboratory 
have verified that suspicion. 

Rather, the lower incidence of strep
tococcal pharyngitis during adulthood 
may be caused either by an undefined 
age-related factor or by a broad immu
nity that individuals acquire through 
contact with streptococci as children. 
We postulated that protection against 
pharyngitis could be induced by anti-

CONSERVED REGION HYDROPHOBIC REGION 

... KP NQN KAPM KETKRQ LP STGE TAN PF FTAAAL TVMATAGVAAVV KRKEEN 

... QANR S R SAM TQQKRT LP STGE TAN PFFTAAAATVMVSAGMLAL KRKE EN 

... TVLLETDIPNTKLGELPSTGSI GTYLFKAIGSAAMIGAIGIYIV KRRKA 

... KKPEAKKDDAKKAET LPTTGEGSN PFFTAAALAVMAGAGALAVA SKRKED 

... TTTSKQVTKQKAKFVLPSTGEQ AGLLLTTVGLVIVAVAGVYFYRTRR 

SIMILAR REGIONS appear near the C-termini of several pro
teins from various gram-positive bacteria. Each letter repre
sents an amino acid in the protein sequence. The similarities 

at the C-termini suggest that a common mechanism is re
sponsible for attaching the C-ends of M proteins and of these 
other molecules to bacteria. 
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THWARTING THE IMMUNE SYSTEM is the primary job of the 
M protein. Negative charges at the N-terminus may repel 
phagocytic white blood cells. By binding with factor H-a reg
ulatory protein produced by the human host-the M protein 

protects its most conserved regions from antibodies and 
complement enzymes. Only antibodies against the antigeni
cally shifting hypervariable region can clear an established 
streptococcal infection from the host's body. 

bodies to some regions that are con
served among several serotypes. In this 
way, exposure to streptococci during 
childhood may permit the development 
of a repertoire of antibodies against 
the conserved regions of M proteins, 
and these antibodies confer protection 
later in life. 

To test this hypothesis, my colleague 
Debra Bessen and I prepared synthetic 
peptides of about 20 amino acids. Each 
peptide was a copy of an amino acid se
quence found in the conserved (-repeat 
region of the M protein. These peptides 
were then coupled to a nontoxic sub
unit of the cholera toxin molecule. The 
subunit served as a carrier for the small 
peptides and helped to stimulate an im
mune response against them. This pro
tein-peptide complex was sprayed into 
the noses of mice several times during 
a two-week period and again after three 
weeks as a booster. We waited a short 
time to allow the mice to develop ap
propriate antibodies against the pep
tides, and then we challenged them 
with intranasal and oral exposures to 
live group A streptococci. 

The animals that had received the 
peptide vaccine, we found, were Signifi
cantly less prone to streptococcal phar
yngitis than mice that had not. In es
sence, the vaccine prevented the mice 
from getting strep throat. The antibod
ies against the conserved regions of the 
M protein apparently blocked the strep
tococci from attaching to the pharynx 
(throat tissue) and colonizing it. We 

saw the protective effect even when the 
challenging organism had an M sero
type different from that in the vaccine. 

To test a different approach, in col
laboration with Dennis E .  Hruby of 
Oregon State University, we transferred 
the gene for the conserved region of 
the M protein into a vaccinia virus. 
(These viruses, which are the basis for 
the vaccine against smallpox, are weak 
and relatively harmless to humans.) 
When the genetically altered viruses in
fected mammalian cells, they caused 
the cells to produce the conserved re
gion of the M protein. We vaccinat
ed mice intranasally with the viruses. 
Thereafter the mice were immune to 
challenges by live streptococci. 

In summary, it seems possible to sen
sitize animals' immune systems against 
the conserved regions of M proteins. By 
preventing the initial colonizing step 
of an infection, we can circumvent the 
need for type-specific antibodies. Type
speCific antibodies become necessary 
for overcoming the infection only after 
streptococci have colonized and invad
ed tissues. 

Since Lancefield first identified the 
M protein as an important determi
nant of the virulence of streptococci, it 
has taken scientists almost 60 years 
to develop some form of protection 
against the infections. Several more 
years will probably pass before a vac
cine for humans is ready. The progress 
has hinged on the growing understand
ing of the molecular structure of the 

M protein, the location of its function
al domains and the method by which 
the protein repels phagocytic attack. It 
is exciting to realize that the studies 
of the M protein will benefit not only 
those persons at risk for streptococcal 
infections and rheumatic fever: they 
should also prove useful in developing 
strategies against other bacterial and vi
ral diseases. 
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Polar Stratospheric Clouds 
and Ozone Depletion 

Clouds rarely form in the dry, Antarctic stratosphere, 
but when they do, they chemically conspire with chlorofluorocarbons 

to create the "ozone hole" that opens up every spring 

by Owen B. Toon and Richard P. Turco 

More than two dozen scientists 
boarded a National Aeronautics 
and Space Administration's De-

8 based at Punta Arenas, Chile. The air
craft headed south, climbing through 
the sunrise sky high above the Antarc
tic peninsula into the stratosphere, that 
part of the atmosphere between 10 and 
50 kilometers in altitude. As the plane 
entered the now well-known ozone hole 
in that September of 1987, it was greet
ed by a large cloud in the shape of 
an eye, with a bright red iris surround
ing a green pupil. Along with an ER-2 , 
a companion high-altitude aircraft, the 
DC -8 carried instruments to measure 
the aerosols, gases and atmospheric dy
namics in such clouds as well as in the 
surrounding stratosphere. The expe
dition would help scientists to under
stand what had been observed two 
years before: the correlation between 
the depletion of ozone and the forma
tion of those curious clouds. 

During the past century, observers 
on land had periodically recorded the 
appearance of stratospheric clouds 
over both poles, at an altitude of about 
20 kilometers. The clouds extend 10 to 

OWEN B. TOON and RICHARD P. TUR
CO study atmospheric chemistry, ra
diation and microphysics, frequently ap
plying information gained from plane
tary explorations. Toon received his 
Ph.D. from Cornell University and is cur
rently an associate fellow at the National 
Aeronautics and Space Administration 
Ames Research Center. He was one of 
the leaders of the airborne missions to 
the polar regions. Turco received his 
Ph.D. from the University of Illinois at 
Urbana-Champaign and is professor of 
atmospheric sciences at the University 
of California, Los Angeles. The authors 
were members of the research team that 
first introduced the concept of nuclear 
winter. 
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100 kilometers in length and several 
kilometers in thickness. They glow with 
a seashell iridescence. Hence they are 
sometimes called nacreous, or mother
of-pearl, clouds. 

In addition to nacreous clouds, inves
tigators have found two other types. 
The second kind of cloud consists of 
nitric acid instead of pure water. The 
third species is identical to nacreous 
clouds in chemical composition but 
forms in a process that results in a 
larger cloud with no iridescence. When 
these three kinds of clouds form over 
the poles, scientists broadly refer to 
them as polar stratospheric clouds
PSCs, for short. 

The eerie beauty and exotic nature 
of PSCs belie their more ominous sig
nificance. Recent work , including our 
own research, strongly indicates that 
PSCs trigger ozone depletion in the 
Arctic stratosphere. In the Antarctic 
stratosphere they help to create the 
ozone hole. 

The ozone hole is not actually a hole 
but a region that contains an unusually 
low concentration of ozone [see "The 
Antarctic Ozone Hole," by Richard S. 
Stolarski; SCIENTIFIC AMERICAN, Janu
ary 1988]. At ground level this mol
ecule, consisting of three oxygen atoms, 
is a health hazard. In the stratosphere 
ozone is crucial to survival on the earth. 
Although ozone constitutes less than 
one part per million of the gases in the 
atmosphere, it absorbs most of the ul
traviolet radiation from the sun. 

Such radiation can affect the growth 
and reproduction of phytoplankton, the 
base of the marine food chain. In hu
mans, excessive ultraviolet exposure 
has been implicated as a cause in skin 
cancers, cataracts and immune deficien
cies. Although remotely located, the 
ozone hole in the Antarctic is nonethe
less cause for concern: shifting circula
tion patterns carry masses of ozone-de-

pleted air north. It may thus forebode 
widespread ozone depletion through
out the stratosphere. 

In 1985 Joseph c. Farman and his co
workers at the British Antarctic Survey 
first reported that significant ozone de
pletion had been occurring over Ant
arctica since the late 1970s. Satellite 
measurements from Nimbus 1, man
aged by Arlin Krueger of the NASA 
Goddard Space Flight Center, showed 
that over the years the depletion from 
austral spring to austral spring has 
generally worsened. About 70 percent 

STRATOSPHERIC CLOUDS can fonn over 
the polar regions if the air cools suffi-
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of the ozone above Antarctica, which 
equals about 3 percent of the earth's 
ozone, is lost during September and 
October. Measurements by David Hof
mann and his co-workers at the Univer
sity of Wyoming revealed that most of 
the ozone loss occurred at altitudes be
tween about 12 and 30 kilometers. 

Scientists have advanced a number 
of theories to explain what caus
es the ozone hole. Several major 

expeditions have served to winnow out 
the wrong ones. One principal group of 
theories, for example, suggested that 
atmospheric motions alone caused the 
ozone hole. Proponents of these theo
ries thought that the circulation pat
tern over the poles may have gradually 
changed, so that upward moving winds 
might now blow over Antarctica during 
the spring. These winds would replace 
ozone-rich stratospheric air with ozone
poor air from the troposphere, the at
mosphere below 10 kilometers. 

Max Loewenstein and his group from 
the NASA Ames Research Center, Le
roy E. Heidt and his colleagues at the 
National Center for Atmospheric Re
search (NCAR) and others showed such 
hypotheses to be incorrect. According 
to the dynamic models used by advo
cates of the circulation theories, high 
concentrations of trace gases originat-

ing from the ground should be present 
at the altitude of the ozone hole. Mea
surements by the investigators re
vealed only low levels of the trace gas
es, however, indicating that ozone-hole 
air in fact comes from high altitudes, 
where ozone is normally abundant. 

A second class of theories proposed 
that chemical reactions deplete ozone. 
One early hypothesis suggested that re
active nitrogen compounds, normally 
the most important agents for destroy
ing ozone in the lower stratosphere, 
might exist at elevated concentrations 
near the ozone hole. The enhancement 
was presumed to result from the com
bined effects of increased solar activity 
and atmospheric circulation. 

The theory proposed that the en
hanced solar activity produced reactive 
forms of nitrogen over the South Pole 
at high altitudes. The downward mo
tion of air then carried the reactive ni
trogen into the lower stratosphere, 
where investigators observed the ozone 
loss. But Crofton B. Farmer and his 
colleagues from the NASA Jet Propul
sion Laboratory, George H. Mount and 
his co-workers at the National Ocean
ic and Atmospheric Administration 
( NOAA) Aeronomy Laboratory and oth
ers found that the reactive forms of ni
trogen were also depleted in the ozone 
hole, hence disproving the theory. 

Farman and his colleagues proposed 
an alternative chemical interpretation, 
one that has now gained wide accep
tance. Based on the mid-1970s work 
by Mario]. Molina, now at the Massa
chusetts Institute of Technology, and 
F. Sherwood Rowland of the University 
of California at Irvine, the theory sug
gests that chlorine compounds might 
be responsible for the ozone hole. 
Chlorine primarily enters the atmo
sphere as a component of chlorofluo
rocarbons (CFCs) produced by humans. 
These inert compounds, used in such 
diverse applications as coolants for air 
conditioners and refrigerators, as sol
vents for cleaning circuit boards and as 
agents for producing insulating foams, 
may survive 50 to 100 years in the at
mosphere. In only a few years, winds 
throughout the troposphere uniformly 
distribute CFC molecules released from 
a .single point. Over the decades, the 
molecules eventually reach the middle 
stratosphere, about 30 kilometers or 
higher. There, ultraviolet light from the 
sun tears them apart. 

The chlorine released from the CFC 
molecules initially either exists as free 
chlorine or reacts with ozone to form 
chlorine monoxide (ClO). These two 
forms of chlorine then react further to 
form stable compounds that are the so
called reservoirs of chlorine. The reser-

ciently during the winter. Nitric acid trihydrate clouds are vis
ible as thin, dark orange layers. The water-ice clouds appear 

whitish. The clouds, such as these over Stavanger, Norway, 
help to initiate the chemical reactions that destroy ozone. 
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FORMATION OF POlAR STRATOSPHERIC CLOUDS occurs 
when the air cools sufficiently for vapor to condense. The 
cooling may take place slowly, as when the stratosphere radi
ates heat into space or is uplifted by air masses sliding below 
it (top left). Rapid cooling occurs when air flows over moun
tains, creating a standing-wave pattern that reaches the strato
sphere (top right). As the temperatures drop below 195 kel-

vins, particles of nitric acid trihydrate condense around the 
sulfuric acid particles in the stratosphere, forming nitric acid 
trihydrate clouds. Water-ice clouds form if the temperature 
drops below 190 kelvins; the water vapor condenses on the 
nitric acid trihydrate particles and on any remaining sulfuric 
acid particles. Under rapidly cooling conditions, a greater frac
tion of such particles become condensation nuclei. 

voirs consist primarily of the gaseous 
forms of hydrochloric acid (HCl), pro
duced in a reaction of free chlorine 
with such common atmospheric con
stituents as methane, and chlorine ni
trate (CION02), formed in a reaction be
tween CIO and nitrogen dioxide (N02)· 

Chlorine reservoirs themselves do 
not destroy the ozone layer. In these 
compounds, chlorine remains inert and 
cannot react with ozone. Early comput
er models concluded that CFCs should 
not have a major effect on the ozone 
layer. They indicated that only small 
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amounts of ozone would be destroyed 
by some of the chlorine in the reser
voirs that does manage to escape and 
become active. 

Evidently some mechanism in the 
Antarctic stratosphere was freeing more 
of the chlorine from these inert reser
voirs. Susan Solomon and her co-work
ers at the NOAA Aeronomy Laboratory 
and Michael B. McElroy and his co
workers at Harvard University provid
ed the first hints of what this mecha
nism might be. In 1986 they suggested 
that the observed correlation between 

the cycle of ozone depletion and the 
presence of polar stratospheric clouds 
implied that chemical reactions taking 
place on the ice particles in the clouds 
freed chlorine from the reservoirs. 

A first glance, the cloud theory 
encountered an apparent prob

lem: clouds in the stratosphere 
were thought to be uncommon. The 
relative humidity there averages about 
1 percent. Moreover, water vapor con
stitutes only a few parts per million of 
the air, a factor of 1,000 less than the 
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amount in the troposphere, where most 
clouds form. 

Until recently, the only kind of strato
spheric cloud thought to exist was the 
nacreous cloud. These clouds form at 
altitudes of about 15 to 30 kilometers 
and are the stratospheric versions of 
the lenticular (lens-shaped) clouds fa
miliar to inhabitants of windy, moun
tainous regions. Lenticular clouds form 
as air rushes over mountains. The air 
creates a standing pattern of so-called 
lee waves downwind from the moun
tains. In the ascending portion of the 
lee waves, the air rapidly expands and 
cools. If there is sufficient moisture, it 
will condense on the many particles in 
the air. The waves thus become visible 
as clouds. 

If the air is stably stratified and the 
wind does not change speed or direc
tion at higher altitudes, the standing
wave pattern created by the mountains 
can propagate into the stratosphere. 
Nacreous clouds then tend to form on 
the crests of the standing waves. They 
do so through condensation on any 
aerosols present. 

Sudden cooling and condensation 
of water vapor form the nacreous 
clouds. Because the mountains 

create standing waves, the clouds re
main stationary, even though air con
stantly rushes through them. The ice 
crystals collect water as air currents 
push them through the clouds, so they 
grow to about two microns in size be
fore all the water has been collected. 
When the crystals reach the descending 
portion of the lee waves, the air com
presses and thus heats, evaporating 
the ice. A single cloud may extend 
from 10 to 100 kilometers in length. 
The energy of the standing wave may 
be sufficiently high so that a succes
sion of such clouds may exist. 

The distribution of sizes across the 
cloud gives nacreous clouds their iri
descence. The smallest ice particles oc
cur at the leading and trailing edges be
cause the particles there have just be
gun to grow or have nearly evaporated; 
the largest form at the center. Particles 
at all positions in the cloud diffract 
passing sunlight. The intensity of the 
diffracted light depends on the wave
length of the light and size of the parti
cle. As a result, when the clouds are 
viewed at moderate angles from the di
rection of the sun, they appear brightly 
colored. The colors follow the contour 
of the clouds, mimicking the distribu
tion of particle sizes. 

Nacreous clouds indicated to meteo
rologists that the stratosphere was in
deed cold enough to enable water ice 
to form, at least near the polar regions. 

But because of the extreme dryness, 
the temperature must fall below 190 
kelvins (-83 degrees Celsius). Only dur
ing the Antarctic winter are such tem
peratures maintained for any length of 
time. (Clouds also exist in the Arctic 
stratosphere, but they form less fre
quently because the average winter 
temperatures there are higher than in 
the Antarctic.) 

Satellite data, however, revealed what 
land-based observers could not see. 
The Stratospheric Aerosol Measure
ment (SAM) IT instrument, launched on 
board the Nimbus 7 satellite in 1978 
and managed by M. Patrick McCormick 
of the NASA Langley Research Center, 
detected particles in the air by examin
ing sunlight as it grazes the limb of the 
earth. SAM IT showed that stratospher
ic clouds existed over Antarctica even 
when the temperature dropped to only 
195 kelvins (-78 degrees C). Such tem
peratures are too warm for nacreous 
clouds to form. Therefore, the clouds 
can be supposed to be created by some 
other process. Buttressing that conclu
sion was the fact that these newly dis
covered PSCs were too extensive to 
have formed from air currents flowing 
over mountains. 

Along with Paul J Crutzen of the Max 
Planck Institute for Chemistry in Mainz 
and Frank Arnold of the Max Planck In
stitute for Nuclear Physics in Heidel
berg, we and our co-workers proposed 
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in 1986 that these clouds must differ 
in composition from nacreous clouds, 
which consist of pure water condensed 
on suspended particles. Chemical the
ories for ozone destruction require the 
removal of reactive nitrogen, which 
would otherwise trap chlorine as chlo
rine nitrate, one of the primary chlorine 
reservoirs. We deduced that the clouds 
might serve as a nitrogen sink . If so, 
they would consist of a frozen form 
of nitric acid (HN03) with three water 
molecules for each nitric acid molecule. 
Such a compound, called nitric acid 
trihydrate (HN03· 3HzO), not only ac
counts for the nitrogen removal but 
also condenses at temperatures higher 
than does pure water. 

In a series of independent obser
vations, groups led by David W. Fa
hey of the NOAA Aeronomy Laboratory, 
Bruce W. Gandrud of NCAR and Ru
dolf F. Pueschel and Stefan A .  Kinne of 
the NASA Ames Research Center con
firmed our theories. Along with other 
researchers, we also determined that 
these clouds do not commonly form by 
the sudden cooling of air uplifted by 
mountains. A slowly cooling process 
usually produces these clouds. The win
ter polar stratosphere radiates energy 
away to space through the long polar 
night, and eventually vast regions reach 
temperatures at which cloud particles 
will form. In addition, weather systems 
in the lower atmosphere slide beneath 

ANTARCTIC POLAR VORTEX confines the ozone depletion within a ring of rapidly 
circulating air. Wind speeds are represented by colors within the disk. The geogra
phy is not to scale. The diagram is based on a computer-generated image made by 
Mark R. Schoeberl and Leslie R. Lait of the National Aeronautics and Space Adminis
tration Goddard Space Flight Center. 

SCIENTIFIC AMERICAN June 1991 71 
© 1991 SCIENTIFIC AMERICAN, INC



• Antarctic winter begins. 

• Vortex develops, and temperature be
comes cold enough for clouds to form. 

the polar stratosphere, lifting and cool
ing the air. During the winter, when 
these processes cause the temperature 
to drop below about 195 kelvins, 
clouds of nitric acid trihydrate form. 
The sulfuric acid particles in the air 
serve as seeds. Such seed particles 
come from sulfur gases produced by 
natural biological processes and an
thropogenic sources. Circulation pat
terns transport the sulfur released in 
the lower atmosphere to the strato
sphere. Also, explosive volcanic erup
tions can spew sulfur gases directly into 
the stratosphere. The particles, about 
0.1 micron in size, may be especially 
abundant for a few years thereafter. In 
1982 El Chich6n in Mexico, near Pichu
calco, expelled about five million tons 
of sulfur into the stratosphere. 

T he slow cooling can produce geo
graphically extensive stratospher
ic clouds. McCormick and Ed

ward V. Browell of the NASA Langley 
Research Center and their co-workers 
used aircraft-borne laser radar (lidars) 

• PSCs denitrify and dehydrate the stratosphere through precipitation . 

• Hydrochloric acid and chlorine nitrate react on cloud surfaces to free chlorine . 

to map individual clouds. They found 
that the clouds often occur as multiple, 
kilometer-thick layers stretching out 
over distances sometimes exceeding 
several thousand kilometers. Compared 
with nacreous clouds, nitric acid trihy
drate clouds are less massive and more 
tenuous, making them difficult to see 
with the naked eye. 

In addition to nacreous and nitric 
acid trihydrate clouds, another kind of 
PSC can form. The third type occurs if 
the Antarctic winter temperature slow
ly drops below 190 kelvins. As the air 
cools, water vapor condenses on some 
of the suspended particles, forming 
water-ice clouds. The seed particles are 
the nitric acid particles (which have 
themselves grown on sulfuric acid par
ticles) that compose the nitric acid tri
hydrate clouds. 

This type of PSC, like the nacreous 
clouds, contains water ice. Researchers 
commonly classify the two kinds of wa
ter-ice clouds together but distinguish 
them by their rate of formation (na
creous clouds form by rapid cooling). 

• Winter temperatures drop to their lowest point. 

These water-ice clouds are not as com
mon as nitric acid trihydrate clouds, es
pecially in the Arctic, because of the ex
tremely low temperature necessary for 
their formation. 

Unlike the rapidly cooling water-ice 
clouds, the slowly cooling water-ice 
clouds are barely visible to ground 
observers. Although the mass of con
densed water is nearly equal in both 
kinds of water-ice clouds, the parti
cles in the slowly cooling clouds are 
larger than those of nacreous clouds. 
The rapid cooling that forms nacreous 
clouds transforms virtually all suspend
ed aerosols into nuclei for condensa
tion; slow cooling uses only a small 
fraction of the particles present. As. a 
result, nacreous clouds contain a large 
number of small ice crystals, about two 
microns in size. Slowly cooling clouds 
have fewer, but larger, crystals that 
exceed a size of 10 microns. Because 
slowly cooling water-ice clouds contain 
fewer discrete particles per volume, 
they do not reflect light as well as their 
nacreous cousins do. 

How Polar Stratospheric Clouds Help Chlorine Destroy Ozone 

< < < 5 ULTRAVI OLET }}}� LIGHT 
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Ultraviolet light from the sun breaks chlorofluorocar
bons (CFCs) apart. The resulting chlorine (CI) exists 
either as chlorine monoxide (CIO), formed in a reaction 
with ozone (03), or as free chlorine. Gases in the atmo
sphere, such as nitrogen dioxide (N02) and methane 
(CH4), react with CIO and CI to trap the chlorine in inert 
chemical reservoirs of chlorine nitrate (CION02) and 
h"nrnf'lhlnrif' acid . Ozone is minimal. 

Polar stratospheric clouds, however, initiate chemical 
reactions that free molecular chlorine (CI2) from the 
reservoirs. The CIO-CIO catalytic cycle begins once 
sunlight breaks CI2 apart. The CI atoms react with 
ozone, forming CIO and oxygen (02). CIO forms its 
dimer (CI202), which is quickly broken by sunlight in
to CI and 02. Chlorine then attacks ozone again. PSCs 
also prevent reservoirs from forming by removing nitro
gen from the atmosphere through the precipitation of 
nitric acid (HN03)' Bromine will also destroy ozone in 
catalytic reaction with CIO (not shown). 
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CIO+CIO --.2CI+02 
CIO+BrO --. CI+Br+02 

SEPTEMBER 
• Sunlight returns to the center of vortex as the 

austral spring begins, and PSCs disappear 
because of increasing temperatures, 

• CIO-CIO and CIO-BrO catalytic cycles 
destroy ozone, 

All three types of PSCs-nitric acid 
trihydrate, slowly cooling water-ice and 
rapidly cooling water-ice (nacreous) 
clouds-act as key components of the 
Antarctic ozone depletion. The PSCs 
can activate chlorine on their surfac
es as well as use up reactive nitro
gen, which would otherwise transfer 
chlorine to its reservoirs. Furthermore, 
slowly cooling water-ice and nitric acid 
trihydrate clouds can entirely deplete 
the stratosphere of nitrogen. JjboratOry studies by Molina and 

Ming-Taun Leu of J,P. L .  and Mar
garet Tolbert of the Stanford Re

search Institute International and their 
co-workers showed that a reaction be
tween hydrochloric acid and chlorine 
nitrate-the two compounds that hold 
chlorine in its inactive state-will in
deed occur on water-ice and nitric acid 
trihydrate surfaces. That reaction, which 
produces molecular chlorine (CI2) and 
nitric acid, is negligibly slow without 
the presence of solid particles. 

In the sunlight of the Antarctic spring, 
molecular chlorine quickly dissociates 
into highly reactive atomic chlorine, pre
cipitating the CIO-CIO catalytic cycle. In 
this cycle the newly liberated chlorine 
atom breaks apart ozone to yield an 
oxygen molecule and chlorine monox
ide. Molina discovered that the gas
phase chlorine monoxide reacts with it
self, forming its dimer (CIP2)' Sunlight 
readily dissociates the dimer into free 
chlorine atoms, leading to further ozone 
destruction. Chlorine thus maintains a 
catalytic role in ozone depletion [see il
lustration on opposite pagel. 

Were nitrogen dioxide present, it 
would quickly combine with chlorine 
monoxide to trap the chlorine in the in
ert reservoir molecule, chlorine nitrate, 
thus halting the CIO-CIO catalytic cycle. 
But the PSCs prevent the reaction be
cause they convert any nitrogen pres
ent into nitric acid. 

James G. Anderson and his co-work
ers at Harvard University, as well as 
Robert L .  deZafra and Philip Solomon 
of the State University of New York at 
Stony Brook, found astonishingly high 
levels of CIO in the Antarctic ozone 

TIME� 
OCTOBER' .\ - . - ,·)t�, 

• Lowest levels of ozone are reached. 

hole-about 500 times the amount 
found at mid-latitudes at the same alti
tude. Given such a high concentration, 
the CIO-CIO catalytic cycle can account 
for most of the observed losses in the 
ozone hole. A single chlorine atom may 
destroy thousands of ozone molecules 
before encountering reactive nitrogen 
or hydrogen compounds that eventual
ly return chlorine to its reservoirs. Lab
oratory studies of these various reac
tions are continuing so that scientists 
can refine the pathways the chemistry 
takes and determine more precisely the 
reaction rates. 

The active chlorine freed by the PSCs 
also plays a role in another significant 
catalytic process, one that involves bro
mine. Human activities contribute bro
mine, which is an important compo
nent of some types of fire-extinguishing 
compounds, to the atmosphere. The re
action may account for about 20 per
cent of the ozone destruction. 

McElroy and his co-workers first sug
gested how the reaction proceeds. Bro
mine removes an oxygen atom from 
ozone, forming bromine monoxide 
(BrO). This compound will react with 
chlorine monoxide. The reaction forms 
molecular oxygen and frees the bro
mine and chlorine atoms, which then 
react with ozone again, repeating the 
process. Evidence for such a catalytic 
process comes from the 1987 observa
tions by Willam H. Brune of Pennsylva
nia State University and Anderson of 
Harvard, who measured significant lev
els of bromine monoxide in the Antarc
tic ozone hole. 

I n addition to causing chemical re
actions that convert the inert forms 
of chlorine to reactive forms (and 

the reactive forms of nitrogen into in
ert ones), PSCs also denitrify, or remove 
nitrogen from, the stratosphere. The 
slowly cooling water-ice clouds may be 
the primary agents that cause the de
nitrification. The cloud's water-ice par
ticles not only form on nitric acid par
ticles but also can absorb nitric acid in 
vapor form. The particles, which reach 
about 10 microns or larger, then fall 
from the Antarctic stratosphere as 

• Polar vortex breaks down . 

• Ozone-rich air from mid-latitudes re
plenishes the Antarctic stratosphere . 

• Ozone-poor air spreads over the South
ern Hemisphere, 

snow. This process both denitrifies and 
dehydrates the stratosphere. Nacreous 
clouds do not seem capable of remov
ing nitrogen from the atmosphere. The 
rapid air currents through the cloud 
tend to evaporate the water-ice parti
cles before any precipitation occurs. 

Like the slowly cooling water-ice 
clouds, nitric acid trihydrate clouds 
seem able to denitrify the air as well. 
Their particles typically reach only 
about one micron in diameter-small 
enough to remain suspended. The small 
size results from the fact that the strato
sphere contains very little nitric acid. 
Some clouds do form so slowly that 
their particles grow over one micron 
and thus may fall out of the strato
sphere. Evidence for such a process 
comes from observations of the Arctic 
stratosphere, which has been denitri
fied but not dehydrated. In addition, li
dar measurements by Browell show that 
some nitric acid trihydrate clouds con
tain particles larger than one micron. 

The current PSC -chlorofluorocarbon 
theory for the formation of the ozone 
hole explains many observations. The 
release of CFCs from human activities, 
mainly in the Northern Hemisphere, 
is responsible for depleting ozone in 
the Southern Hemisphere because the 
long atmospheric lifetime of CFCs caus
es them to be uniformly distributed 
throughout the atmosphere. The ozone 
hole occurs near Antarctica during 
spring because the formation of the 
hole requires the presence of strato
spheric clouds, which form only dur
ing the coldest times of the year. The 
first rays of spring sunlight initiate the 
chemical reactions that deplete ozone. 

The ozone loss is more obvious over 
Antarctica than over the Arctic because 
the Antarctic stratosphere is colder, en
abling more clouds to form, particularly 
below 20 kilometers. More clouds pro
duce additional reactive chlorine atoms 
and remove nitrogen compounds, lead
ing to greater ozone loss. 

Perhaps a more important difference 
between the two poles concerns the lon
gevity of the Antarctic vortex, a ring of 
rapidly Circulating air that confines the 
ozone depletion. The vortex remains 
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intact throughout the polar winter, well 
into midspring. Ozone destruction be
gins in September with the return of 
sunlight. Loss of ozone reaches its peak 
in October. In the Arctic, where circula
tion patterns differ significantly from 
those in the Antarctic, the vortex has 
long since disintegrated by the time the 
polar spring (March and April) arrives. 

A feedback mechanism may fur
ther extend the lifetime of the Ant
arctic vortex. Ozone absorbs sunlight, 
thus heating the atmosphere; depleted 
ozone levels cause the air to remain 
cold longer. Such cold air encourag
es the formation of PSCs and stabiliz
es the vortex. Measurements have re
vealed that over the past decade, the 
temperature in the vortex has declined, 
and the time that the vortex remains 
intact has increased. Lamont R .  Poole 
of the NASA Langley Research Center 
and his colleagues have shown that 
PSCs form more frequently as the tem
perature drops, completing the positive 
reinforcement of the system. 

T he early breakup of the Arctic 
vortex makes it difficult to assess 
the magnitude of the ozone loss 

in the Northern Hemisphere. But mea
surements made in 1989 by Brune and 
Anderson show that nearly equal quan
tities of reactive chlorine occur in each 
polar vortex at altitudes of about 18 
kilometers. Apparently, conditions ex
ist in the Arctic that encourage the for
mation of an ozone hole. 

Browell and Michael H. Proffitt of the 
NOAA Aeronomy Laboratory found in 
1989 that large regions in the Arctic 
stratosphere above 18 kilometers suf
fered ozone depletion equivalent to 6 
percent of the total amount of ozone 
over the Arctic. For comparison, total 
ozone loss over Antarctica averages 50 
percent or higher. Greater ozone de
struction did not occur, because re
gions at altitudes below 18 kilometers 
were too warm for PSCs to form. In fu
ture years, loss of ozone will increase 
as atmospheric levels of chlorine con
tinue to rise. 

Unless the Arctic temperature drops 
Significantly, ozone depletion in the 
Arctic should never rival the loss in the 
Antarctic. A lower average winter tem
perature would enable PSCs to form 
over a region of greater altitude and to 
persist longer. An international scien
tific campaign is planned for this win
ter to help develop models of future 
Arctic ozone loss. 

Because the ozone hole requires the 
presence of polar stratospheric clouds 
and a stable vortex for its creation, it 
is necessarily trapped near the poles, 
where few people live. That does not 
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imply, however, the loss of ozone is re
stricted to the polar regions. 

As the Antarctic vortex breaks up, 
pools of ozone-poor air spread over 
the Southern Hemisphere. In Decem
ber of 198 7 Rodger Atkinson of the 
Australian Bureau of Meteorology re
ported record-low ozone levels over 
Southern Australia and New Zealand 
after the breakup of the vortex. As 
those pools of low-ozone air spread 
out, they led to a small average ozone 
loss across the hemisphere. In addi
tion, Adrian F. Tuck of the NOAA Aero
nomy Laboratory has suggested that 
the Antarctic vortex may act as a chem
ical processor. Ozone-rich air may be 
entering the vortex, and ozone-poor air 
may be transported outward to the rest 
of the hemisphere. A high-altitude air
craft expedition being planned for 1993 
will test this hypothesis and reveal 
more about the ozone depletion over 
Antarctica. 

Not all ozone-destroying chemistry is 
confined to the polar regions. The sul
furic acid particles found throughout 
the stratosphere also trigger ozone re
duction by freeing chlorine from its 
molecular reservoirs. Most significant
ly, those particles can also convert re
active nitrogen into inert forms, pre
venting the formation of chlorine reser
voirs. The ozone loss caused by the 
sulfuric acid aerosols, however, is of 
a lesser magnitude than that caused 
by PSCs because of smaller mass and 
particle size. 

Hofmann and Solomon have not
ed that the volcanic cloud created by 
the El Chich6n eruption Significantly 
reduced ozone levels. The amount of 
sulfate aerosols released rivaled the 
mass of nitric acid trihydrate PSCs. 
A large volcanic eruption early in the 
next century (when atmospheric chlo
rine levels will be higher) has the 
potential to induce significant global 
ozone loss. �thOUgh many details remain un

clear, investigators now un
derstand quite well the fun

damental link between stratospheric 
particulates and ozone destruction. Yet 
even the most thorough knowledge 
of stratospheric chemistry is unlikely 
to offer any quick technological means 
to stop the depletion. Replenishing 
the ozone lost annUally-an amount 
comparable to the mass of the entire 
human population-would require at 
least 1 percent of the total U. S. ener
gy output. This figure does not take 
into account the monumental task of 
transporting the ozone to the Antarc
tic vortex. 

Instead the solution to ozone de-

pletion rests with international agree
ment among political leaders to restrict 
CFC production. In 198 7 the U. S. and 
other industrial nations agreed to re
duce the production of CFCs under the 
Montreal Protocol on Substances That 
Deplete the Ozone Layer. The protocol 
initially called for reducing emissions 
to 50 percent of 1986 levels before 
the year 2000. This reduction, however, 
would have allowed atmospheric lev
els of chlorine to increase to twice the 
current levels by the end of the next 
century. 

As scientists became more certain of 
the chemistry of ozone depletion and 
the role that chlorine plays, the same 
nations recognized the need for swift
er action. In the summer of 1990, they 
agreed to phase out chlorofluorocar
bon production completely by the turn 
of the century. 

Nevertheless, chlorine levels in the 
atmosphere will continue to increase 
over the coming decades. Large quanti
ties of CFCs remain in refrigerators, air 
conditioners and foams, much of which 
will eventually be released into the at
mosphere. Widespread use of safe re
placements for CFCs seem to be at least 
a decade away. 

Researchers predict that the amount 
of atmospheric chlorine will peak dur
ing the first decade of the next century. 
Because chlorofluorocarbons have such 
long lifetimes, chlorine may not return 
to levels that existed before the advent 
of the ozone hole until the middle of 
the next century, or even later. 

Consequently, the destruction of 
ozone will be more severe every year 
for the next few decades, leading per
haps to a doubling in area of the Antarc
tic ozone hole. In effect, society has wa
gered that somewhat greater ozone loss 
is less likely to disrupt ecosystems and 
human activities than are rapid control 
and disposal of CFCs. No one yet knows 
the odds of winning this bet. 
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Early Bow Design 
and Construction 

The most effective tool of hunter and warrior 

for millennia, early bows display a variety of modifications 

that reflect the functional requirements of their users 

by Edward McEwen, Robert L. Miller and Christopher A. Bergman 

F ew would dispute that the inven
tion of the wheel and the mas
tering of fire rank among the 

most important developments in his
tory. Sometimes overlooked, however, 
is the creation of the bow. From Paleo
lithic times until the advent of fire
arms in the 16th century, the bow was 
not only a major hunting tool but also 
the primary weapon in combat. The 
bow proved vital to the many central 
Asian nomads who conquered lands 
and founded dynasties in China, as 
well as to the attackers laying siege to 
the medieval castle in Europe. Found in 
virtually all cultures, bows display im
portant and practical variations in con
struction, ranging from designs bare
ly more than branches with string at
tached to what can only be described 
as sophisticated mechanical devices. 

Fundamentally, a bow is a two-armed 
spring spanned and held under tension 

EDWARD McEWEN, ROBERT L. MIL
LER and CHRISTOPHER A. BERGMAN 
have studied and experimented with the 
bows of cultures from around the world. 
McEwen is currently editor of the Jour
nal of the Society of Archer-Antiquaries. 
He has studied and translated medieval 
Persian archery texts at the School of 
Oriental and African Studies in London. 
Miller is an archaeologist with Clover 
Archaeological Services in Northport, 
N.Y. His research applies scientific tech
niques to the study of early technology, 
human ecology and paleo epidemiology. 
Bergman is principal archaeologist with 
3D/Environmental Services, Inc., in Cin
cinnati and has been studying and repli
cating Native American archery tackle 
for the past 10 years. Miller and Berg
man received their doctorates from the 
Institute of Archaeology in London. The 
authors wish to thank Charles E. Gray
son of Clatskanie, Ore., and Frank ]. Mc
Avinchey of 3D/ Environmental Services 
for their help with this article. 
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by a string. Drawing the bow places the 
back , or outside curve, under tensile 
stress and the belly, or inside curve, un
der compressive forces. Any bow must 
adapt to these forces to avoid breaking 
and to propel the arrow successfully. 
When fully drawn, the bow stores po
tential energy in its limbs. ReleaSing the 
bowstring transfers this energy to the 
arrow, throwing it into flight. 

Immortalized in legend and in his
tory, the English longbow is perhaps 
the most familiar bow. Yet for all its 
fatal power, the longbow would not 
be very practical to shoot while, for 
instance, riding a horse. From archaeo
logical excavations and our own experi
ments with replicas, we know that ear
ly bowyers adapted bows to a partic
ular need and so produced myriad 
subtle variations in design. Some peo
ples, such as the Teton Lakota ( Sioux), 
shortened their bows to ease handling 
on horseback . Others, such as the 
Huns, combined different materials to 
make small but exceptionally powerful 
bows that could send an arrow through 
the metal body armor of an enemy. 

From the Paleolithic era onward, 
bow design generally followed separate 
trends in Europe and Asia. Neither path 
can be considered intrinsically better 
than the other. Rather, every bow de
sign represents one possible solution 
to the problem of hurling a small, light
weight projectile with accuracy and 
penetrating power. 

The various kinds of bows did not 
appear suddenly. Bow design seems to 
be part of a gradual process of modi
fication, spanning many millennia and 
prehistoric cultures. For instance, some 
scholars believed that the medieval An
glo-Saxons, the Normans or the Welsh 
invented the English longbow. But in 
fact, investigators have found anteced
ents that date back at least 8,000 years. 
Some evidence hints that the first ar-

chery tackle appeared during the ear
lier Upper Paleolithic (circa 35,000 to 
8000 B.C.). In this article, we trace the 
evolution of the bow from its prehis
toric beginnings to the modifications 
introduced, primarily in Europe and 
Asia, as recently as 400 years ago. 

T he earliest evidence for the ori
gin of the bow may be projectile 
points recovered from Old World 

Paleolithic societies, such as the Peri
gordian and Solutrean cultures in what 
is now France. The thin, narrow basal 
parts of these points could easily fit 
into a narrow slot at the end of an ar
row shaft. It is equally likely, however, 
that the points, which date to between 
28,000 and 17,000 B.C., were used in
stead to tip a thrown dart. 

Archaeologists have gathered more 
positive evidence at Stellmoor, near 
Hamburg, Germany, recovering a num
ber of wooden arrow shafts and fore
shafts from a late glacial culture that 
existed in the early ninth millennium 
B.C. There can be no doubt that the 
broken shafts were indeed for use with 
a bow. Unlike thrown darts, which have 
a narrow depression, or cup, that fits 
into the hook of a device called a spear 
thrower, these shafts have shallow, rec
tangular slots, or nocks, that could fit 
only a bowstring. 

The earliest complete bows investi
gators have recovered date to around 
6000 B.C. Preserved in waterlogged re
gions of Scandinavia, the bows are sim
ple, made of one complete piece of 
wood, primarily yew or elm. Because 
they consist of a single raw material, 

MANCHU ARCHERS, armed with com
posite bows, fight Tatar warriors in this 
copperplate engraving from 1765. Com
missioned by Emperor Ch'ien-Iung, the 
scene celebrates the conquest of the Ta
tars in the mid-18th century. 
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The Self-Bow 

Lengthening of the limbs, a design technique most familiar in the 
English longbow, improves performance by increasing draw length. 

� 

\ 
NOCK 

LOWER LIMB 
( 

BOWSTRING 

they are termed self-bows, along with 
other members of this class. 

By the Mesolithic period (circa 8000 
to 3200 B.C.), a sophisticated bow de
sign had emerged in northern Europe. 
For example, the bows recovered from 
the Holmgaard bog on the island of 
Zealand, Denmark, are made from sin
gle staves of elm. A rigid grip area con
stricts wide, flattened limbs that grad
ually become narrower toward the tips. 
The early bow makers must have care
fully scraped and thinned the belly (a 
process called tillering ), for the bows 
display an even curve when strung. All 
these characteristics contribute to a 
uniform distribution of stress along the 
length of the bow, thereby reducing 
the chance of breakage and improving 
performance. 

The designers of the Holmgaard 
bows also made them long, about 150 
to 180 centimeters-roughly the size 
of the medieval longbow. A longer bow 
allows for an increased draw length, 
which contributes Significantly to the 
speed of the shot and to the cast, or 
the distance the bow will shoot an ar
row. Short self-bows, such as those 
used by mounted Lakota and Coman
che on the plains of North America, 
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have shorter draw lengths, often only 
55 to 60 centimeters. 

. 

T he stages leading to the devel
opment of the Holmgaard bows 
must have depended on simple 

experiment and on understanding the 
limitations imposed by the raw mate
rials and the tools used in manufac
ture. Neolithic self-bows perhaps best 
illustrate the role that available tools 
and materials play in bow design . Us
ing the same repertoire of stone imple
ments available to Neolithic bowyers, 
we found the tools quite capable of 
constructing self-bows. Of course, such 
implements limit the sophistication and 
degree of the woodworking. For ex
ample, the Neolithic Meare Heath yew 
longbow from Somerset, England, ra
diocarbon dated to within 120 years of 
2690 B.C., differs substantially from the 
familiar medieval longbow (made with 
metal tools) in the shape of its back 
and belly. Although both are similar in 
size (about 200 centimeters), the Meare 
Heath longbow has a more rounded, 
convex back and a flatter belly than its 
more modern counterpart. 

The design indicates that the makers 
of the Meare Heath bow exploited the 

shape of the original tree branch or 
trunk to reduce manufacturing time. We 
believe the prehistoric bowyer first care
fully selected and then split a suitable 
branch or mature sapling of the desired 
width and length. The actual woodwork
ing must have consisted primarily of ta
pering the stave in width and thickness. 
The modest amount of woodworking is 
especially evident on the back , which 
consists largely of the outer, natural 
curve of the original stave. A rounded 
back disturbs the layers of wood be
neath the bark as little as pOSSible, 
making it less likely for the bowyer to 
weaken the structure inadvertently by, 
for example, cutting across the grain. 
Most bows break because tensile stress 
causes failure of the back . Frequently, 
the weak point is where the grain has 
not been carefully followed; the wood 
fibers separate, cracking the bow. 

Some confusion exists among schol
ars concerning the material composi
tion of some of the early yew bows. 
Yew is composed of two visibly distinct 
layers of wood: the white-colored sap
wood, which is the physiologically ac
tive, outer layer of wood, and the or
ange-red heartwood, which is the non
living, central part. Sapwood is elastic 
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and strong under tension; heartwood 
is better suited to handle compressive 
stress. Gad Rausing of Lund Universi
ty noted the apparent absence of sap
wood on the backs of Neolithic yew 
bows from lakeside sites in Switzer
land, dated between the fourth and 
third millennia B.C. Researchers have 
also reported the absence of sapwood 
in the Meare Heath yew bow. 

Our experience in making yew bows 
indicates that it is highly unlikely that 
these Neolithic weapons were made 
of heartwood alone. Yew heartwood 
is simply too brittle to resist the high 
tensile stress associated with stringing 
and drawing a bow. A weapon made of 
heartwood alone would be quite unre
liable and prone to break at any time. 
It may be that the Neolithic examples 
were originally made from unseasoned 
wood, which may have been more elas
tic, but the performance of such a bow 
would have been poor at best. 

The rise of metal tools after 2000 
B.C. enabled bowyers to modify the 
longbow differently. With many well
preserved examples, the medieval long
bow perhaps best illustrates the kinds 
of modifications produced by metal 
tools. The English bowyers made their 

The Composite Bow 

The highly reflexed limbs, made with a combination of flexible 
materials, result in a long draw length for a relatively small bow. 

EAR 

longbows from staves split from trees 
that were larger and more mature than 
those used by their Neolithic counter
parts. Because the curvature on the 
outside of a large tree was wider than 
that of a branch, the later bowyers 
could produce a bow with a flatter 
back . For example, the bows recovered 
from Henry VIll's warship Mary Rose, 
which sank on July 19, 1545, were 
rounded in cross section, with a slight
ly flattened, sapwood back . 

Modifications during Victorian times 
tended to focus on the thickness of the 
stave rather than its width. This em
phasis creates the highly "stacked" sec
tion so common in these bows. A high
ly stacked bow produces a faster and 
longer cast for a lighter draw weight. 
Yet the uneven distribution of forces 
along the narrow center line of the 
thick , rounded belly disposes such a 
bow to failure. 

These variations do not necessarily 
reflect progressive evolution. Indeed, 
"ideal" bow designs were mathemati
cally developed and scientifically test
ed in the 1930s and 1940s by Clarence 
Hickman of Bell Laboratories, Forrest 
Nagler of the American Society of Me
chanical Engineers and Paul Klopsteg 

�WOOD 

"HORN 

�;);"1;:j SINEW 

of the Ordnance Department of the U.S. 
Army. These designs correspond more 
closely to the wide-limbed flat bows 
used in Mesolithic and Neolithic Eu
rope rather than to later bows devel
oped in England. No one knows why 
the English chose narrow limbs. It 
may have been done to maximize the 
amount of raw material at hand. 

O utside Europe, bow design em
barked on a different route. Al
though the simple self-bow un

doubtedly arose independently a num
ber of times in many cultures, the most 
complex modifications occurred in 
Asia. Unlike the Europeans, the Asians 
seemed to concentrate not on the ar
chitecture of the limbs but on the 
materials. In particular, Asian bowyers 
used adhesives derived from hide and 
fish swim bladder to glue animal sinew 
to the backs of their bows. 

Sinew has high tensile strength, esti
mated at about 20 kilograms per square 
millimeter, roughly four times that of 
bow woods. Such strength enables a 
bow to be shortened significantly with
out loss of draw length or increased risk 
of breakage. Easy to handle on horse
back , these short-limbed, sinew-rein-

SCIENTIFIC AMERICAN June 1991 79 
© 1991 SCIENTIFIC AMERICAN, INC



forced bows were used in northern Asia 
and the Far East. Some Indian tribes on 
the plains of western North America also 
developed and used such bows. (The 
horse is not necessarily a prerequisite 
to the development of sinew-reinforced 
bows; Native Americans in California 
hunted on foot with them in forests.) 

A chief advantage of sinew-reinforced 
bows is that they are invariably re
flexed: the limbs of the unstrung bow 
reverse themselves. Reflex places the 
limbs under greater tension when the 
bow is strung, storing more power than 
self-bows can. Shorter limbs also mean 
a more efficient transfer of energy. The 
long, heavy limbs of high-power self
bows use a great deal of energy as they 
move forward with the release of the 
string, resulting in a diminished and 
inefficient transfer of energy. 

Early bowyers in eastern and western 
Asia did not stop at simply adding sin
ew to the bow. Some must have recog
nized that other materials exist in na
ture that are stronger than wood. They 
created the most sophisticated bow, 
which required a significant level of 
skill to produce. Called the composite 
bow, it is a mechanical tour de force. 
As the name suggests, this type of bow 
combines several different materials. 
In its classic form, it consists of a thin 
wooden core with sinew glued to the 
back , and hom, usually from the wa
ter buffalo, glued to the belly. Mod
em archers have given this type of 
bow other names, including laminated, 
backed or reinforced, and compound. 
We use the term "composite" here to 
refer to the fully developed bow made 
of hom, wood and sinew. 

The composite bow exploits the ma
terials used in its construction. The sin
ew on the back handles tensile stress. 
The hom, with a maximum strength 
of roughly 13 kilograms per square 
millimeter (about twice that of hard
woods), bears compressive loads. Hom 
also has a high coefficient of restitu
tion, or the ability to return to its orig
inal shape after being distorted. The 
flexibility of these materials gives the 
bow short, lightweight, reflexed limbs 
capable of storing a large amount of 
energy under tension. In addition, the 
flexible limbs enable the composite bow 
to be drawn much farther relative to 
the overall length of the weapon. The 
combination of extended draw length 
and short limbs enables the compos
ite bow to shoot an arrow faster and 
farther than can a wooden self-bow of 
equal draw weight. We conducted tests 
to show that a replica composite bow 
with a draw weight of 27 kilograms will 
shoot the same arrow as fast as a repli
ca medieval yew longbow with a draw 
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Representative Bows 

The fundamental types of bows are illustrated by the medieval yew longbow 
(a), Teton Lakota sinew·reinforced bow (b) and four kinds of composite bows: 
western Asian angular bow (c), Scythian bow (d), 17th·century Turkish bow (e) 
and 17th-century Crimean Tatar bow (f). 

weight of 36 kilograms (about 50 me
ters per second ). 

Only the crossbow, invented around 
500 B.c., can propel a projectile faster 
and farther [see "The Crossbow," by 
Vernard Foley, George Palmer and Wer
ner Soedel; SCIENImC AMERICAN, Janu
ary 19851. The crossbow, however, is 
inefficient; to achieve enormous draw 
weights, which reach up to one ton, the 
crossbow requires mechanical parts. 
Thus, it is not a fair comparison for an 
ordinary hand-shot bow. 

Another advantage of the composite 
bow is that it can be kept strung for 
prolonged periods without adverse ef
fects. Simple wooden self-bows and sin
ew-reinforced bows are usually kept 
unstrung between uses to avoid "string 
follow" and a loss of power. 

We do not know precisely where 
or what people first invent
ed the composite bow. The ar

chaeological and historical record sug
gest that various cultures independent
ly developed the composite bow dur
ing the third millennium B.C. Specifical
ly, current evidence indicates that the 
composite bow developed separately 

but simultaneously in Mesopotamia 
and Anatolia and in the steppes of 
northern Asia. 

The English general and archaeologist 
Augustus Henry Pitt-Rivers, who first in
troduced the term "composite bow" in 
the late 19th century, considered these 
bows to be the product of peoples liv
ing in areas where no suitable wood 
existed for bow manufacture. At first 
glance, Pitt-Rivers's premise seems logi
cal. But in fact, the composite bow first 
appears in the archaeological record in 
areas with ample supplies of good bow 
wood. The ancient Egyptians, for exam
ple, made and used the composite bow, 
but they also produced self-bows from 
hardwoods such as acacia and carob. 

If the lack of suitable wood is not the 
reason for the development of the com
posite bow, then one must assume that 
it originated from the desire to pro
duce a mechanically superior weapon. 
The process leading to its invention 
may be related to an increase in horse 
transport during the third millennium 
B.C. in Asia, when the use of chariots 
and mounted cavalry in warfare be
came widespread. The Asian horsemen 
most likely preferred a shorter bow 
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Early Arrowheads 

Archery tackle helps archaeologists deduce the requirements of their users. 
For instance, Scythians made bronze arrowheads, shown here from the third 
century B.C., about 25 to 50 millimeters long (upper row). The development of 
body armor, however, necessitated heavier and larger arrowheads made from 
iron, which could penetrate armor. The examples are those used by the Huns 
(lower row). The outline to the right of each arrowhead shows its shape when 
viewed head-on. 

and increased its power and reliability 
by strengthening it with other materi
als. The evolution of the composite bow 
in early Asia probably mirrors bow de
sign in North America after the 16th 
century. The mounted Plains Indians 
experimented with bow design by glu
ing sinew to the backs of their weap
ons. Many tribes later removed the 
wood entirely, substituting elk antler 
or mountain sheep horn for the wood 
belly-a development only one stage 
away from a true composite bow. 

One of the earliest surviving exam
ples of the composite bow is the west
ern Asian angular bow, which appeared 
during the third millennium B.C This 
bow forms a shallow triangle when 
strung and a semicircle at full draw. ll
lustrations of these bows appear in 
Mesopotamian seals, on Egyptian tomb 
paintings and on Assyrian monumental 
reliefs, indicating that this design was 
used for nearly 2,000 years, from 2400 
B.C to about 600 B.C 

Aside from artistic representations, 
archaeologists have found numerous 
examples of angular composite bows 
in funerary chambers in Egypt. In 1922 
Howard Carter recovered the most well· 

known material from the tomb of Tut
ankhamen. The tomb contained 32 an
gular composite bows, 14 wooden self
bows and 430 arrows, as well as quivers 
and bow cases. 

Initial theories regarding the function 
of the angular composite bow could 
not account for the apparent ability of 
the bow to bend through the handle. 
This action was entirely in contrast to 
the design of the traditional longbow, 
which would "kick," or jar, in the hand 
if not for the stiff grip section. 

Our replication of the angular com
posite bow has demonstrated that its 
center section only gives the appear
ance of bending. The angle at the cen
ter of the bow is inflexible, and the bow 
actually bends throughout the length 
of the limbs. ReleaSing the bowstring 
produces no kick , which results in a 
smooth, accurate shot. The extremely 
long draw length, reaching 101 centi
meters with the limbs under maximum 
tension, would have provided a greatly 
enhanced cast compared with that of 
the second-millennium B.C self-bows. 

The angular bow held sway in west
ern Asia until the late seventh centu
ry B.C, when the Scythians joined the 

Medes and BabylOnians to bring the As
syrian Empire to an end. The Scythians, 
noted horsemen and archers, apparent
ly originated in the steppes of eastern 
Ukraine in modern Russia. A nomadic 
people, they covered vast areas of Asia 
and left examples of their distinctive 
small, bronze trilobate (three-lobed) ar
rowheads, averaging between 25 and 
50 millimeters, from China to Greece. 

M OSt data collected on Scythian 
archery tackle derive from ar
tistic representations. In ad

dition, a number of bow cases and 
quivers, as well as arrow shafts, have 
been recovered from burials at Pazyryk 
in the eastern Altai region of Soviet 
central Asia. Although we must always 
treat artistic representations with cau
tion, the consistent uniformity in the 
depiction of the Scythian bow enables 
us to draw some conclusions. 

The design type commonly referred 
to as the Scythian bow, or scythicus ar
cus of the Romans, was used by many 
different peoples over a long period. 
The bow was fully developed as early 
as the ninth century B.C by the Cimme
rians, from north of the Caucasus. lat
er, the Scythians introduced it to the 
ancient Greeks. The design eventually 
reached as far as northern France. 

Contemporary illustrations and mea
surements of bow cases recovered at 
the Pazyryk site indicate that the Scyth
ian bow was about 127 centimeters 
long. Shaped like Cupid's bow, it had 
a set-back handle and reflexed limbs 
terminating in recurved ends. Such a 
length and design, incorporating a 
heavy reflex in the handle section and 
flexible limbs, provide a draw length of 
about 76 centimeters. 

This figure agrees with the length 
of the arrows recovered from the Pa
zyryk burials. Some scholars estimate 
the draw length at only 45 centime
ters, based on representations from 
fifth-century B.C Attic vases and on the 
small diameter of the socket at the base 
of the trilobate arrowheads. The small 
size of the Scythian arrowhead and its 
socket no doubt suggested that the ar
row shaft was correspondingly reduced 
in length and diameter. 

But this deduction fails to take ac
count of the chief advantage of the com
posite bow: its high ratio of draw length 
to bow length. Thus, a relatively short, 
127 -centimeter bow could be drawn 
much farther than its actual length sug
gests. The bowyers probably made the 
base of the trilobate arrowhead narrow 
to fit into a barreled arrow shaft. This 
deSign, used into medieval times, was 
tapered, with the thickest point in the 
middle of the shaft. like the angular 
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PERSIANS WITH COMPOSITE BOWS hunt down what are apparently werewolves. 
The mythical scene is one of several in an 18th-century book detailing the life of a 
Persian prince. The names of the prince, artist and author remain unknown. 

composite bow, the Scythian bow ap
pears to have been totally flexible_ Its 
limbs had none of the positive stiffen
ing later composite bows attained be
cause bone or antler plates were added 
to the grip and the nock ends, or ears. 

A weapon often evolves simultane
ously with attempts to produce more 
reliable protection against it. In the 
third century B.C. the eastern neighbors 
of the Scythians developed new tech
niques of warfare. Called the Sarma
tians, they covered their cavalrymen 
and horses with armor and trained 
them to fight in close formation. The 
tough body armor necessitated the de
velopment of a bow that could propel 
an arrow with a heavy iron tip faster 
and with greater impact. 

Central Asian nomadic peoples, such 
as the Huns and Avars, provided the 
means to penetrate the armor. They 
stiffened the ears of the bows and set 
them at a sharply recurved angle. The 
changes formed a compound lever at 
the end of each limb. Such levers enable 
the archer to bend a heavier bow limb 
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with less effort; the angle at which the 
ear curves toward the back of the bow 
makes it act as if a large-diameter wheel 
were attached at the end of each limb. 

As the archer draws the bow, the 
"wheel" unrolls, in effect lengthening 
the bowstring. Releasing the bowstring 
moves the ears forward and effectively 
shortens the string, providing an in
creased acceleration to the arrow. This 
development precedes by many centu
ries the modern compound bow, which 
uses a system of pulleys to achieve a 
similar but more marked effect. 

By the 17th century, peoples such 
as the Ottoman Turks and the Turk
ish tribes of Iran had modified the 
basic composite bow design of other 
Asian nomads. Turkish bowyers began 
to experiment with bows shortened to 
around III to ll6 centimeters. They 
dispensed with the set-back handle and 
bone or antler plates used for the ears 
of earlier weapons. The result was a 
bow that gracefully curved on either 
side of a rigid handle toward slightly 
recurved ends. 

These short bows had an extended 
draw length and were tremendously 
powerful. Their draw weights ranged 
from 36 kilograms to more than 45 ki
lograms. Such draw weights are equiv
alent to those of the English longbow, 
which is almost twice as long. Armed 
with the Turkish bow, the mounted 
Ottoman cavalry proved formidable, 
conquering eastern Europe during the 
Middle Ages. But with the invention of 
gunpowder and muskets, the Turkish 
bow gradually declined in use as a mili
tary weapon; it became favored instead 
for sport-especially flight shooting. 
Perhaps the finest shot ever recorded 
was taken in 1798 by the Ottoman Em
peror Sultan Selim III ,  who shot two 
flight arrows 889 meters, a feat never 
equaled with archery tackle made along 
traditional deSigns. A:chery tackle, like any other util

itarian equipment, reflects the 
nature of the material available 

as well as the functional requirements 
of its users. For example, the large, 
heavy composite military bows built by 
the Crimean Tatars of the 17th century 
make the tiny bows of modern Kalahari 
Bushmen look like toys. Bushmen bows, 
however, function extremely well with
in their proper context-that is, they 
can catapult a small, unfeathered ar
row that penetrates, leaving poison be
neath the skin of an animal. 

In short, the effectiveness of a bow 
design can be gauged only by its abil
ity to function successfully within the 
context for which it was created. For 
many thousands of years, the bow re
mained the most effective missile-firing 
agent available to hunters and warri
ors. Its supremacy began waning only 
in the 16th century with the invention 
and widespread distribution of a more 
powerful weapon yet: the firearm. 
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Laser Surgery 
Precise, powerful and at times subtle in their effects, lasers 

are increasingly important medical tools. These knives of light can 
be used to treat individual cells as well as whole organs 

L
sers make good scalpels. Rather 
than having to slice through ev
erything they encounter, these in

struments can be highly selective. That 
specificity allows lasers to penetrate to 
the interior of a cell, or an organ, while 
leaving the exterior intact-something 
no surgeon's knife can do. 

The refinement of this precision over 
the past three decades has enabled the 
medical uses for lasers to proliferate. 
Initially, the heat generated by the laser 
beam was harnessed to destroy tissue. 
Now, although the thermal effects are 
still most commonly used in medical 
procedures, other, nonthermal effects 
are also proving valuable for both treat
ment and diagnosis. In addition to heat
ing tissue, photons from laser beams 
can drive chemical reactions, break the 
atomic bonds that hold molecules to
gether or create shock waves. 

Indeed, biomedical applications for 
lasers include such diverse tasks as un
clogging obstructed arteries, breaking 
up kidney stones, clearing cataracts and 
even altering genetic material. Lasers 
can also provide information about the 
inner workings of cells. The biological 
understandings gained from such stud
ies may have medical implications. 

Perhaps because of its promise, laser 
technology has at times been clouded 
by hyperbole. The realistic future of 
laser surgery rests on attaining a fuller 

MICHAEL W. BERNS is the Arnold and 
Mabel Beckman Professor at the Uni
versity of California, Irvine. He received 
his undergraduate and graduate degrees 
from Cornell University and joined the 
faculty at Irvine in 1972. Ten years lat
er Berns and industrialist Arnold O. 
Beckman founded the Beckman Laser 
Institute, an academic center where clin
icians, biologists, engineers and physi
cists collaborate on laser research. (Their 

. subjects range from chromosomes and 
cells to tigers and humans.) Berns dedi
cates this article to Arnold O. Beckman 
in celebration of his 91st birthday. 
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appreciation of the basic physical and 
chemical mechanisms by which light 
interacts with organs and organelles. 
These insights will establish when it 
is right to use the laser and when it is 
not. Recognizing that a scalpel or a 
$500 electrocautery knife can be more 
appropriate and less risky than a 
$100,000 laser device is pivotal to the 
continued success of this technology in 
medicine. 

T
he idea of using light for surgery 
antedates the laser. In 1946 a 
German physician, Gerd Meyer

Schwickerath, used the sun to treat de
tached retinas and to destroy tumors 
in some of his patients' eyes. In 1961, 
only a year after Theodore H. Mai
man built the first laser at Hughes Air
craft Research Laboratories, Milton Zar
et of the New York University School 
of Medicine used a laser to produce oc
ular lesions in animals. Human trials 
followed two years later, when Chris 
Zweng of the Palo Alto Medical Re
search Foundation in California treat
ed retinal disease in his patients. The 
laser was quickly accepted as a stan
dard ophthalmic surgical tool. 

The pioneers of laser surgery used 
the beam of light because of the in
tense heat it generated. Today most 
laser surgery makes use of this heat, 
primarily because its destructive ef
fects can be extremely selective and 
precisely controlled. If the wavelength 
of light from the laser is matched very 
closely with the absorption band of the 
target structure, the laser light will be 
absorbed by, and therefore damage, 
that structure. 

The dark brown melanin pigment of 
the retina, for instance, absorbs the 
green beam of the argon laser. Conse
quently, the argon laser can destroy 
speCific regions of the retina with
out harming other areas of the eye, 
which absorb different wavelengths of 
light. The procedure can effectively 
treat diabetic retinopathy, a degenera
tive disease that used to account for a 

large proportion of acquired blindness 
in the U.S. 

Red birthmarks, called port-wine 
stains, also absorb the argon laser 's 
beam, which can be' blue or green, de
pending on its wavelength. The light 
destroys the hundreds of extra blood 
vessels that lie just beneath the skin's 
outer layer and discolor it. Although 
in this case laser surgery is preferable 
to skin grafting and incision, it has its 
own disadvantages. The heat generated 
by the beam can sometimes spread to 
parts of the skin other than the abnor
mal blood vessels and cause scarring, 
or loss of pigment. 

Avoiding such extensive damage led 
to an important advance in laser sur
gery. In 1983 R. Rox Anderson and 
John A. Parrish of Harvard Universi
ty suggested that short exposure-less 
than one one-thousandth of a sec
ond-to intense light would destroy 
the absorption site but produce little or 
no damage to the adjacent tissue. They 
reasoned that it should take less time 
for the energy to be absorbed and the 
subsequent heat to be dissipated than 
it does for the heat to be transferred to 
surrounding areas. Therefore, the selec
tive destruction of pigmented targets 
would require two conditions: prefer
ential light absorption and sufficiently 
short light pulsation. 

That theory proved to be true. Se
lective photo thermolysis, as the tech
nique is called, has indeed improved 
the treatment of port-wine stains. It 
has also proved useful for removing 
tattoos. Scarring can be prevented when 
the laser beam is delivered in short 
pulses rather than continuously or in 
long pulses, which last roughly a quar
ter of a second. (Many lasers could ide
ally be delivered either continuously for 
thermal effects extending beyond the 
absorption site or in short pulses for 
destruction confined to the target.) 

Yet in some circumstances, even the 
wider damage caused by the longer, 
slower heating of tissue can be turned 
to advantage. A general surgeon may 
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want to remove a damaged portion 
of the liver without causing extensive 
bleeding. Or a gynecologist may want to 
make a deep incision to excise an early
stage malignancy of the cervix and si
multaneously use the heat to seal the 
surrounding capillaries that contribute 
to bleeding. In both cases, the long 
exposure to a continuous-wave laser 
(as opposed to a short-pulsed laser) re
duces bleeding precisely because heat 
spreads to the capillaries nearby. A CO2 
laser with a wavelength of 10.6 microns 
may be used for these procedures be
cause it is absorbed by the compound 
most common to tissue: water. 

Although a continuous, and there
fore thermal, beam may be needed for 
certain medical procedures, pulsed la
sers can also remove tissue. My col
league ]. Stuart Nelson has demon
strated that the erbium-yttrium-alumi
num-garnet ( YAG) laser, which has a 
wavelength of 2.9 microns and a pulse 
duration of 200 microseconds, can 
cleanly ablate calcified bone. On the 
other side of the visible spectrum is 
the xenon chloride excimer laser, which 
is in the ultraviolet region of the spec
trum at 0.308 micron and has a pulse 
duration of 10 nanoseconds (billionths 
of a second). It can vaporize bone with 

little or no associated thermal damage . 

W
hereas these two lasers appear 
to affect tissue very similarly, 
they work in different ways. 

The energy of the ultraviolet photon is 
10 times greater than that of the pho
ton from the erbium YAG laser, yet the 
energy probably serves to break molec
ular bonds in the target through a non
thermal process known as molecular 
photodissociation. 

When the tissue and its cells absorb 
the intense light of a laser, energy must 
be dissipated in some way. This release 
may take place in the form of heat, 

URINARY TRACT STONE is among the many calcified depos
its, including kidney stones and gallstones, that can be de
stroyed by lasers. Delivered in this instance through a 400-

micron optical fiber, energy from the laser beam ultimately 
creates an ionized plasma. This plasma, in turn, produces 
shock waves, which break apart the stone. 
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Laser's Thermal and Nonthermal Effects 

W
hen the wavelength of a laser beam matches the target's 
absorption band, much of the light is retained by the 

target (a); the remaining light is scattered, reflected and in 
some cases transmitted. In contrast, photons can pass 
t h r ough organs or cellular structures with different 
absorption bands without damaging them (b). The laser 
beam is most commonly used to heat the target (e) and 
destroy it. It can also have nonthermal effects: energy from 
photons can break molecular bonds (d) and create an ionized 
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plasma, thereby causing a shock 
wave (e) that breaks apart miner
alized deposits. When dye is concen
trated in the target, laser light can 
cause the target to fluoresce (f) for 
diagnostic purposes, or it can inter
act with the dye so as to destroy the 
target (g). 
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as we have discussed above, or in 
the form of photodissociation, shock 
waves, chemical reactions or fluores
cence. Physicians use all these mecha
nisms either to alter or to study cells 
and tissues in very exact ways for the 
diagnosis and treatment of disease. 
Each of these varying effects also al
lows scientists to perform subcellular 
microsurgery. 

Furthermore, by coupling lasers with 
other technologies such as fiber optics, 
one can achieve nonthermal, as well as 
thermal, results in previously inaccessi
ble parts of the body [see "Optical Fi
bers in Medicine," by Abraham Kat
zir; SCIENTIFIC AMERICAN, May 1989). 
By employing fiber optics and hollow 
tubes, for example, surgeons can ad
minister laser light through the wall of 
the chest to treat two major lung disor
ders: spontaneous pneumothorax and 
severe emphysema. In the first con
dition, normally healthy individuals de
velop a spontaneous leak, or rupture, 
in one of the lungs. Lasers can be used 
to seal the rupture-as discovered by 
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my colleagues Akio Wakabayashi and 
Matthew Brenner of the University of 
California at Irvine. The need for con
ventional surgery is therefore obviated. 

The same procedure can help treat 
emphysema, which, in one form or 
another, afflicts more than 10 million 
Americans. A CO2 laser-channeled 
through a hole in the chest wall-is ap
plied to the fragile blisters, called bul
lae, that cover large areas of the lungs. 
The laser heat shrinks the blisters, seal
ing the leaks and reducing the risk of 
additional ruptures. To date, 11 of 12 
severe emphysema patients, who were 
too sick to undergo conventional sur
gery, have shown improvement after 
such treatment. 

In another application of this tech
nology, cardiologists and radiologists 
can thread blood vessels with a sin
gle 400-micron fiber-or a flexible bun
dle of up to 400 50-micron fibers
until they reach a blockage in the pe
ripheral or the coronary circulatory 
system. The optical fiber then transmits 
the laser light, destroying the block-

ages and restoring normal circulation. 
Laser angioplasty, as this procedure 

is called, was originally performed with 
thermal laser beams as an adjunct to 
balloon angioplasty. The laser probe 
could be used to open a channel 
through a totally or partly occluded 
blood vessel. A balloon was then in
serted and inflated, further dilating the 
blood vessel. 

The thermal approach was not suc
cessful, however, in removing the cal
cified deposits that are common to ath
erosclerosis. My colleagues Jonathan 
M. Tobis and Walter L. Henry of Irvine 
found that it was not uncommon for 
the hard deposits to deflect the fibers, 
causing the bundle to perforate the 
blood vessel. Also, as seen in the case 
of the port-wine stains, heat can dam
age more than its target. In some cases, 
it can injure the surrounding normal 
vessel wall. 

In contrast, the pulsed 0.308-micron 
excimer laser seemed ideal for laser an
gioplasty, with or without balloons. Ex
cited pairs, or dimers, of gas atoms, 
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such as argon and fluorine or xenon 
and chlorine, release energy, generat
ing the excimer laser beam. ( Excimer 
is shorthand for excited dimer.) Flex
ible quartz optics efficiently transmit 
the 0.308-micron excimer wavelength. 
James S. Forrester, Frank Utvack and 
Warren S. Grundfest of Cedars of Sinai 
Medical Center in Los Angeles were the 
first to show that the excimer laser 
could restore coronary circulation. 

To date, there have been more than 
2,000 laser-assisted coronary angio
pIa sties performed in the U.S. , with 
a complication rate no greater than 
that of nonlaser angioplasty proce
dures. Currently it appears that the rate 
of reocclusion is at least comparable 
with that of balloon angioplasty. In the 
long run, however, I expect a procedure 
that breaks down and disintegrates the 
hard plaque will be more effective than 
merely stretching the vessel with a bal
loon. Either technique is an alternative 
to expensive and more risky coronary 
bypass surgery, which often requires 
long hospitalization. 

For now, laser coronary angioplas
ty remains experimental, and its wide
spread use must wait until the lasers 
and imaging equipment are entirely de
pendable. Eventually, digital imaging in 
combination with ultrasound technolo
gy may yield reliable methods of di
rectly visualizing the surgery and guid
ing the laser. 

Beyond the technological hurdles lie 
biological ones. The detrimental effects 
of the excimer laser are not entirely 
understood. For instance, the 0.308-
micron wavelength can produce muta
tions. (These mutations may be more 
hazardous to the person operating the 
machine on a daily basis than to the pa
tient, but adequate safety precautions 
should address this concern.) 

Furthermore, no one is entirely sure 
how this laser ablates tissue. The ener
gy of its photons may destroy by heat
ing the target or by breaking molecular 
bonds (photodissociation). The individ
ual photon energy of this wavelength is 
on the borderline between producing 
thermal and nonthermal effects. 

I
n contrast, the reason for the argon 
fluoride excimer laser's destruction 
is clear: it breaks bonds. Photons 

from this laser, which has an ultravi
olet wavelength of 0. 193 micron, are 
roughly one third more energetic than 
those of the 0.308-micron wavelength. 
This energy is clearly enough to rup
ture individual molecular bonds. (The 
shorter the wavelength, the greater the 
energy associated with the photon.) 
Rangaswamy Srinivasan of IBM , who pi
oneered the use of the 0. 193-micron ex-

PORT-WINE STAINS can be treated with lasers. Excess blood vessels just under the 
outer layer of the skin (lett) absorb yellow laser light, which destroys the red vessels 
(right). Because the beam is delivered in brief pulses, other tissue is undamaged. 

DIABETIC RETINOPATHY, which can lead to blindness, is characterized by exces
sive growth of blood vessels in the retina and some hemorrhaging (top). An argon 
laser can be focused onto the bloods vessels to stop the bleeding and then onto 
other areas of the retina where the laser light is absorbed by the brown melanin 
pigment. This procedure leaves circular burns (bottom), which by some poorly un
derstood mechanism retard the growth of new blood vessels. 
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FLUORESCENT DYE is selectively retained in a mouse's skin, although it is visible 
only in the tail and ears. When the animal is illuminated by blue light, the dye lumi· 
nesces. Similarly, dye that accumulates in cancerous tissue fluoresces when sub· 
mitted to certain laser light, making the procedure effective for diagnosis. 

cimer laser to etch thin polymer films, 
clearly demonstrated this ability. 

The precision of photo dissociation 
opened the way for laser surgery on 
the eye. In 1983 Stephen L. Trokel of 
Columbia University (in collaboration 
with Srinivasan) showed that by break
ing bonds directly one could remove 
tissue in small increments from the 
cornea of the eye. Trokel and his col
leagues illustrated the direct relation 
between the energy delivered by the la
ser and the removal of eye tissue: each 
pulse, 10 nanoseconds long, removed 
0.2 micron of tissue (roughly one one
hundredth the diameter of a cell). The 
tissue removal was also strikingly clean 
and left the adjacent unexposed tissue 
apparently undamaged. 

Trokel's remarkable findings led to 
the adaptation of the 0.193-micron ex
cimer laser to corneal sculpting. The 
procedure is aimed at correcting major 
visual defects by reshaping the cornea. 
Surgeons can do this either by making 
small, deep linear cuts or by ablating 
shallower, wider areas. Eventually, if 
these procedures are successful, visu
al defects such as nearsightedness and 
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farsightedness or astigmatism could be 
corrected. Eye surgeons also use the 
device to eliminate corneal scars and 
extra tissue growth. Each of these exci
mer laser procedures, regarded as ex
perimental and controversial, is cur
rently being tested in human trials. 

Many questions need to be answered 
before such sculpting could become 
routine. Researchers remain unsure 
whether the surgery can cause muta
tions, whether the cornea can heal ade
quately, what the long-term effects of 
corneal damage may be and whether 
the equipment can be made precise 
and dependable. The cost of the laser 
systems-often as much as $ 500,000-
is also high. Because many of the oper
ations will be considered cosmetic by 
most insurers, patients may have to 
bear the cost. 

I
n addition to breaking molecu
lar bonds, lasers can induce shock 
waves, another medically promis

ing nonthermal effect. Shock waves are 
useful for such ocular surgery as the 
removal of secondary cataracts, those 
that form on the membrane just be-

hind the artificial lens in 30 percent of 
patients who have had such implants. 

Prior to 1980 the only treatment for 
secondary cataracts was the surgical 
opening of the posterior membrane, a 
maneuver that requires general anes
thesia. Then Daniele Aron-Rosa of the 
University of Paris and Franz Fankhau
ser of the University of Bern in Switzer
land showed that short-pulsed infrared 
lasers could be focused on or near the 
opaque posterior membrane, causing it 
to be torn apart by a shock wave. They 
used the neodymium YAG laser, which 
can issue pulses on the order of nano
seconds or picoseconds (trillionths of a 
second) and operates at a wavelength 
of 1.06 microns. 

After laser treatment, a patient's vi
sion is almost always instantly im
proved. More than 200,000 such proce
dures, called posterior capsulotomies, 
are performed every year in the U.S. 
Unlike the earlier surgical procedure, 
which cost $2,000, the laser surgery 
costs less than $1,000 and requires no 
general anesthesia or hospitalization. 

This application of the short-pulsed 
laser is possible because of the intensi
ty of the narrowly focused beam: rnilli
joules of energy are delivered for a pe
riod that ranges from 10-12 to 10-9 
second on a spot 25 to 50 microns in 
diameter. The beam passes through the 
outer cornea and the artificial lens, 
which are both transparent to the 1.06-
micron wavelength, and focuses selec
tively on the vitreous, or gel-like, sub
stance next to the secondary cataract. 
(In certain laser procedures, the inten
sity of the beam may reach a level high 
enough to produce damage only at the 
point where it is focused. Thus, the 
light can pass harmlessly through over
lying tissue or structures.) 

In the case of posterior capsuloto
my, the photons pass through the cor
nea and lens. At the focal point near 
the secondary cataract, however, the 
photon density is so high that electrons 
are stripped from atoms in a process 
called optical breakdown, or ionization. 
The electrons form a highly excited gas
eous cloud, or a plasma, that captures 
the remaining photons from the laser. 
As a result of this absorption, the tem
perature in the focal spot quickly rises 
to tens of thousands of degrees Fahr
enheit. The plasma then rapidly ex
pands, causing a shock wave to propa
gate in all directions. The shock wave 
disrupts the secondary cataract. The 
plasma, however, is not created until 
the photons reach a certain threshold 
of intensity. Once that happens, the 
strength of the shock wave becomes 
proportional to the amount of energy 
absorbed. 
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Stones in the kidney, ureter and gall
bladder are also candidates for shock
wave therapy. Surgeons delivering a 
short-pulsed beam through the ureth
ra to the ureter by means of fiber-op
tic technology can break up hard de
posits there. Gallstones can also be 
fragmented in a new, similar procedure. 
Surgeons insert an optical-fiber endo
scope, called a laparoscope, through a 
small hole in the patient's abdomen. 
Using an electrocautery knife or a con
tinuous-wave thermal laser beam, they 
can cut the diseased gallbladder out 
of the surrounding liver and pull it 
through the small incision. 

Although lasers may not be neces
sary for the dissection, they can be 
very helpful if the gallbladder is lad
en with stones. These hard deposits of
ten prevent surgeons from pulling the 
gallbladder through the small hole. In 
such cases, a pulsed laser is passed 
through the laparoscope directly into 
the gallbladder. The stones are then 
broken apart by shock waves, and the 
gallbladder can be easily removed. The 
operation is much less traumatic to pa
tients than major surgery. 

T
he immediate destruction of a 
cataract and fragmentation of a 
kidney stone are dramatic uses 

for lasers. But these devices can also 
achieve more subtle effects. Lasers can 
drive chemical reactions, just as the 
sun drives photosynthesis. In fact, laser 
photochemistry may be on the verge of 
becoming a viable treatment for cancer. 

Again, this curative use of light is 
the recent incarnation of old observa
tions. At the turn of the century, sci
entists noticed that cancerous tissue 
concentrated some of the body's own 
pigments, particularly porphyrin, the 
brownish-red pigment of blood. This 
observation was not exploited until the 
1970s. Thomas J. Dougherty and his 
colleagues at Roswell Park Memorial 
Institute in Buffalo, N.Y. , showed that 
animals injected with porphyrin re
tained high concentrations of the pig
ment in their tumors between 48 and 
72 hours later. When light of a wave
length that matched the absorption 
band of the porphyrin was shined on 
the tumor, the growth darkened and 
often disappeared. 

Researchers now know that the dye
mediated mechanism of tumor destruc
tion works because of the generation 
of a cytotoxic, excited oxygen mol
ecule, called singlet oxygen. ("Singlet" 
refers to the spin state of the oxygen 
molecule.) The transfer of energy from 
the excited porphyrin molecule to the 
oxygen creates the excited singlet oxy
gen. In this state, oxygen is highly reac-

tive and therefore toxic. The singlet 
oxygen attacks the outer cellular mem
brane as well as many of the important 
intracellular, membrane-bound struc
tures, such as mitochondria and lyso
somes. Ultimately it causes the demise 
of the tumor without harming normal 
tissue. 

Although early anecdotal reports 
were encouraging, the role dye sensiti
zation, or photodynamic therapy, will 
play in cancer therapy remains to be 
determined. Long-term survival studies 
need to be completed. Comparisons 
need to be made with accepted treat
ments, such as radiation therapy, che
motherapy and surgery. 

The U.S. Food and Drug Administra
tion currently regards the use of photo
dynamic therapy for cancer to be exper-

imental. One major drawback to the ini
tial efforts was that patients became 
highly sensitive to bright light for as 
long as three months after dye injec
tions. The development of better modes 
of application and new dyes that do 
not create residual photosensitivity are 
under way. Several major multicenter 
trials in the U.S. and Canada are explor
ing such treatment for lung, bladder 
and esophageal cancer. 

The technique's diagnostic potential 
could prove more exciting. Many dyes 
that absorb energy can reemit the light 
as fluorescence, flagging cancerous ar
eas. In preliminary studies in the U.S. 
and Japan, fluorescence has been used 
to detect early-stage lung and bladder 
cancer. By using fiber optics and sensi
tive light detectors, it may eventually 

Photodynamic Therapy for Cancer 

DIAGNOSIS 

CANCER 

A dye selectively concentrates in cancerous tissue 48 to 72 hours 
after it is injected. Blue-violet light from the krypton laser, 

administered through an optical fiber, causes the dye-laden growth to 
fluoresce so it can easily be observed and diagnosed. The optical 
fiber then delivers laser light of another wavelength, which destroys 
the tumor. In this case, an argon laser drives a second light source: 
the red dye laser. Energy from the laser excites dye molecules in the 
tumor; these molecules, in turn, pass the energy to molecular 
oxygen. The excited oxygen, called singlet oxygen because of its 
spin state, becomes highly reactive and destroys the malignancy. 
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OPTICAL TWEEZERS are one of the many cellular uses for lasers. Photons from 
laser beams can hold cells immobile in an optical trap. The light can then push, 
pull or turn the tiny object. In this instance, the second red blood cell from the top 
is picked up, stood on its edge and flipped over. 

be possible to diagnose small cancers in 
internal regions of the body. illtimately 
a patient may be given a "cocktail" of 
dyes, some for diagnosis and others for 
light-activated tumor destruction. 

W
hile the human body and its 
organs remain the primary fo
cus of most laser research in 

medicine, smaller targets also engage 
workers' attention. In fact, lasers offer 
scientists a novel means of studying in
dividual cells as well as the photophys
ical processes that provide the foun
dation of laser medicine. For 20 years, 
my colleagues and I have pursued such 
work [see "Cell Surgery by Laser," by Mi
chael W. Berns and Donald E. Rounds; 
SCIENTIFIC AMERICAN, February 1970]. 
Understanding how light interacts with 
the cell and its organelles has con
tributed to the study of basic cell struc
ture and function. Virtually all the pho
tophysical mechanisms described in 
this article can be generated and stud
ied at both the cellular and subcellu
lar levels. 

For example, photoactive dyes can 
be incorporated into a portion of the 
DNA molecule. This region of the DNA 
can then be inactivated by exposure 
to, say, the blue-green beam of the ar
gon laser, resulting in a selective genet
ic deficiency. Alternatively, a highly fo
cused, pulsed ultraviolet laser can gen
erate a microplasma in the outer cell 
membrane, creating a small hole that 
will open up just long enough to allow 
DNA , coding for specific genes, to en
ter the cell. This DNA can be incorpo
rated into the genetic material of the 
cell in a process 10,000 times more ef
ficient than conventional genetic engi
neering. This technique may have its 
greatest value in the genetic engineer-
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ing of crop plants, because it is ex
tremely difficult to introduce foreign 
DNA across a rigid cell wall using only 
biochemical methods. 

Researchers are also investigating a 
scaled-up version of cell perforation as 
a way to facilitate sperm penetration of 
eggs. Clinically it may be possible to 
use a highly focused, pulsed ultraviolet 
laser to drill a one- to la-micron hole 
through the outer protective zone of a 
human egg. The sperm can then quick
ly enter. Preliminary studies conducted 
by Ricardo H. Asch at Irvine and Yona 
Tadir of Tel Aviv University have dem
onstrated the feasibility of laser micro
manipulation of the egg. 

In addition, Aaron Lewis, Neri Laufer 
and Daniel Palanker of the Hebrew Uni
versity in Jerusalem were able to guide 
a 0.193-micron excimer laser beam to 
create holes in the outer layer of a rab
bit egg. Fertilization took place at a 
higher rate than normal. The laser ap
proach might be quicker and more se
lective than other methods of assisted 
sperm-egg penetration. But extensive 
studies must be done to examine the 
potentially harmful mutagenic and bio
chemical effects of laser energy. 

P
erhaps the most exciting new ap
plication of the laser in cell sur
gery and manipulation is its use 

as an optical tweezer. Arthur Ashkin of 
AT & T Bell Laboratories first described 
the ability of lasers to trap, or hold, an 
object in a beam of light. The force as
sociated with the photons can be used 
to hold cells still, rotate them or pull 
them in any direction. 

The ability to restrain cells or their 
internal organelles in an optical trap fa
cilitates surgery with a second laser 
beam-the tiny object cannot slip away. 

RABBIT EGG outer layer, or zona pel
lucida, has been perforated twice by a 
laser to facilitate the entry of sperm for 
fertilization. 

Membranes of two adjacent cells can 
easily be fused together, or the tweez
ers can hold a chromosome while a sec
ond laser beam cuts off a fragment 
that could be isolated for cloning. In 
the case of egg fertilization described 
above, it may become possible to trap a 
sperm and move it to the newly creat
ed hole in the egg's outer layer. 

Whether surgery occurs at the level 
of the organ or the cell, lasers offer 
physicians and researchers an unprece
dented and precise set of optical tools. 
Indeed, in many specialties, laser sur
gery has already become a standard 
procedure that medical residents learn 
to use. Only time and good clinical stud
ies will tell how these applications can 
be expanded. 
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Arthur Stanley Eddmgton 
He led an astronomical expedition to test Einstein's theory 

of general relativity, expounded the idea of an expanding 
universe and inferred the internal structure of the stars 

I t is hard to convey to the present
day reader the widespread respect 
that was given to Arthur Stanley 

Eddington in the years between the 
world wars. He exerted an enormous 
influence on the development of phYSi
cal thought. The influence came first 
from his own contributions to astrono
my and astrophysics and second from 
his insights into the contributions of 
others; he often seemed to grasp the 
significance of advances more pro
foundly than those who made them 
and to explain the advances more skill
fully. Further, his attempts to expose 
the foundations of physics have contin
ued to influence the thinking of scien
tists of subsequent generations, most 
of whom never realize that they may be 
pursuing a quest started by Eddington. 

In the 1920s and 1930s outstanding 
personalities dominated every field: 
Churchill and Roosevelt in statecraft; 
Shaw and Eliot in letters; and Bohr, Ein
stein, Rutherford and Eddington him
self in physical science, to name a few. 
There are no such giants today. One is 
not saying that comparable talents do 
not exist, only that, for reasons that 
could be enlarged on elsewhere, such 
talents would now be much less likely 

SIR WILLIAM McCREA is professor 
emeritus of theoretical astronomy at 
Sussex University, a former president of 
the Royal Astronomical Society (a post 
Eddington had held) and a fellow of the 
Royal Society. He was knighted for his 
scientific achievements in 1985. "In 
1923," he says, "when I was a freshman 
at Cambridge, a friend pointed out Ed
dington as the man who knew more 
about relativity than anyone but Ein
stein. In 1926 the astrophysicist E. A. 
Milne advised me, 'Whatever else you 
do, read Eddington's Internal Constitu
tion of the Stars: which was about to be 
published. Although for some while I 
stayed in mathematical phYSiCS, the 
book influenced me in my decision to 
switch to astrophysics, and thus led, in
directly, to the writing of this article." 
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by Sir William McCrea 

to win so much esteem. Certainly in 
science, the pursuit of knowledge has 
devolved from the individual to the 
team and, to some extent, from the 
originators of ideas to the presenters 
of ideas. In all honesty one must admit 
that Eddington, perhaps more than 
anyone else, pioneered the role of pre
senter. But he was in the first place an 
originator, and it is as such that one 
thinks of him here. 

Bohr, Einstein and Rutherford had 
made great discoveries, but they played 
only relatively minor roles in expound
ing their work outside professional cir
cles. Eddington was different. Quite a 
few scientists heard him lecture; many 
more read something by him; and most 
of them were convinced that they had 
understood him. Eddington had the 
aspect of one who enjoyed special ac
cess to the secrets of the universe, and 
what he set down came to be regarded 
by many as verging on the status of 
holy writ. 

Of course, the lasting value of his 
work does not depend on the almost 
mystical air he bore at the height of his 
powers. But his charismatic appeal did 
attract attention to his ideas. That ap
peal seems to have come from the 
quite enormous faith he put in his own 
intuition, in part because it had so of
ten turned out to be justified. 

E
ddington was born to Quaker 
parents in 1882, lost his father 
two years later and studied math

ematics and physics at Owens College 
(now Manchester University) and then 
at the University of Cambridge, where 
he was Senior Wrangler-the highest 
mathematical honor. He worked at the 
Royal Observatory at Greenwich from 
1906 to 1913, when he became Plumi
an Professor of Astronomy and Experi
mental Philosophy at Cambridge. Six 
years later he led a famous expedition 
to an island near equatorial Africa to 
observe a solar eclipse that would test 
Einstein's new theory of general relativ
ity. He served as president of the Royal 

Astronomical Society in London, was 
knighted in 1930 and died in 1944. 

Until his last illness, Eddington was 
physically vigorous. He enjoyed swim
ming and playing golf (not expertly, 
one gathers). A noted cyclist, he kept a 
careful record of his longer rides, from 
which he evaluated his parameter n, 
the number of days on which he had 
cycled n miles or more. I think the val
ue finally reached 75. 

Eddington was painfully shy in casu
al social encounters and poor at extem
poraneous speaking and classroom lec
turing. But a prepared public lecture he 
delivered with sparkling wit, and he 
was masterly in presenting a concise 
summary of a research paper at a sci
entific meeting. Those whom he knew 
well considered him a clubbable and 
caring companion. When, for instance, 
his lifelong colleague, the astronomer 
F.J.M. Stratton, had a serious illness in 
middle life that threatened to leave 
him depressed, Eddington almost daily 
invented an intellectual conundrum to 
keep Stratton alert and so to speed his 
recovery. 

Quakerism helped to shape Edding
ton's outlook on life, and it might ap
pear almost inevitable that it should re
main congenial to him. But things often 
go the other way: many men of inde
pendent mind react against their up
bringing. So clearly it was by deliberate 
decision that Eddington maintained 
this attitude, and he discussed it quite 
freely and fully in a number of his 
lectures and addresses, emphasizing 
the essential element of "seeking" in 
the Quaker tradition. 

I think it correct to say that Edding
ton never suggested that his study of 
physics and the physical universe in 
fact had much influence on what one 
might call his religious views. Doubt
less he would agree that all knowledge 
is one and what we seek to discover is 
how all things are connected, but he 
also asserted that scientists may have a 
long way to go before they can see the 
essential connections. "In science as in 
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religion the truth shines ahead as a 
beacon showing us the path; we do not 
ask to attain it; it is better far that we 
be permitted to seek," as he said in his 
Swarthmore Lecture in 1929. 

Eddington's convictions made him a 
conscientious objector during World 
War I. The Astronomer Roy
al, Sir Frank Dyson, was 
very eager that Eddington 
might be available to ob
serve the solar eclipse of 
1919, should world condi
tions permit. To this end, 
he used his influence to 
have Eddington kept at his 
post at Cambridge through 
the war. A number of other 
prominent scientists held 
views similar to Edding
ton's during World War I. 
Most of these, including 
Eddington, felt bound to 
take a different stance in 
World War II. 

E
ddington seems to 
have had no settled 
scientific objective 

before going to the Royal 
Observatory in 1906. But 
there he joined with enthu
siasm in the observatory's 
work, initiating, for exam
ple, the program for the 
determination of latitude 
variation, which in one 
form or another has gone 
on almost to the present. 

called cosmological constant into the 
original version of general relativi
ty. Eddington was to seize on this 
constant-which Einstein later re
nounced-as indispensable to all his 
subsequent work. 

The main part of the book, on stellar 

what were then called spiral nebulas. 
He favored-correctly, of course-the 
view that they are galaxies like our 
own. Finally, he called attention to 
the necessity of supposing, as Henri 
Poincare had already suggested, the 
Milky Way to be rotating. In a word, Ed

dington was the first to 
systematize what was then 
known about the large
scale structure of the ob
served universe. 

Eddington had his first 
brush with nascent general 
relativity in 1912, three 
years before Einstein was 
to give his full account of 
the theory. Einstein had 
produced certain interim 
results, one of which pre
dicted that starlight pass
ing near the sun would 
be deflected by the solar 
gravitational field. Such a 
deflection, Einstein noted, 
should be observable when 
a total eclipse obscured the 
solar disk, that is, if the 
starlight proved bright 
enough to be seen through 
the sun's corona. The dis
placement Einstein gave at 
that stage in his research 
was in fact only half the 
value ultimately predicted 
by general relativity, and 
indeed, it could have been 
derived from a slight adap
tation of Newton's theory 
of gravitation. For most of the next 10 

years, Eddington devoted 
himself to analyzing stellar 
motions, a study that had 
been initiated in 1904 by 
the astronomer J C. Kap
teyn, of the Netherlands. 
Eddington reviewed the en
tire subject, including his 
own major contribution, in 
his first book , Stellar Move
ments and the Structure of 
the Universe, published in 
1914. It is interesting to 
see what the universe was 
taken to mean then: it 
was the "stellar system," or 
"galaxy," envisaged as a 
flattened aggregate of stars 
in which the sun occu
pied "a fairly central posi
tion." The sun was encir-

EDDINGTON was at the height of his powers in the early 1920s, 
when he sat for this presidential photograph for the Royal As
tronomical Society in London. 

I
n 1912 Einstein's corre
spondent and future 
colleague E. F. Freund

lich started making prepa
rations to test Einstein's 
prediction at an eclipse 
that would be observable 
in eastern Europe in 1914. 
He applied for technical as
sistance to the joint eclipse 
committee of the Royal So
ciety and the Royal Astro
nomical SOCiety, of which 
Dyson was the chairman 
and Eddington was a mem
ber. The committee regret� 
ted having to tell Freund
lich that it did not have 

cled by the Milky Way, consisting of 
stars, nebulas and clouds of obscur
ing matter. 

The system as a whole appeared to 
be in a steady state, a picture that in
duced Einstein to model the cosmos as 
a static entity by introdUCing the so-

kinematics, provided the starting point 
for voluminous investigations by sub
sequent workers. The last chapter 
proved to be the stimulus for other 
vast work on stellar dynamics. Edding
ton also gave what was probably the 
first properly informed discussion of 

available the special equip
ment which he sought. But 

Dyson and Eddington had been alerted 
as to what was afoot. 

The war in Europe started before 
Freundlich could observe the eclipse; it 
also cut off normal flow of scientific 
literature from Germany to England. 
When Einstein's great paper on general 
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relativity appeared in 1915, only one 
copy reached England. It had been sent 
by the eminent Dutch astronomer W. 
de Sitter in the neutral Netherlands to 
Eddington, who was then secretary of 
the Royal Astronomical Society. De Sit
ter followed the paper up with three 
fundamentally important papers of his 
own, in which he expounded Einstein's 
latest ideas and certain developments 
by himself. These papers were the first 
on general relativity to be published 
outside Germany. 

The next was Eddington's Report on 
the Relativity Theory of Gravitation, 
submitted to the Physical Society of 
London in 1918. This work showed Ed
dington's astonishing facility for assim
ilating and presenting entirely new and 
revolutionary concepts and mathemati
cal techniques. This report served as 
the basis for his famous Mathematical 
Theory of Relativity, published in 1923. 

94 SCIENTIFIC AMERICAN June 1991 

One of the two eclipse exped�ions to 
test Einstein's predicted '"bending'" of 
starlight by the sun's gravity; results 
consistent w�h Einstein's theory. 
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More people must surely have learned 
general relativity through that book
either by reading it themselves or 
learning it from someone who had 
learned it from the book-than in any 
other way. 

Dyson pointed out that the solar 
eclipse of May 1919 would occur 
against what would probably be the 
most favorable background of stars 
pOSSible, a rich patch of the bright 
Hyades. Fortunately, the ending of the 
war made it possible for Dyson to orga
nize two British expeditions to carry 
out the observations. Eddington led 
one of them to the island of Principe, 
off the west coast of Africa, which was 
the first to report its results. The other 
expedition went to Sobral in northeast
ern Brazil. Together, the findings were 
generally accepted as being in convinc
ing agreement with Einstein's predic
tion because they were close to his cal-
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culations and unambiguously different 
from those based on Newton's theory. 

The measured effects were displace
ments on photographic plates by a few 
hundredths of a millimeter. Since then, 
some physicists have asserted that Ed
dington's techniques had margins of 
error too large to prove Einstein right 
and Newton wrong. This is unfair: con
firmation is not proof, but it is all that 
experimentalists have to offer. More 
sensitive techniques had to await the 
development of radio astronomy after 
World War II. 

The vindication of a modification of 
Newton's law of universal gravitation 
caused worldwide excitement-possi
bly more than any scientific discovery 
before or since. Postwar international
ist sentiment contributed to the public 
acclaim: Britons were supporting the 
theory of a German-born physicist. Ein
stein leapt to instant fame. And if New-

© 1991 SCIENTIFIC AMERICAN, INC



ton's law had to be somewhat altered, 
it was recognized to be most fitting 
that the work of British astronomers 
should be responsible for altering it. 

E ddington was the first person to 
see into the depths of a star-so 
one dares to claim. Geologic evi

dence shows that the nearest star, the 
sun, has been radiating energy at a 
quite steady rate for billions of years. 
What is going on inside the sun to en
able it to do this? Eddington's contem
poraries had been apt to argue, "You 
cannot know what it is like inside the 
sun until you know where it gets its en
ergy, but you cannot know where it 
gets its energy until you know what it 
is like inside." Even the simple fact that 
the mean density of the sun is only 
about 1.5 times that of water was puz
zling. What state of ordinary matter 
could allow such a massive body to 
have mean density no greater than 
that? And how does energy get through 
matter at that density? Most had sup
posed it to be transported by convec
tion currents. 

Eddington began his work in stellar 
structure in 1916, when he was trying 
to understand how the stars known as 
"Cepheid variables" produce their peri
odic variations in luminosity. He hy
pothesized that Cepheids function as 
spheres of gas that expand and con
tract. FollOwing a suggestion made by 
R. A. Sampson in 1894, Eddington treat
ed the transport of energy as radiative, 
not convective. This work was classic in 
quality. Moreover, its evident success 
suggested to Eddington that the gas
eous sphere might be a feasible stellar 
model for more general purposes. 

So Eddington set himself the prob
lem of calculating the equilibrium state 
of a body of material of given mass 
and composition that behaved as an 
ideal gas and was held together by 
gravity, with energy transported by ra
diation. He assumed a formula for the 
dependence of the material's opacity 
on its nature and physical state and for 
the distribution through it of sources 
of energy generation. Now, the Swiss 
physicist]. R. Emden had calculated the 
equilibrium states of particular gravitat
ing gas spheres known as polytropes. 
Eddington noticed that under certain 
plausible simplifications, his equations 
could be made to mimic Emden's, so 
that he could use Emden's numerical 
results. In this way, he obtained what 
he called his standard stellar model. 

Eddington's model predicted a sim
ple relation between the mass, radius 
and luminosity of a star, in which the 
effect of the radius was quite small. He 
found that the resulting mass-Iuminos-

ity "law" fitted the observations for all 
the normal stars, including the sun, for 
which he had figures. Such stars were 
therefore seen to behave essentially 
like a perfect gas. 

That material many times as dense 
as everyday liquids and solids, like that 
inferred to exist in central regions of 
stars, should obey the same gas law as 
the air we breathe was a revolutionary 
thought. This was Eddington's discov
ery. His friend]. H. jeans had been the 
first to call attention to the fact that 
matter in stars must be highly ionized. 
Eddington saw how ionization enabled 
matter to behave like a perfect gas 
even at such high densities. Apparently 
he could then assert that a quantity of 
ordinary stellar matter equal in mass 
to that of, say, the sun will form a star 
just as bright as the sun. Thus, he 
seemed able to predict the energy flux 

without knOwing its source. 
Eddington explained his finding by 

arguing that radiative energy has to 
make its way out of the star against the 
opacity of its material. The opacity de
pends on the material's temperature 
and density according to a formula de
rived from simple quantum theory. Ed
dington postulated that the energy is 
generated in the material at a rate that 
depends on temperature and density. 
His calculations seemed to show that 
temperature and density must adjust 
themselves to give the total output ex
pressed by his mass-luminosity law. If 
they cannot do this, the star will not be 
able to maintain a steady state, that is, 
we shall not have a star. 

Eddington's model also implied that 
energy generated deep inside a star 
such as the sun takes, on average, 
about 10 million years to come to the 
surface and escape. Thus, were all en-
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ergy sources in the sun completely 
switched off beginning today, it would 
take about to million years before any
body began to notice much difference. 
This delay between the cause and its 
ultimate visible effects was one reason 
Eddington could say so much about the 
interior of a star without knowing how 
the star gets its energy. 

W
hen Eddington presented his 
conclusions to the Royal As
tronomical SOCiety, they pro

voked lively controversy. Some astro
physicists followed jeans in arguing 
that the light emitted by a star depends 
entirely on the sources put into it; if 
you do not know the one, you cannot 
claim to predict the other. Also, some 
still said, it is absurd to claim that ma
terial as dense as, say, a brick may be 
treated as a gas. A little later E .  A .  
Milne, another great pioneer in astro
phYSiCS, argued that certain of Edding
ton's conclusions were consequences 
of restrictions he had introduced into 
his mathematics, rather than the phys
ics of his problems. 

The resulting debates at monthly 
meetings of the Royal Astronomical So
ciety during the mid-1920s attracted 
unprecedented interest. Many of the 
country's most famous scientists at
tended-at least one leading mathe
matician became a Fellow of the Soci
ety just to have the right to be there. 
Eddington and jeans gave each other 
no quarter ; they could behave in this 
way-and enjoy doing so-because pri
vately they were on excellent terms. 
When somewhat younger astrophysi
cists entered the fray, they often took 
things much more to heart. The imme
diate outcome as a whole was decided
ly in Eddington's favor. 
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MASS-LUMINOSITY LAW, discovered by Eddington, relates the brightness of nor
mal stars, such as the sun (middle) mainly to their masses (with only weak depen
dence on stellar radius). Eddington was able to make the prediction without know
ing the means by which the stars generated their energy. 
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Eddington gave a comprehensive ac
count of his views in The Internal Con
stitution of the Stars, published in 1926. 
It has proved to be a great classic of as
trophysical theory. 

Eddington had been luckier than he 
knew. A dozen years later thermal nu
cleosynthesis became accepted as the 
process by which energy is generated 
in stars. This process is extremely sen
sitive to temperature. It can be shown 
that this feature in actual stars ex
plains why Eddington was able to dis
cover so much about their constitution 
before he knew much about the ener
gy-generation process. 

Most astrophysicists also believe that 
around 1935 Eddington went astray 
over one particular development. He 
himself had shown how his treatment 
encountered a fundamental impasse 
when he sought to apply it to the ex
cessively dense stars known as white 
dwarfs, of which the most famous ex
ample was the faint companion of Sir
ius, itself the brightest star as seen 
from the earth, the sun excepted. The 
mathematical physicists at Cambridge 
immediately pointed out that the free 

electrons in so dense a star would 
form a degenerate gas in the quantum 
mechanical sense-that is, they would 
greatly resist further compression. The 
material would therefore obey an "equa
tion of state" different from that used 
by Eddington for matter behaving "clas
sically." R. H. Fowler showed that the 
difficulty is thus apparently complete
ly resolved. Eddington welcomed this 
explanation. 

Other theorists, however, went on to 
point out that the compression that 
produces degenerate electrons also 
raises their effective velocities nearly to 
the speed of light, so that relativistic 
effects soon become important. They 
showed that the equation of state for a 
relativistic degenerate electron gas is 
different again. Subrahmanyan Chan
drasekhar, then at the University of 
Cambridge, made a remarkable discov
ery. A body of such matter cannot find 
an equilibrium state if its mass exceeds 
the "Chandrasekhar limit" of approx
imately 1.5 solar masses. Unless some 
process supervenes to break up such a 
body, it must undergo catastrophic col
lapse toward the state known as a 

SOLAR ECUPSE of 1919 confinned Einstein's prediction that starlight passing near 
the sun would be deflected by the sun's gravitational field. The deflection amount
ed to only a few hundredths of a millimeter on this photograph (negative), taken at 
Sobral in Brazil. (The stars are marked by vertical lines.) Eddington led the other 
eclipse expedition to Principe, off the west coast of Africa. 
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black hole because its gravitational at
traction prevents even light escaping 
from it. No known observational evi
dence conflicts with Chandrasekhar's 
conclusion. 

Eddington would not accept the con
clusion; he regarded it as a reductio 
ad absurdum of the theory. Most as
trophysicists think that he was plain 
wrong; indeed, he identified no error 
in Chandrasekhar's work . So far as I 
know, however, even after more than 
50 years no one has yet discussed pre
cisely how a mass of real matter great
er than the Chandrasekhar limit does 
actually evolve. Nor have any of the var
ious candidates for black hole status, 
in observed stellar systems, been con
vincingly confirmed as such. We may 
here be working near the limits of 
applicability of standard relativity and 
quantum theory. If these have not been 
overstepped, presumably Eddington 
was indeed wrong. If Eddington was not 
wrong, then the others concerned must 
have somewhere passed the limits. 

When Eddington embarked on his 
study of stellar constitution more than 
70 years ago, knowledge of the subject 
was effectively nil. It is amazing that 
the picture at which he so soon arrived 
remains valid in all broad essentials to 
this day. Maybe he had a dash of luck 
and maybe he was mistaken about the 
consequences of relativisitic degenera
cy, but the power and scope of Edding
ton's physical insight are still nothing 
short of awesome. 

I n his first major astronomical 
study, which culminated in his 
book Stellar Movements, Eddington 

had elucidated the constitution of a 
galaxy, in effect of all galaxies. Then, in 
the Internal Constitution, he elucidated 
the constitution of the stars. And as 
stars form the building blocks of any 
galaxy, everything in modern astrono
my must depend significantly on Ed
dington's discoveries. This is an enor
mous claim for the work of one man. 

Yet Eddington went even further, for 
he showed that Einstein's original mod
el of a static universe had to be unsta
ble. He thereby established, according 
to general relativity, that the universe 
must be expanding (or contracting, but 
not static). He thus made an essential 
contribution to the astronomy of the 
cosmos in the large. 

Eddington looked on his work in cos
mology from a standpoint outside of 
cosmology. Indeed, he was coming to 
attach greater Significance to the philo
sophical speculations he was then be
ginning to formulate than to all that he 
had achieved in astronomy as such. 
What is the universe? What is physics? 
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These were the fundamental questions 
to which Edclington devoted the rest of 
his scientific life. 

In retrospect, we can see intimations 
of Edclington's metaphysical interest as 
early as 1928, when he wrote The Na
ture of the Physical World. His Philoso
phy of Physical Science, published in 
1939, provided his more mature views 
in this realm. 

He noted that certain numbers in 
physics do not depend on any system 
of units. Such "pure" numbers include 
the ratio of the electrostatic force be
tween a proton and an electron to the 
gravitational force between them-a 
number of about 1039-and the ratio of 
the mass of the proton to that of the 
electron, about 1,836. Standard physi
cal theory makes the assumption that 
such ratios are universal constants, 
that "exact" values exist for them
whatever that may mean-and that 
these values can be approached but 
never indubitably established by more 
and more refined measurement. 

Edclington questioned this point of 
view. He was convinced that there must 
be mathematical reasons for the nu
merical constants of physics to possess 
their particular values, and he proceed
ed to present them in his fundamental 
theory. In fact, the values he produced 
were in good-some in unbelievably 
good-agreement with experimental 
evidence. The development involved 
much clever mathematics, some of it 
invented for the purpose by Edclington, 
and it should be said that no one ever 
detected a serious mathematical error 
in anything he wrote. 

Y
et it is a fact that no particular 
results of this part of Edcling
ton's work have been accepted. 

Nor has any physicist ever claimed to 
be certain of the postulates from which 
Edclington started or to follow his rea
soning all the way through to any of 
his main conclusions; always there ap
peared to be some gap-some infuriat
ing gap-in the logic. 

"But it was in the formulation of the 
great series of questions . . . that he 
gave his best gift to his fellow-work
ers," wrote his one-time student George 
Temple. "These questions form . . .  a 
great series of signposts leacling to a 
Promised Land which perhaps he never 
quite attained in this life." 

Edclington was a great man, a great 
scientist-and a great opportunist. Ev
ery great man has to exploit his oppor
tunities; if he did not, we would never 
hear about him and we could not call 
him great, or anything else. Some of 
the ground had been prepared for him, 

as in stellar movements by Kapteyn 

GREAT CONTEMPORARIES: Einstein regarded Eddington's books on relativity as 
the best in English. Here the two are shown sitting in Eddington's garden in 1930. 

and in stellar constitution by Emden. 
More generally, atomic physics was 
just reaching the stage at which Ed
clington could use it to understand, 
say, ionization and opacity in stellar 
material and even something about en
ergy generation in a star. These exam
ples illustrate the opportunities that 
Edclington's astonishing intuition led 
him to exploit with such fecundity. 

In spite of Edclington's many com
mon interests with his contemporaries 
at Cambridge, he could not be said to 
belong to any school of thought. Nor 
did he found a school of his own, al
though he certainly had a succession 
of highly distinguished and devoted 
graduate students. By the same token, 
of his more than 110 research papers, 
he had a collaborator in only seven. 

Finally, even in his theory of the 
foundations of physics Edclington was 
one of a small cluster of workers inde
pendently pursuing essentially similar 
ends. Edclington, Einstein, Milne, Erwin 
Schrbclinger a little later and Hermann 
Weyl somewhat earlier tried to con
struct unified theories of physics and 
cosmology and ultimately failed. One 
might say they wasted time and talent 
in such endeavors. Yet if one thinks of 
these men individually, it is difficult to 
see what else they might have done 

had they not turned to these challeng
es. Moreover, what they were trying to 
do is what some leacling workers have 
been trying to do ever since-to seek 
grand unified theories. Partial solutions 
have indeed already been achieved, as 
in the unification of electromagnetism 
and the weak nuclear force. 

The pioneers of the first half of this 
century pointed the way to such devel
opments, and in this respect the most 
effectual and farsighted may yet prove 
to have been Edclington. 
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TRENDS IN GEOPHYSICS 

PEERING INWARD 
by Corey S. Powell, staff writer 
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CEASELESS CHURNING of the 
earth results as heat tries to escape 
from its interior. Twisted currents 
in the molten iron-alloy outer core 
generate the earth's magnetic 

'field. Powerful but leisurely con
vective motions in the silicate man
tle move continents and drive 
nearly all surface geologic activity. 
Material may circulate all the way 
from the lowermost part of the 
mantle (the D" ) to the top of the 
mantle, in which case plumes of 
hot rock could drag bits of the 
core to the surface (top regions). 
On the other hand, a sudden 

. change in mineral structure and 
composi-tion 670 kilometers be
low the sUrface may cause layered 
convection (right regions). Num
bers indicate depth belo,w the sur
face of the earth . 

New technologies enable 
geophysicists to discern the 

structures hidden deep within 
the earth. Their findings even 

offer a glimpse into the future 
of the planet. 

- 've looked thousands of kilome
ters through the inside of the earth," 
says Gary A. Glatzmaier nonchalant

ly. While the geophysicist from Los Ala
mos National Laboratory sits securely 
on the surface of the earth, an ultrapow
erful supercomputer enables him to sim
ulate the conditions deep in the interi
or. The world that he sees there churns 
restlessly like a boiling cauldron as it 
tries to shed its internal heat. Vast sheets 
of cool rock break free and sink slow
ly into the hot interior. Plumes of hot, 
molten rock rise and expand like mush
room clouds as they near the surface. 

Glatzmaier is part of the geophysical 
vanguard whose work reveals the earth's 
complex internal dynamics. These re
searchers look beneath the thin outer 
skin (no more than 60 kilometers thick) 
that contains all the familiar uplifted 
mountains, shifting faults, erupting vol
canoes and the like. By probing the un
derlying layers of core and mantle that 
make up more than 99 percent of the 
planet, they are uncovering the process
es that ultimately shape the surface. 

Glatzmaier's simulations show the cur
rents in the rocky but pliable mantle, 
which extends 2,900 kilometers down. 
In the real world, these currents move at 
an extremely leisurely pace-taking hun
dreds of millions of years to complete 
one loop-but they are powerful enough 
to move continents and reshape oceans. 
Activity also occurs deeper down, in the 
earth's iron-alloy core. Agitated flows in 
the outer, liquid part of the core, which 
move a million times more briskly than 
those in the mantle, generate the earth's 
protective magnetic field. Recently geo
physicists have begun to chart the cir
culation of this subterranean metallic 
ocean. Sophisticated seismic techniques 
even permit a peek into the solid inner 
core, whose outer edge lies more than 
three fourths the way down the earth's 
6,370-kilometer radius. 
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This new picture of the earth's inner 
structure is all the more remarkable 
given how little was known until re
cently. The earth's core-which is more 
than half the diameter of the entire 
globe-was discovered only in 1906. 
Moreover, the initial pace of discov
ery was painfully slow. Sixty-five years 
elapsed before geophysicists could say 
with conviction that the core is divided 
into an outer, liquid part and an inner, 
solid part. The theory of continental 
drift, which intimately intertwines with 
the concept of large convection mo
tions in the mantle, did not gain a firm 
footing until the 1960s. 

Progress in three general areas ac
counts for the rapidly sharpening pic
ture: growing computer power; more 
thorough collection of gravitational, 
magnetic and seismic data; and the ad
vent of devices that can re-create the 
temperatures and pressures in the cen
ter of the earth. Researchers are read
ing earthquake waves and analyzing 
the earth's magnetic field to map both 
the core and mantle. Using sophisticat
ed diamond anvil chambers, they are 
studying the behavior of rocks at the 
hellish temperatures and pressures 
found at the center of the planet. 

As pieces of information begin to fit 

together, geophysicists are finding that 
they not only can reconstruct the be
havior of the present earth but also can 
gain insight into the earth's evolution
and even its ultimate fate, billions of 
years into the future. "It's a very excit
ing time," says Adam M. Dziewonski. 
The walls of his office in the Hoffman 
Laboratory at Harvard University are 
cluttered with maps of the earth's inte
rior and the locations of earthquakes, 
but he keeps a space free for a projec
tor. He runs through a series of slides 
to make his point. 

The pictures on the screen show 
fields of amorphous red and blue 
shapes that broadly resemble the mod
el earths created by Glatzmaier's team. 
In this case, however, the images are 
not computer simulations but recon
structions of the interior of the real 
earth. They are the product of an in
novative technique called seismic to
mography, which several researchers 
pioneered early in the 1980s [see "Seis
mic Tomography," by Don L. Anderson 
and Adam M. Dziewonski; SCIENTIFIC 
AMERICAN, October 1984]. 

Seismic tomography takes advantage 
of the fact that earthquake waves move 
at different velocities in different parts 
of the earth. Density, composition, 

mineral structure and degree of melt
ing all affect wave speed. Temperature 
is another important factor: all else be
ing equal, seismic waves travel fast in 
cold regions, more slowly in hot ones. 
Detecting and analyzing seismic waves 
from around the globe make it possi
ble to trace a large number of paths 
through the earth. 

Computer analysis of this informa
tion enables researchers to convert 
seismic waves from earthquakes into 
three-dimensional images of the interi
or. Dziewonski 's maps use the color 
scheme that has become de rigueur for 
geophysicists: red denotes relatively 
slow seismic waves, corresponding to 
high temperatures; blue regions indi
cate fast waves, or cool temperatures. 

To depths of 200 kilometers or so, 
the earth appears cold under conti
nents and hot below mid-ocean ridges, 
where lithospheric plates are moving 
apart. Farther down, the structure of 
the mantle seems to correlate not with 
specific regions of geologic activity but 
rather with the large-scale motions of 
the continents. Hot material underlies 
Africa and the middle of the Pacific 
Ocean. A ring of cold rock surround
ing the Pacific sits under all the conti
nents except Africa, as if they have 

HOT AND COLD FLOWS rise and sink through the mantle. 
The first three images are snapshots of a three-dimensional 
model of the convecting earth. Blues represent colder than 
average material; orange and yellow, hotter than average. Ar-

rows indicate the surface flow, at speeds of no more than 
two centimeters per year. The globes show spherical slices 
through the model earth at depths of 430 kilometers (a), 
2,020 kilometers (b) and 2,600 kilometers, just above the 
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been pulled to their present locations 
by sinking flows in the mantle. 

The results of tomography seem to 
corroborate the intuitive notion that 
mantle convection determines the mo
tion of the tectonic plates. Despite 
such conceptual advances, however, the 
study of deep-earth geophysics remains 
animated by intense, if generally polite, 
debate. Nowhere is the discussion more 
lively than among geophysicists pon
dering the intricacies of the boundary 
between the core and the mantle. 

Studying the Segregated Earth 

The core-mantle boundary or, to save 
one's breath, the CMB, represents the 
most abrupt physical and chemical 
transition inside the earth. Here, sili
cate rock in the mantle confronts the 
iron-alloy core. Seismic readings indi
cate that the rock at the bottom of the 
mantle is solid and flows extremely 
slowly, somewhat like glass. In con
trast, the outer part of the core has 
roughly the consistency of water. The 
temperature difference between the 
mantle and the core may be as much as 
1,000 degrees Celsius. 

The CMB probably harbors valuable 
clues about how the earth functions 

and how it has evolved. But finding 
out what goes on at the CMB has be
deviled researchers. Tomography re
veals only the way that the earth's in
ner layers affect the motion of seismic 
waves, and the resolution of most seis
mic techniques is poor at the CMB. 
"There have been a lot of wild ideas 
floating around because we couldn't 
test them," muses Don L. Anderson, 
a professor of geophysics at the Cali
fornia Institute of Technology and one 
of the pioneers of seismic tomography, 
adding, "-until now." 

Although scientists cannot go to 
the core, they can now, in effect, bring 
the core into the laboratory by means 
of high-pressure research tools, in par
ticular the diamond anvil cell [see box 
on page 109]. Researchers at the Car
negie Institution's Geophysical Labo
ratory in Washington, D.C., the Uni
versity of California at Berkeley and a 
handful of other locations can create 
for extended periods the physical con
ditions at the center of the earth, al
beit on a very small scale (samples are 
no more than one tenth of a millime
ter across). 

These high-pressure studies are cru
cial to deciphering the complex chem
istry that should occur at the CMB. 

With temperatures hovering anywhere 
from 3,000 to 4,500 degrees C and the 
overlying earth bearing down with 
more than one million times the 
pressure at sea level, compounds inter
act in unfamiliar, and still poorly un
derstood, ways. 

One of the most active research
ers trying to use experimental evi
dence to learn about the CMB is Ray
mond Jeanloz of Berkeley. Jeanloz 
sports a 1960s-style ponytail and a 
self-professed enthusiasm for "groping 
around " at the edge of established geo
physics. Admirers and skeptics alike 
sometimes consider his notions a little 
"far out," but nobody denies his role 
in stimulating provocative discussions. 
David]. Stevenson of Caltech succinct
ly sums up Jeanloz as a "reconnais
sance experimenter." 

Stevenson refers specifically to Jean
loz's current work on deducing the 
chemical reactions that occur at the 
CMB. Jeanloz and Elise Knittle, who is 
now at the University of California at 
Santa Cruz, have suggested that the 
CMB is a leaky barrier that permits con
siderable chemical interaction between 
the mantle and the core. 

Jeanloz and Knittle base their con
clusion on an experiment in which they 

core-mantle boundary (c). Cold, downward flows dominate 
the convective process; hot, displaced material spreads out 
as it rises. Tomography yields a three-dimensional map (d) 
of seismic velocities from the top of the mantle down to 

the core-mantle boundary. Slow (red) and fast (blue) regions 
roughly correspond to hot, rising and cold, sinking material, 
respectively. Flow patterns in the upper mantle appear ap
preciably different than those farther down. 
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How Seismic Waves Reveal 
the Earth's Inner Workings 

S eismic waves set off by an earthquake or large 
explosion serve as probes of the earth's internal 

structure. P waves consist of compressional pulses 
through the earth, analogous to sound waves in air. 
They can propagate through every part of the earth's 
interior. S waves are transverse deformations of the 
solid earth. They can travel only through a resilient 
material and so cannot pass directly through the 
liquid outer core. The British seismologist R. D. 
Oldham inferred the existence of the core in 1906 by 
noticing its seismic S wave shadow. 

--- DIRECTION OF WAVE > 

SWAVE WAVE 

EPICENTER 

S WAVE SHADOW 

loaded a diamond anvil cavity with bits 
of silicate minerals (the best guess for 
the composition of the lower mantle) 
and iron (to simulate the outer core). 
They then heated them to CME-like 
temperatures, accompanied by pres
sures of up to 800,000 atmospheres. 

Afterward, they examined the tiny 
sample and found evidence that sili
con and iron, which remain chemically 
aloof at the surface, intermix in that 
environment. Thus, silicon or oxygen 
from the mantle could find its way into 
the outer core by forming alloys with 
iron. These alloys would gradually 
change the composition and reduce the 
density of the overall core. 

In fact, because the density of the 
core is noticeably less than that of a 
pure nickel-iron mixture, geophysicists 
generally agree that some lighter com
ponent must also be present. Most re
searchers have assumed that the impu
rities have been there pretty much since 
the formation of the earth. Jeanloz's 
added twist is that the composition of 
the core may be evolving continuously 
as bits of silicate mantle dissolve into it. 

Under the right conditions, material 
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Variations in temperature, pressure and composition 
within the earth alter the wave speed and cause 
seismic waves to bend or even to reflect. Reflections 
are particularly strong at the surface, the core-mantle 
boundary (CM B) and the top of the solid inner core. 
Studying the travel times of waves taking different 
paths through the earth therefore enables 
seismol ogists to deduce the three-dim ensional 
physical properties of the deep earth. 

Some waves pass straight through the mantle (A), 
the mantle and outer core (8) or the mantte and both 
the outer and inner core (C). Waves that reflect one or 
more times inside the earth are proving especially 
useful for mapping the interior. In one technique for 
examining structures at the bottom of the mantle, 
travel times of S waves that reflect off the CM B (D) are 
subtracted from those of S waves arriving at the same 
location via a direct path. Comparisons of P waves 
reflected off the top of the core with those passing 
through imply that the height of the CM B varies by as 
much as a few kilometers from place to place. 

from the mantle that has mixed into 
the core could form a distinct layer on 
the core's surface. Thorne Lay, a seis
mologist at Santa Cruz, perceives a drop 
in wave velocities at the top of the core. 
He suggests he may be seeing an effect 
of the silicon-rich flotsam on the core. 

The idea that the core may consist 
of distinct layers might solve anoth
er geophysical puzzle. Studies of the 
behavior of the geomagnetic field in
dicate a smooth flow at the surface 
of the core, whereas seismic studies 
by Dziewonski and others suggest 
the presence of several kilometers of 
topography at the CME. Perhaps a 
bumpy layer of core-mantle mixture 
rides atop the core's otherwise even 
surface. 

Then again, layering of the core may 
yet prove to be a phantom. One floor 
above Dziewonski 's office at Harvard, 
Jeremy Bloxham voices his skepticism 
of this "ad hoc" explanation. After 
years of correlating historical magnetic 
field data, Bloxham reports that "it is 
becoming ever more difficult" to recon
cile his findings with the existence of a 
differentiated top layer. 

On the other side of the CME, the 
plot grows thicker. Mounting evidence 
points to the presence of mysterious 
structures just above the CME, a region 
known as the D" (pronounced "D dou
ble prime"). A number of studies, in
cluding ones conducted by Lay, reveal 
that the speed of seismic waves chang
es some 200 to 300 kilometers above 
the CME, indicating the presence of a 
transitional layer. Other seismic inves
tigations, however, show a nearly clean 
CME. "The party line," Lay says, "is 
that there is a strongly varying struc
ture at the CME," present in some loca
tions but not in others. 

But what are these structures? Sud
denly the party line disintegrates. 
"There's almost no end to the theories," 
Lay notes. Jeanloz proposes that what 
goes down must come up: just as man
tle may dissolve into the core, material 
from the core may escape upward into 
the mantle. He throws out the idea that 
capillary action could draw iron upward 
from the core into the mantle, where it 
would form aggregations of iron alloys 
or dense iron-enriched silicate rock. Lo
cal variations in temperature or chem-
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ical composition would explain the 
blotchiness of the patches at the D". 

While not disputing that the D" may 
receive material from the core, Steven
son points out other possible sources 
of intermixing. He proposes that the 
bottom of the mantle "could also be a 
junk pile of stuff from the mantle." 
This layer could be the dregs of old 
subducted lithospheric plates, for ex
ample. The D" may also mark the rest
ing place for primordial material that 
sank through the mantle but was too 
light to join the core. Many of his col
leagues echo this notion. 

Lay adds that temperature and pres
sure effects probably significantly af
fect the physical structure of the D". 
Because of the extreme temperature 
gap at the CME, heat flowing from the 
core could cause the D" to become pe
riodically unstable. Hot, buoyant ma
terial from the D" might then form a 
hot, rising plume. Peter Olson of Johns 
Hopkins University and a handful of 
others have developed models show
ing that mantle plumes should take 
the form of narrow, focused conduits 
of hot material. Where such a conduit 
reaches the surface, it might create a 
volcanic hot spot. 

Hot spots are volcanically active re
gions that appear to remain fixed for 
many millions of years as the litho
spheric plates bearing the continents 
slide by. A hot spot beneath the Pacif
ic Ocean created the neat line of Ha
waiian Islands; its presence can still 
be seen in the frequent eruptions of 
Mount Kilauea. Evidently, the spots 
originate from a stationary, and hence 
extremely deep, source that burns 
through the seafloor or continents as 
they slowly drift across the mantle. 

One Mantle or Two? 

If plumes originate at the CME, they 
might carry traces of core material all 
the way to the surface. Gases expelled 
by surface volcanoes contain helium 3, 
a relic from the formation of the earth. 
Some of this gas could have been 
trapped for billions of years in the 
mantle, but Stevenson speculates that 
some may also have leaked from the 
core into the D", where it was dragged 
upward. "There is no way to prove it," 
he admits, "but it seems reasonable 
that some atoms at the surface of the 
earth have been in the core recently in 
geologic time." 

Anderson, on the other hand, has a 
very different perspective on the fate 
of the material at the D". He ar
gues that the material at the bottom 
of the mantle is too dense to ascend 
all the way to the crust. Small convec-

tion cells might form in the D". If 
the layer gets hot enough, it might rise 
and then sink back through the lower 
mantle, "but this is a very different sto
ry than plumes riSing to the surface," 
he says. 

The way that plumes travel through 
the earth depends, of course, on how 
the mantle circulates. And this, too, 
is a subject of considerable debate. 
One school of thought holds that the 
entire mantle mixes together via huge 
convection currents that extend from 
the CME all the way to the bottom 
of the crust. The other camp favors 
a mantle composed of at least two 
distinct, independently convecting lay
ers. Overall, Stevenson guesses that 
"about 80 or 90 percent" of geophysi
cists fall on the side of deep-man
tle convection. But Russell ]. Hem
ley, a high-pressure physicist at the 
Geophysical Laboratory, thinks the tide 
is going the other way because of 
growing experimental evidence that the 

o 

HAWAIIAN ISLANDS 

mantle's composition changes signifi
cantly with depth. 

Many researchers cite the distribution 
of hot spots as an argument in support 
of deep convection. Working with Mark 
A. Richards of Berkeley and Bradford 
H. Hager of the Massachusetts Institute 
of Technology, Dziewonski has shown 
that hot spots on the surface seem to 
occur preferentially over regions at the 
CMB that appear relatively hot in seis
mic tomographic maps. The provoca
tive implications are that hot spots 
siphon off these temperature excesses 
and that a direct link exists between 
the CME and surface volcanoes. 

Computer simulations developed by 
Glatzmaier and fellow computer-mod
eling pioneers David Bercovici of the 
University of Hawaii and Gerald Schu
bert of the University of California at 
Los Angeles suggest that internal heat 
sources (such as radioactive decay) 
drive large-scale convection, whereas 
heating from below is more likely to 

�LATE MOTION 

CURRENT LOCATION --t-__ --
OF HOT SPOT 

MANTLE HOT SPOT burned through the earth's crust, creating the linear chain of 
Hawaiian Islands (top). Hot spots remain stationary while the overlying lithospher
ic plates slowly slide by. A map of seismic velocities at the base of the mantle (bot
tom) indicates that nearly all hot spots (superimposed white circles) sit above rela
tively high-temperature regions in the lower mantle (red colors), hinting that hot 
spots might originate from a layer just above the earth's hot core. 
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produce plumes. Based on such simu
lations, Geoffrey Davies, a hot-spot ex
pert at Australian National University, 
suggests that mantle convection vents 
the heat of the mantle and that hot
spot plumes siphon off the heat of the 
core. If plumes did not come from the 
CMB, he argues, heat rising from the 
core would create strong upwelling cur
rents, which are not in fact observed. 

Thomas Jordan, head of the earth, 
atmospheric and planetary sciences 
department at M.LT. , also sees evi
dence that convection extends con
tinuously through the mantle. Jordan 
shuns tomographic techniques and con
centrates instead on studying seismic 
waves that have bounced off the CMB 
to map the fine structure of the mantle. 
From these studies, he envisions a 
"conveyor belt system" in which huge 
convective cells move the continents at 
the surface and, in a peculiar kind of 
parallel world, move around the irreg-

ular lumps of material above the CMB. 
Doubters of the deep-circulation 

model see things a bit differently. Jean
loz and Knittle's experiments imply 
that the lower mantle is too dense for 
it to have the same composition as the 
upper mantle. Injecting some iron from 
the core into the lower mantle would 
increase the density to the observed 
levels. Jeanloz concludes that deep 
convection does not occur, because it 
would disrupt this chemical segrega
tion. Moreover, dense material in the 
lower mantle would never be able to 
rise very far. 

Other researchers are not persuaded 
by that line of reasoning. Groups at the 
State University of New York at Stony 
Brook and the Geophysical Laboratory 
find that perovskite, the dominant min
eral in the lower mantle, is significant
ly more dense at high pressures than 
Jeanloz's experiments indicate. Based 
on his own diamond-cell investigations 

HOT AND COLD FLOWS rise and sink through the mantle. The first three images 
are snapshots of a three-dimensional model of the convecting earth. Blues repre
sent colder than average material; orange and yellow, hotter than average. Arrows 
indicate the surface flow, at speeds of no more than two centimeters per year. The 
globes show spherical slices through the model earth at depths of 430 kilometers 
(a), 2,020 kilometers (b) and 2,600 kilometers, just above the core-mantle boundary 
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of mantle material, Hemley thinks Jean
loz's work on mantle density "-needs to 
be modified." 

The behavior of the mantle seems 
to become especially complex in the 
so-called transition zone between 400 
and 670 kilometers beneath the sur
face, where the speed of seismic waves 
changes abruptly. The depth of this 
zone appears to be determined by the 
pressures at which minerals in the up
per mantle (primarily the mineral oliv
ine) deform to new, quasistable states 
(perovskite and wiistite). lithospher
ic plates sucked down into the man
tle often appear to bend and deflect 
when they reach the transition zone, 
as if they have hit an impenetrable 
boundary. 

Supporters of layered convection 
hold that one loop of mantle convec
tion travels between the CMB and the 
670-kilometer transition zone, the oth
er between the transition zone and the 
top of the mantle. Material from below 
670 kilometers would not reach the 
surface, and events at the CMB would 
only indirectly affect the upper mantle. 

Anderson perceives "no evidence" 
that any material below 670 kilometers 
is directly involved in surface phenom
ena. He points out that it should be 
much easier for plumes to form at 670 
kilometers, where they can tap into 
heat flowing from most of the mantle, 
rather than at the CMB, where the core 
is the only source of heat. He also 
notes that the compositions of lavas 
from different volcanoes indicate that 
the mantle is not well mixed, so there 
is no need to invoke material dredged 
up from the core. 

Charting a Middle Path 

But deep-earth geophysics remains a 
very tentative field, and what at first 
appear to be bitter conflicts often evap
orate into mild disagreements of inter
pretation. Lay points out that hot re
gions in the lower mantle could act like 
a "hot plate," producing corresponding 
hot regions in the upper mantle even if 
the two do not intermix. Jeanloz ear
nestly concedes that "the whole-man
tle convection models might be right." 
Most likely, he thinks, "the real world is 
somewhere in between." For instance, 
the mantle may be chemically stratified 
in a way that permits some material to 
rise above and sink below the bound
ary 6 70 kilometers below the surface. 

Philippe Machetel and Patrice Weber 
of Groupe de Recherche de Geoctesie 
Spatiale in Toulouse, France, have de
veloped a detailed computer model 
to explore this possibility. Unlike the 
three-dimensional model earth devel-
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Geophysicists Learn to Work under Pressure 

H igh-pressure devices make it possible to simulate 
in a laboratory the conditions in the mantle and 

even in the core. The diamond anvil chamber (left) 
incorporates two finely cut diamonds whose parallel 
faces are only about one tenth of a millimeter across. 
Squeezing the diamonds together exposes a sample 
to as much as four million times normal atmospheric 
pressure. Because diamonds are transparent, it is 
possible to examine the sample while it is under 
pressure. Diamonds also permit experimenters to 
heat the specimen using lasers or to probe its 

structure by bombarding it with an intense X-ray 
beam. Researchers are trying to reconcile their 
laboratory experiments with the observed seismic 
properties of mantle rocks. The upper mantle consists 
primarily of minerals having an olivine structure, in 
which four oxygen atoms surround a silicon atom 
(center). High-pressure experiments have revealed 
that olivine rearranges into a denser perovskite 
structure (right) at depths greater than about 6 70 
kilometers. In fact, the majority of the earth's bulk 
probably consists of perovskite minerals. 

SAMPLE 

GASKET 

oped by Glatzmaier, Schubert and Ber
covici, the French group can look only 
at a two-dimensional slice. By restrict
ing themselves to two dimensions, how
ever, they freed up enough computer 
power to explore more of the physical 
properties of the real mantle, includ
ing those that are affected by chang
es in temperature or pressure. Using 
plausible equations for the behavior of 
mantle minerals at the transition zone, 
Machetel and Weber see material accu
mulating 670 kilometers below the sur
face and then, when a critical state is 
reached, passing up or down across the 
barrier [see illustration on next page]. 

The manner in which the mantle con
vects has broad implications for the 
chemical evolution of the earth. Hager 
suggests that the deep mantle is ex
tremely viscous, so that any deep mix
ing must take place very slowly. Us
ing data such as the rate of heat flow 
through the mantle and the drag on 
lithospheric plates, Hager and his col
leagues calculated that the lower man
tle is roughly 30 times as viscous as 
the upper mantle. 

If Hager is correct, the deep mantle 
may circulate sufficiently slowly-per
haps once every billion years-that 
large pockets of mantle remain fairly 
undisturbed and so still retain much 
the same composition they had when 

• OXYGEN e SILICON 

the earth formed 4.5 billion years ago. 
These pockets could be the "primi
tive reservoir" that Stevenson invokes 
to explain the puffs of helium 3 that 
emerge from surface volcanoes. In
deed, Anderson suggests that localized 
sources in the mantle could easily ac
count for the amount of observed heli
um 3. Stevenson worries, however, that 
mantle convection was more vigorous 
in the past, when the earth was hotter, 
the mantle less viscous and the escape 
of heat more rapid. 

The Realm of the Core 

The earth's ceaseless efforts to shed 
its internal heat affects the innermost 
world-the dense iron-alloy core-just 
as it affects the world at the surface. 
On the top side, the circulation of 
the outer core is affected by hot and 
cold regions in the relatively station
ary lower mantle. The liquid outer core 
flows several kilometers a year, about 
a million times faster than the over
lying mantle. At its base, the outer core 
absorbs heat from the enigmatic in
ner core. 

As the outer core slowly cools, iron 
crystals freeze out of the molten liquid 
and settle atop the inner core, releas
ing heat as they do so. Thus, the inner 
core has been growing continuously 

throughout the history of the earth. De
spite its great temperature, roughly as 
hot as the surface of the sun, the enor
mous pressures at the earth's center 
keep the inner core solid. Even here, 
however, heat gradually leaks outward. 
Recent tomographic studies confirm 
that the inner core, like the mantle, 
maintains a rhythm of slow convection 
as it cools. 

The rapid flow of the outer core 
is dramatically evident even far out
side the earth. Geophysicists general
ly agree that fluid flow in the outer 
core generates an electric current and 
thereby powers the earth's magnetic 
field. If so, then one can "listen" to the 
sloshing of the outer core simply by 
looking at the orientation of a very sen
sitive compass. In principle, it should 
be possible to work in reverse and re
construct conditions at the core by 
measuring the structure and behavior 
of the field at the surface. 

That is what Bloxham at Harvard 
set out to do. He examines a world far 
more active than the one seen by seis
mologists. Changes in the outer core 
take place over decades as opposed to 
tens of millions of years for those in 
the mantle. During the past few cen
turies, the main north-south (dipole) 
component of the earth's magnetic field 
has grown markedly weaker, and the 

SCIENTIFIC AMERICAN June 1991 109 
© 1991 SCIENTIFIC AMERICAN, INC



whole field has drifted westward. Over 
longer stretches of time, the field peri
odically decays and then reasserts it
self, north and south poles swapped 
[see "The Evolution of the Earth's Mag
netic Field," by Jeremy Bloxham and 
David Gubbins; SCIENTIFIC AMERICAN, 
December 1989]. 

Bloxham makes a somewhat humble 
analogy between his work and weather 
forecasting. Examining the weather at 
one instant reveals only immediate 
facts about the temperature, humidity 
or wind. But watching how weather 
changes in the course of a few days re
veals a wealth of information about the 
behavior of the atmosphere, the flow of 
the winds, the movement of storms 
and so on. Likewise, mOnitoring gradu
al changes in the earth's magnetic field 
makes it possible to infer the climate in 
the outer core. 

To tackle this problem, Bloxham 
teamed up with fellow magnetic field 
researchers David Gubbins of the Uni
versity of Leeds and Andrew Jackson, 
a former Harvard colleague now at the 
University of Oxford. For their first 
step, they pored through records of 
magnetic field measurements dating 
back to the late 17th century. They 
then utilized various mathematical tech
niques to project these measurements 
onto the surface of the core. In this 
way, they produced maps of the mag
netic flux at the core-mantle boundary 
that span nearly three centuries. A sec
ond round of computations enabled 
them to reconstruct the flow at the 
core's surface that produces the ob
served magnetic field [see illustration 
on page 108]. 

Old textbooks often depicted the 
earth's magnetic field as a huge bar 
magnet placed slightly off-center inside 
the earth. Bloxham's maps obliterate 

that image, replacing it with colorful 
plots of contour lines, done up in the 
geophysicists' usual reds and blues. 
The colors define regions of positive 
and negative polarity. Even the divi
sion between north and south pole is 
no longer simple. 

Bloxham finds that patches of re
verse polarity invade both hemispheres. 
The asymmetric placement of the over
all field seems to result from the un
even distribution of these patches of 
abnormal polarity, or "core spots." 
These core spots evolve noticeably over 
just a few decades, reflecting the rapid 
pace of circulation in the outer core. 

But "the eruption of core spots is al
most certainly influenced by the loca
tion of hot spots in the mantle," Blox
ham explains. The mantle moves so 
slowly that it is essentially motionless 
from the core's perspective, but hot re
gions in the mantle could encourage 
particularly vigorous convection in the 
underlying core material. 

Sure enough, seismic tomographic 
maps do show apparent regions of hot 
and cold mantle material immediately 
above the core, possibly associated with 
upwelling and downwelling material. 
Bloxham and Jackson find that some 
regions of rapid core flow and abnor
mal polarity-most notably under Afri
ca-seem to correlate with hot regions 
identified by seismic tomography. Un
fortunately, seismic maps become quite 
uncertain at such great depths, and so 
any temperature inferences must be 
taken with a grain of salt. 

Bloxham realized that by reversing 
the problem, he could produce his own 
independent measurements of the tem
peratures at the top of the core by ex
amining the structure of the field. For 
example, a spot of relatively hot mantle 
just above the core should excite up-

welling and particularly strong mag
netic activity, whereas a mantle cold 
patch would induce sinking flows and 
reduced activity. Drawing on this idea, 
Bloxham and Jackson deduced the tem
peratures at the CME. The map that 
resulted roughly agrees with tempera
ture maps produced by seismic tomog
raphy, although many discrepancies 
show that both approaches still have a 
long way to go. 

Nevertheless, there is more here than 
smoke and mirrors. Jackson presented 
a graphic demonstration of the power 
of magnetic field mapping last winter at 
the American Geophysical Union meet
ing in San Francisco. If the magnetic 
field is produced by core flows, these 
flows must rub against the inner bound
ary of the mantle, subtly affecting the 
rotation of the earth. After whizzing 
through a number of calculations, he 
produced a graph of predicted changes 
in the length of the day. Next he showed 
a transp'arency depicting the real, as
tronomically determined changes, ad
justed to remove atmospheric effects. 
The match was persuasively close. 

Reaching below the outer core to ex
amine the inner core involves reverting 
to the kinds of techniques used for 
studying the solid mantle. The first 
glimpses of the inner core have come 
from tomographic studies that focus 
on seismic waves that involve pulsa
tion of the entire earth. Earthquakes or 
large explosions cause the earth to ring 
like a bell. If the earth were uniform 
in all directions, every part would os
cillate in unison. In fact, the earth is 
slightly elliptical, and the mantle varies 
in temperature and composition from 
place to place, all of which complicate 
the pattern of oscillation. 

After accounting for these factors, 
there remained some unexplained dis-
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INTERMITTENT MIXING of the mantle may explain the com
peting evidence in favor of both deep and layered convection 
of the mantle. In this computer model of a two-dimensional 
slice through the earth, cold, sinking material (purple) accu
mulates at the mineral transition 670 kilometers below the 

surface (left). Occasionally, a nudge from rising return flows 
lets the cold material break through the transition zone and 
sink through the lower mantle. Over very long stretches of 
time, the percentage of the mantle that passes through the 
transition zone oscillates chaotically (right). 
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tortion in the ringing of the earth. From 
the detected pattern of oscillations, 
seismologist john H. Woodhouse of 
Oxford concluded that the distortion 
originates in the inner core (a group of 
seismologists at Caltech disputes that 
finding, however). He eagerly points to 
a "pretty obvious explanation" for dis
tortion in the core. Because iron crys
tals are themselves asymmetric, seis
mic waves travel faster with the crys
tals than against them. A preferential 
alignment of iron crystals in the inner 
core might explain the observed signal. 

But what could cause the crystals to 
line up? Once again, jeanloz appears 
on the scene. While conceding that it is 
"beyond anyone's ability to make a de
tailed model of the core," jeanloz can
not resist speculating that this is an ef
fect of the convection of the inner core. 
He expects that the motions must be 
extremely slow, perhaps only a few 
centimeters per year. Yet such currents 
could suffice to determine the most 
likely orientation of iron crystals in the 
inner core. 

Woodhouse agrees that such a con
vection process seems reasonable. Con
vection would subtly alter the shape 
of the inner core (and hence the cur
rents and the crystals), causing it to 
align itself with the rotation axis. Sure 
enough, the orientation of the inner 
core inferred from seismic oscillations 
lies within 20 degrees of the earth's 
axis of rotation. 

Past and Future Earths 

From the inner core all the way to 
the surface, the dynamic activity of the 
earth is driven by heat. And, like any 
heat engine, the earth must be gradual
ly running down. 

Predicting the future is a notoriously 
tricky business, however. In particular, 
the distinction between deep-mantle 
convection and layered convection has 
profound implications for the earth's 
ultimate fate. An upper mantle that 
does not mix with the lower mantle 
could act as an insulating blanket, 
holding in the earth's heat. Deep con
vection would bring hot material di
rectly to the base of the crust, permit
ting the mantle to cool much more 
quickly. If that is the case, the earth 
may have changed conSiderably in its 
4. 5-billion-year history. 

Relics of the earth's past behavior 
undoubtedly offer clues to its future
if only they can be understood. Nor
man Sleep, a geophysicist at Stanford 
University who votes on the deep-con
vection side, envisions an ancient earth 
in which the mantle was considerably 
hotter, less viscous and more vigorous 

in its circulation. If so, the tempera
ture gap at the CME would have been 
far less and hot-spot plumes should 
have been weak or nonexistent. Sleep 
observes that, in fact, there is no clear 
evidence of hot-spot volcanism dating 
back more than 1.3 billion years. 

Anderson looks at the same evidence 
but reaches a very different conclusion. 
He claims that it is very difficult to 
identify hot spots and flood basalts 
more than a billion years old. Within 
that age limitation, he sees no Sign of a 
decline in hot-spot activity, consistent 
with the layered-convection model. 

As for the future, jeanloz, with his 
usual flair for the dramatic, opines that 
"the earth will still be active when it is 
consumed by the sun" in about five bil
lion years. Anderson agrees, observing 
that the earth has cooled only about 
200 degrees C in the past billion years, 
which he attributes in part to layered 
convection. 

Sleep takes a more pessimistic view. 
As the mantle cools, it will grow ever 
stiffer and less mobile. "In the next bil
lion years, the motions of the plates 
will slow or stop," he predicts with an 
air of resignation. Continents will settle 
into permanent pOSitions, and erosion 
will gradually level the great mountain 
chains. Hot-spot plumes will continue 
to wriggle to the surface and will be
come the primary means by which the 
earth sheds its internal heat. 

Scientists may not have to wait a bil
lion years to test these predictions. 
They may be looking at the earth of the 
future right now-on Venus. Images of 
Venus from the Magellan probe reveal 
a planet dotted with volcanoes but de
void of clear signs of earthlike plate 
tectonics. Venus, like the future earth, 
"seems to be dominated by large, slug
gish plumes," Sleep says. Ironically, Ve
nus may have cooled faster than the 
earth because its surface is so hot. 
Sleep speculates that the high surface 
temperature on Venus (about 4 5 0 de
grees C )  kept the rocks near the sur
face soft and pliable, which permitted 
more thorough circulation of the outer 
parts of the planet. In this way, Venus 
was able to rid itself of its internal heat 
faster than was the earth. 

In spite of a remarkable series of 
technological and conceptual advanc
es that make such speculations possi
ble, deep-earth geophysics is a young 
diSCipline and, like any youth, is still 
plagued with uncertainty. Seismic to
mography, which has yielded mind
broadening images of the structure of 
the earth, has a number of critics. jor
dan, for example, voices his opinion 
that the technique "has run out of 
steam." High-pressure physicists from 

Berkeley, Stony Brook and the Geophys
ical Laboratory question some aspects 
of one another's work . Researchers de
bate the merits of two-dimensional 
computer models versus ones examin
ing all three dimensions. Nearly every
one agrees on the need for better infor
mation about the behavior of minerals 
at high temperatures and pressures. 

Thomas Ahrens, who studies the 
physics of the deep earth at Caltech , 
takes on the role of general skeptic. He 
points out that in the lower mantle, 
various tomographic maps "just don't 
fit together." Next he tut-tuts about the 
"wild extrapolations" involved in ap
plying jeanloz's diamond anvil exper
iments to the real world. "Models are 
fine, because they motivate more re
search," Ahrens comments, noting that 
the research is desperately needed to 
resolve the "marked disagreement be
tween the earth and the laboratory." 

Nevertheless, the overall tone is one 
of wonder. "I find it remarkable that we 
can see into the inner core," Bloxham 
says. jordan considers recent advances 
in the analysis of seismic waves "abso
lutely revolutionary." jeanloz uses sim
ilar words to describe new high-pres
sure technologies but sounds equally 
dazzled by "quantum leaps on the seis
mology and geomagnetism side." 

A series of links now connects drift
ing continents, earthquakes, the geo
magnetic field and volcanoes. Each 
phenomenon contributes a little to the 
increasingly acute perceptions of our 
planet, and each dramatically under
scores that the latest geophysical re
sults are meaningful and real. "It's like 
the old story about the elephant-ev
eryone's looking at a different part of 
the story," Anderson quips. "But now 
all the blindfolded Indians are starting 
to talk to one another." 
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SCIENCE AND BUSINESS 

Flat Horizons 
u.s. pursues research but little 
development of advanced screens 

Researchers at the ffiM Corpora
tion have been developing flat
panel display technologies for 

more than two decades. In mid-May 
some of these efforts will at last see 
light as the company inaugurates its 
first plant dedicated to manufacturing 
flat-panel computer screens-the only 
such facility funded by a U.S. company. 
ffiM owns only 50 percent of the ven
ture, however. The other half is held by 
the Japanese company Toshiba. More
over, the plant itself is in western Ja
pan, in the town of Himeji. 

The overseas migration of ffiM 's ef
forts in flat-panel displays brings into 
focus a tough issue for the U.S.: man
ufacturing. "The U.S. doesn't have an 
R&D problem," observes James c. Mc
Groddy, a vice president and director 
of research at ffiM. "The real issue is 
manufacturing and the ability to make 
an investment." 

Few experts deny the growing impor
tance of advanced display technologies; 

POLARIZER 
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their uses range from lightweight flat
panel screens for portable computers 
to equipment for projecting wall-size 
high-definition television images. Sales 
of flat-panel screens primarily for com
puters and small televisions reached 
$2 billion in 1990 and will climb be
yond $5 billion in 1995, according to 
Stanford Resources, a market research 
firm in San Jose, Calif. (The Department 
of Commerce, moreover, has been re
viewing charges that Japanese produc
ers are undercutting nascent U.S. ef
forts by selling displays at below fair 
market prices.) 

Nevertheless, when ffiM began draw
ing up plans for a plant, McGroddy ar
gued for a location in Japan. He cites 
three reasons: "There's a stronger in
frastructure in Japan. The tool indus
try, the people who supply the things 
that we need, such as color filters, 
these are in Japan. Also the cost of cap
ital is lower." And most of the develop
ment of the displays, both by ffiM and 
Toshiba, was done in Japan. 

For technologists, designing and 
building flat-panel and projection dis
plays that have a better picture and a 
lower price than do bulky cathode-ray 
tubes are stiff challenges. Companies 

THIN-FILM TRANSISTOR 

must develop expertise in many activi
ties, such as materials processing and 
lithography. To do so requires time and 
commitment. "Some people in the U.S. 
seem to think that somewhere, some
one will invent a new technology that 
will leapfrog all the rest of this devel
opment," says Lawrence E. Tannas, Jr., 
a display-technology consultant in Or
ange, Calif. Instead, he suggests, "the 
surprises we get are in the continual 
progress in the existing technologies." 

The ffiM-Toshiba venture, for in
stance, builds on work pioneered in the 
1970s at RCA and Westinghouse on a 
flat-screen approach known as active
matrix liquid-crystal displays. The key 
to such displays are organic liquid-crys
tal molecules, which can be realigned 
by applying an electric field. Depending 
on their orientation, these molecules 
partially block incoming polarized light. 
The light then passes through a color 
filter and emerges as a single shade 
of red, blue or green. Combining three 
colored dots produces one colored pic
ture element, or pixel, on the display. 

The orientation of the liquid-crystal 
molecules is controlled by a matrix of 
thin-film transistors etched on a plate 
of glass or amorphous silicon. Every 

In an active-matrix liquid-crystal display, fluorescent light travels through a 
polarizing film and then to a layer of liquid-crystal molecules. Thin-film 
transistors control voltages, which alter the orientation of the molecules. 
Applying the appropriate voltages can make the molecules twist the 
polarized light, creating lighter or darker subpixels. Each subpixel has a 
green, blue or red filter; three subpixels make up one pixel on the screen. 
The IBM-Toshiba 1O-inch diagonal screen has more than 300,000 pixels. 
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.SCIENCE/SCOPE® 

Music listeners can hear dramatic 3-dimensional sound from conventional mono and stereo recording 
or broadcast sources, thanks to a sound reproduction technique developed by Hughes Aircraft 
Company. This Sound Retrieval System (SRS) creates the ambiance and dynamic range of a live 
performance or studio recording. It retrieves and restores spatial information using real-time 
processing techniques that, like the human ear, recognize the direction from which a sound originates. 
Because its circuitry has been reduced to a single microchip, SRS is likely to be incorporated into a 
wide variety of audio products. 

In a major breakthrough in integrated circuit technology, Hughes has developed a technique for 
producing distinct lines approximately one two-millionth of an inch on semiconductor chips. These 
ultrasmall features, which are 100 times smaller than most commercial integrated circuits, will play a 
vital role in an emerging integrated circuit technology based on quantum physics. Rather than using 
electron beams, they were created with a focused ion beam, since features in resist material can be 
defined much more accurately using ions. Scientists predict these semiconductor chips will operate 
10 times faster than conventional circuits. 

Pilots flying special operations helicopters on low-level missions in total darkness, smoke and fog, 
will be aided by the field-proven Hughes Night Vision System, designated the AN/AAQ-16. HNVS is 
being installed on U.S. Army MH-47E Chinooks and MH-60K Blackhawks, on U.S. Air Force MH-60G 
Pavehawks, and a derivative of the system has been selected for the Marine Corps' V-22 tilt rotor 
aircraft. The system, produced by Hughes, has been installed on several other military helicopters, 
including the U.S. Navy's SH-2F Light Airborne Multi-Purpose System (LAMPS) MKI. The turret 
mounted infrared system provides the crew with TV -like imagery on a cockpit panel display. 

A rescued communications satellite is seeing space service once again. Westar VI, recovered in 1984 
by American astronauts, was refurbished by Hughes to serve new markets in Asia. The satellite was 
restored to flight condition for Asia Satellite Telecommunications Co., Ltd. (AsiaSat) and renamed 
AsiaSat I. It is providing domestic telecommunications for China, Thailand, Pakistan, and other Asian 
countries. Hughes has also refurbished another recovered satellite, Palapa-B2R, for use by Indonesia. 
Both refurbished spacecraft were successfully launched in April, 1990. 

Hughes Aircraft Company's Missile Systems Group has excellent opportunities for Electronics 
Engineers. We're a world leader in developing and manufacturing advanced tactical missile systems, 
airborne avionics, launchers, weapon control systems, guidance and propulsion systems, and field 
support and test equipment. Applicants should have a background in Computer Science or Physics, 
including 3-5 years experience with an emphasis in simulation and analysis. Please send resume to: 
Hughes Aircraft Company, Missile Systems Group, Attn.: Employment Dept., 8433 Fallbrook 
Avenue, Canoga Park, CA 91304-0445. Proof of U.S. citizenship may be required. Equal opportunity 
employer. 

For more information write to: P.O. Box 45068. Los Angeles, CA 90045-0068 
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200-square-micron area of molecules 
(contributing one third of a pixel) is 
controlled by one transistor. 

Making these transistor arrays, how
ever, is painstaking work . The fabrica
tion techniques are much the same as 
those used to pattern integrated cir
cuits. But manufacturers have had little 
experience working with the substrates 
needed for larger display screens such 
as 14-inch diagonal plates. Some ex
perts estimate that only 20 percent of 
every batch of manufactured active
matrix liquid-crystal displays are free 
of defects. 

Yet because active-matrix liquid-crys
tal displays are the leading candidate 
for many small screens, Japanese firms 
are pouring money into building new 
factories. "It's like an adolescent growth 
spurt," Tannas observes. Intimidated 
by the heft of Japan's investment, U.S. 
firms are hoping to build larger screens 
and exploit different approaches. 

One unexpected developer of such 
displays is Xerox Corporation. Re
searchers at the company's Palo Alto 
Research Center had been etching thin
film transistors on both amorphous sil
icon and polysilicon for use in their ad
vanced printers and scanners, recalls 
Malcolm J Thompson, who manages 
the electronics and imaging laboratory. 
When other Xerox researchers request
ed a large panel display that could be 
used as an interactive computer win
dow in a meeting room, Thompson's 
team added the necessary layer of liq
uid-crystal molecules on top of the thin
film transistors and within 18 months 
produced a prototype. 

Unlike Toshiba and mM , Xerox aims 
to build large direct-view and projec
tion displays primarily from polysili
con. Although more difficult to make 
than amorphous silicon films, poly
silicon-based displays promise more 
functionality. 

By mid-May, Thompson hopes to 
have in working order a 13-inch poly
silicon system. Xerox is eager to find 
a strong manufacturing partner that 
will turn the prototypes into products. 
Even though most potential partners 
are not U.S.-based firms, Thompson re
ports a "quite high probability" that a 
joint manufacturing operation would 
be located in the U.S. 

One way to avoid the problems of 
etching transistors on large plates may 
be to build a mosaic of small active
matrix liquid-crystal modules. T. Peter 
Brody, a pioneer of these displays and 
a co-founder of Magnascreen Corpora
tion in Pittsburgh, realized that if the 
pixels on the edges of adjacent mod
ules are no farther apart than the pixels 
on the modules themselves, he could 
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create a large, seamless display panel. 
But to tile the modules so closely to
gether, the researchers had to turn to a 
recently developed material: polymer
dispersed liquid-crystal films. 

Progress is slow; Magnascreen has 
successfully assembled only four mod
ules, each measuring three by four 
inches. Moreover, disagreements over 
how the company should try to com
mercialize the work forced Brody to 
leave the firm, he says. "I felt the tech
nology had to be done on a big scale, 
not for a niche market." 

Others are trying to alter the intensi
ty of light passing through a panel with 
gas or with mirrors. Instead of using 
transistors to twist the liquid-crystal 
molecules, workers at Tektronix Labo
ratories in Beaverton, Ore., have laced 
their panels with channels filled with 
an inert gas. Applying a voltage to a 
channel makes the gas conduct current 
and so alters the orientation of the mol-

Japanese Spending on 
Active-Matrix 

liquid-Crystal Displays 
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ecules just as transistors do. But build
ing these displays is far easier than 
etching transistors, says Thomas S. Bu
zak, the Tektronix scientist who invent
ed the technique. 

"I don't think there is a better dis
play technology in the world," declares 
Tom Long, vice president of the com
pany. But the prospect of raising more 
than $100 million for a factory and the 
uncertainty of earning an adequate re
turn on that investment remain daunt
ing. "Given the capital markets, we will 
probably have no choice but to license 
the technology to Japan or Korea," he 
adds. "It is a sad, sad fact, but I think 
that's what it

'
will come down to." 

Similarly, Texas Instruments " is not 
in the display business," nor does it 
want to be, declares L. Eugene Mat
thews, who directs the computer sys
tems laboratory. On the other hand, 
prowess in lithography has led TI work-

ers to a novel approach for making pro
jection displays. They are etching tiny 
mirrors-less than 20 microns wide
in silicon substrates. By changing the 
tilt of individual mirrors, they can se
lectively reflect incoming light in differ
ent directions and so alter the bright
ness of the final image. 

These mirrors are making their com
mercial debut in the company's new
est generation of high-resolution air
line-ticket printers, Matthews explains. 
For printers, TI needs to cut only a sin
gle row of mirrors in silicon. Displays, 
however, demand arrays of mirrors, 
say, 2,000 across and 1,000 deep, on a 
single chip. Fabricating such arrays is 
still essentially an experiment. "Can we 
pattern all those mirrors? And build 
these with good yield?" Matthews asks. 

Those are the research questions. On 
the commercial front, TI may eventu
ally sell modules-chips with arrays 
of mirrors and associated electronics. 
Matthews hopes display manufacturers 
will be interested. 

All of these efforts have at le,ast 'one 
other common feature: 'the light in the 
system is generated from a separate 
source, typically behind the panel. So
called emissive systems, in which the 
elements themselves emit light, are 
often brighter. For instance, Photonics 
Imaging in Northwood, Ohio, recently 
introduced a full-color plasma display 
that measures 17 inches in diagonal 
and can display video images that are 
as bright as those on a conventional 
television, says Peter S. Friedman, pres
ident of Photonics. Plasma displays 
operate by exciting a gas. The ultravio
let light from the plasma stimulates a 
phosphor coating on the screen. Fried
man believes the company is ready to 
try small-volume manufacturing. "The 
significant hurdle is that we have to 
raise the money to do it." 

Although their technologies are prom
ising, both big and small U.S. firms 
are stumbling on that investment hur
dle. There is, moreover, little the gov
ernment can do. "Manufacturing is a 
private sector issue, not a government 
issue," says Craig Fields, chief exec
utive officer of the Microelectronics 
and Computer Corporation in Austin, 
Tex. "The problem is with investment. 
Companies can spend millions of dol
lars, face fierce competition and lose 
money the whole time. That's not an 
investment opportunity being sought 
out in the U.S." 

Around the country, companies are 
talking with one another about the pos
sibilities of joint manufacturing ven
tures to share the cost and risks. "To 
date, none have jelled," Fields says. "I 
hope one does." -Elizabeth Corcoran 
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Salute the heroes 

who find the answers 

with information technology. 

The Third Annual 
Computerworld 
Smithsonian Awards 

She s aw a terrific opportunity. He 
solved a thorny problem. The key for 
them--and others l ike them--was 
information technology. 

They're real heroes whose ability to 
solve problems won big victories for 
society. 

Each year world leaders in information 
technology gather to recognize these 
new stars of the information age who 
use technology to make the world a 
better place. 

June 10, 1991 
National Building Museum 
Washington, D.C. 
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Lighten Up 
Memory cards are key to 
the truly portable computer 

Why does the average laptop 
computer weigh in at a hef
ty seven pounds? Because it 

takes three pounds of batteries to run 
the mechanical disk drive that allows 
the computer to store data after it is 
switched off. There may be an alterna
tive. Chip makers and computer mak
ers are hard bent on developing a form 
of permanent memory free of the draw
backs of magnetic recording media. 

The solution may be packages of sil
icon chips known as memory cards. 
About the size of a credit card but a bit 
thicker, memory cards store programs 
and data. They are smaller, faster, light
er and more rugged than the mechan
ical disk drives in today 's laptop and 
desktop computers. Data packed onto 
the chips can be quickly retrieved with 
little expenditure of energy. With new 
hardware and software design stan-

dards in place, memory cards compati
ble with virtually any personal comput
er promise a quantum jump in porta
bility over the next few years. 

Just one fully functional portable per
sonal computer on the U.S. market 
bears a memory card so far-the one
pound Poqet PC manufactured by Poqet 
Computer Corporation in Santa Clara, 
Calif. The $995 videocassette-size ruM
compatible, introduced in September 
1989, can run for up to 100 hours on 
two AA alkaline batteries. 

Some 10 to 20 card-based portable 
computers are expected to debut this 
November at Comdex , the annual com
puter industry trade show in Las Ve
gas. Most industry observers anticipate 
that "palmtops" like Poqet will get big
ger, becoming more like the notebook
size computer Fujitsu has begun ship
ping in Japan; the FMR-Card computer 
measures 81/2 by 11 by 1 inch. Pow
ered by just two batteries, it contains 
two memory cards and weighs just two 
pounds. "By 1992 we expect every note
book will have a slot, and users will 
have a growing availability of memory 

and network cards," predicts William V. 
Ringer, product line manager for Intel 
network cards. The Santa Clara compa
ny is one of the world's leading suppli
ers of computer components. 

As the cards store and process ever 
more information, they promise to ex
pand the applications of small person
al computers in ways not yet common
ly thought of or widely used. Aside 
from spreadsheets and word-process
ing programs, card developers envision 
plug-in modules containing road maps, 
restaurant listings, even newspapers. 
Custom memory cards have already 
found their way into industrial applica
tions such as aircraft flight testing and 
inventory control. A few years ago they 
peeped into popular use for music syn
theSizers, video-game cartridges, spell 
checkers and personal organizers like 
Sharp's Wizard and Casio's Boss. 

Memory cards are still relatively ex
pensive at about $350 per megabyte 
of capaCity, but prices are dropping 
and density is increasing fast. When Po
qet decided to bet on memory cards in 
1988 the largest available card held 

Reading Books Byte by Byte 

F irst came the Sony Walkman porta
ble tape player. Then, when com
pact discs swept into the music 

market, the japanese electronics giant 
rolled out the Discman. Now the compa
ny's latest bid in consumer electronics 
provides data instead of decibels. The 
Data Discman can pack about 200,000 
pages of text on the same shiny discs 
that play singles of rock and Bach. 

Sony's portable compact disc player. The 
Data Discman reads information from 
eight-centimeter, read-only memory com
pact discs (CD-ROMs), which can store 
200 megabytes of dateL Users tap in 
queries on a small keyboard, then read 
the information on an attached liquid
crystal display screen. 

"We' re saying this isn't a computer, even 
though it uses computer technology," in
sists jeffrey C.,Marshall, a member of the 
Sony team developing the Data Disc
man. " It should be easier and friendlier 
to use than a computer." 

No one is likely to read a major literary 
work from start to finish on a Discman. 
A user can, however, exploit the prod
uct's search capabilities to dip into re
sources such as dictionaries, phrase 
books as well as medical and tourist 
guides for handy facts. 

So far the product is on the market 
only in japan, but there it is doing very 
well indeed. In its first six months of 
sales, consumers have snapped up about 
100,000 Data Discman players, rival
ing sales of some of Sony's best-seil
ing domestic products, such as its pass
port-size eight-millimeter video camera. 
Buoyed by consumers' enthusiasm, Sony 
may try to introduce the Data Discman 
in the U.S. and Europe in time for Christ
mas shoppers, according to some mar
ket analysts in japan. 

The idea for the Data Discman was 
born three years ago, when Sony en
gineers noticed young employees were 
delighted by pocket-size electronic note
books. "We wanted to create an intelli
gent product," says jun Tanaka, market
ing director for Sony's electronic publish
ing project in japan. 

The result was a modified version of 
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Sony is avoiding even the hint of an as
sociation with personal computers, how
ever, by ensuring that the new device 
cannot be hooked up to a computer. 

To assure that software was available 
when the hardware hit the streets, the 
company lined up a string of publish
ers who pledged to support the Sony
sponsored standard, which was called 
EB (for Electronic Book). "The software is 
the key to defining how the information 
on the disc can be used and how it ap
pears to the user," Marshall says. Data 
Discman players store a single informa
tion-retrieval program, which offers up 
to six searching strategies for finding 
information on discs. Individual disks 
need comply only with the Electronic 
Book standard. 

As a result, "every Electronic Book acts 
the same and has the same kind of 
structure. You find information the same 
way, and you read it off the screen the 
same way," Marshall says. These elec
tronic books are organized like conven
tional texts: each one has a table of con-
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512 kilobytes and cost $550. "The de
.cision not to use rotating media was a 
difficult one," recalls Steven D. Cox , 
manager of the firm's personal-com
puter enhancement group. "But for the 
market we were going after, size and 
portability were the two main factors." 

That market could be very lucrative 
indeed, says John Reimer, vice presi
dent of marketing at SunDisk in Santa 
Clara and president of the Personal 
Computer Memory Card International 
Association (PCMCIA). The worldwide 
appetite for portable computers is ex
pected to go from 2.9 million units in 
1991 to 10 million by 1993. Poqet pre
dicts that palmtops will make up 31 
percent of the market; laptops, 28 per
cent; and notebooks, 41 percent. 

Reimer was instrumental in over
cOming a major hurdle to developing 
the cards-namely, standardization. In 
June of 1989 he founded PCMCIA be
cause "everybody was doing it and no 
two cards looked alike." A year later the 
association had more than 100 mem
bers. "People saw the light," he says. 

Today a triumvirate of semiconduc-

tents, chapters and an index. 'The key is 
standardization," Marshall emphasizes. 

At present, some 63 Japanese publish
ers, electronics manufacturers and other 
companies are supporting the EB stan
dard. More than 30 EB publications are 
on store shelves. Most of these are refer
ence books targeted at middle-aged busi
nessmen, such as a collection of Japa
nese baseball statistics, and Kojien, the 
standard Japanese dictionary. (At least 
one publisher has put out a disc of reci
pes, however.) The EB discs range from 
$25 to $ 155 apiece; Data Discman play
ers sell for almost $450. 

The company also hopes to copy its 
strategy-and success-in the U.S. and 
in Europe. In February, Sony America un
veiled a new electronic publishing sub
sidiary. Around the same time in Japan, 
Sony's EB standard won the backing 
of Matsushita, Canon and six other ma
jor Japanese electronics producers. The 
move seems aimed at avoiding a bitter 
conflict over standards, such as the one 
that took place between Sony's Beta 
videotape format and V HS. 

Despite the flurry of activity, compa
ny officials are remaining tight-lipped 
about whether they have found any U.S. 
or European publishers willing to tow 
the Sony EB standard line. If Sony can 
pull it off, futurist visions of paperless
ness may be only a couple of chapters 
away. - Tom Koppel, Tokyo 

Replacing Disk Drives with Memory Chips 

• SRAM: Static random-access memory requires electric power to retain data, but 
requirements are far less than for conventional DRAM (dynamic random-access 
memory) chips. SRAM cards currently cost $400 to $500 per megabyte. 

• Pseudo-Static RAM: These chips are a compromise between DRAM and SRAM; 
they include extra circuitry to reduce power consumption. They cost 30 percent less 
than conventional SRAM cards. 

• EEPROM: These electrically erasable programmable read-only memories can store 
data indefinitely without backup power. Their cost, however, is prohibitive-about 
three to four times the price of Flash. 

• Flash RAM: Developed by Intel, these chips are technically known as electrically, 
selectively erasable read-only memory. Like EEPROM, they do not require backup 
power. Memory cards holding four megabytes are available for about $1 ,000. 

tor, software and PC manufacturers 
is rallying to put memory cards into 
everyone's mind. Among those com
panies pursuing the technology are Ap
ple, Chips and Technologies, Databook, 
Du Pont, Epson, Fujitsu, GRiD, Hita
chi, mM, Intel, Kodak , Lotus, Maxxell, 
Microsoft, Motorola, NEC, OKl Semi
conductor, Phoenix, Polaroid, Samsung, 
Sharp, Texas Instruments and Toshiba. 
Strategic alliances are rife. 

Under PCMCIA'S standard, the plugs 
on memory cards will all have 68 pins. 
Each pin corresponds to a discrete data
storage signal. One has been set aside 
for future uses, such as peripheral 
functions like modems. Not coinciden
tally, the pin standard coincides with 
one put forth by the Japan Electron
ic Industry Development Association 
(jEIDA) in 1985. U.S. manufacturers 
wanted agreement so that any machine 
that uses the common MS-DOS oper
ating system ( mM PCs, for example) 
could use any card. 

Just as there are different functions 
being developed for memory and in
put/output cards, semiconductor man
ufacturers are employing a number of 
different methods of data storage. The 
memory chips used in most comput
ers, known as DRAM for dynamic ran
dom-access memory, are not suitable 
for permanent storage, because they 
do not retain data if electric power is 
shut off. 

The up-and-coming data-storage sys
tem many believe will be best for mem
ory cards is known as Flash memory. It 
does not need a battery to back it up, 
and it can be reprogrammed electri
cally. "The real hinge factor is whether 
semiconductor manufacturers world
wide will turn from making DRAM to 
making Flash. We think absolutely yes," 
declares Jim Weisenstein, director of 
Intel's Flash card systems group. 

The drawback to Flash is that it must 
be erased in sectors. Instead of chang
ing a message like "Hello, Sarah, how 
are you doing" to "Hello, Stan . . .  " by 

simply changing the name, Flash will 
save an entirely new document, eating 
up valuable storage space. Some com
panies are trying to overcome this by 
erasing smaller and smaller blocks; 
others will rely on software to move 
around and erase data while the user is 
working on another area of the card. 

"The goal is to make products so the 
end user doesn't have to know the 
foggiest about what's going on in
side," says Daniel Sternglass, chairman 
of the PCMCIA software committee and 
founder of Databook in Ithaca, N .Y., 
which makes devices that allow data to 
be exchanged between cards and con
ventional desktop computers. 

The different types of chips require 
that data be stored in different ways, 
he notes. To overcome this obstacle 
to interchangeability, PCMCIA and JEIDA 
agreed to standardize a "Metaforrnat"
a software header that describes for 
any conforming machine what is on 
a disk and how it is organized. 

"The problem is compatibility of me
dia between older and newer versions 
of MS-DOS," explains Michael Dryfoos, 
development leader for MS-DOS at Mi
crosoft Corporation. "Can you see the 
files, how do you get to information, 
how do you map the card's memory in 
an interesting and useful way? It's a 
hard problem to solve in a way that's 
clean and friendly." 

There are still snags to be smoothed, 
but the field is sure to undergo evo
lution as memory-card technology im
proves. Aggressive, quick companies 
will do well in the short run, until man
ufacturing costs inevitably become a 
more stringent survival criterion. "We'd 
like to say these big Japanese semi
conductor manufacturers weren't aim
ing their guns right at us, but they are," 
confesses Intel's Weisenstein . The U.S. 
should not be counted out yet, how
ever. There are a number of little com
panies with impressive technologies, 
and plenty of incentive to lighten up 
and carry on. -Deborah Erickson 
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Canada, 
for $3. 

The first ever Official Traveller's 
Guide to Canada is available now. 

This guide gives you 
everything you want to know. 

Cities. Tours. Outdoor 
adventures. Events. Shopping. 
M<yor tourist attractions. Plus a 
complete listing of the toll-free 
telephone numbers to get free 
literature on the type of vacation 
you choose. 

Just call 1-900-773-2300 for 
only $3. Hear about fabulous 
Canadian vacation ideas, plus 
receive free this beautiful travel 
book (a $5 value) . 

Call now to get the 
information you need to plan 
a great trip to Canada. 

Call today. 
1-900-773-2300 

AJW' $3. charge will be applied '0 you,phlme bill. 
Only J 8 ),ears and older may call. 

Want to 
brush up 
ona 
foreign 
language? 

With Audio-Forum's 
intennediate and advanced materials, 
it's easy to maintain and sharpen your 
foreign-language skills. 

Besides intennediate and advanced 
audio-cassette courses - most developed 
for the U.S. State Department - we offer 
foreign-language mystery dramas, 
dialogs recorded in Paris, games, 
music, and many other helpful mate
rials. And if you want to learn a new 
language, we have beginning courses 
for adults and for children. 

We offer introductory and advanced 
materials in most of the world's 
languages: French, Gennan, Spanish, 
Italian, Japanese, Mandarin, Greek, 
Russian, Portilguese, Korean, etc. - 191 
courses in 56 languages. Our 19th year. 

Call 1-800-225-5400 for FREE 36 
page catalog, or write: 

aUDIC·':CRUm® 
Room E620, 96 Broad Street, 
Iford, CT 06437 (203) 453-9794 
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Clot Spotter 
Does a test for fibrinogen 
predict risk of heart disease? 

A: if blood pressure, cholesterol , 
cigarette smoking and weight 
were not enough, here comes 

another potential risk factor for heart 
disease: fibrinogen. This blood-clotting 
factor circulates through the body on 
the lookout for any lesion in need of 
repair with a clot or scab. But lately the 
protein has been showing up in studies 
that link high levels of it to heart dis
ease and stroke. 

"There is a great deal of interest in 
fibrinogen as a risk factor," acknowl
edges John C. Hoak , director of hema
tology at the National Heart, Lung and 
Blood Institute in Bethesda, Md. But, he 
adds, the plethora of studies making 
the correlation may be raising unwar
ranted suspicions. It is still undeter
mined whether elevated fibrinogen lev
els actually cause heart disease or are 
simply associated bystanders. 

The scientific uncertainty has not de
terred Henry L. Nordhoff, president and 
chief executive officer of American Bio
genetic Sciences (ABS), a tiny biotech
nology company on the campus of the 
University of Notre Dame in Indiana. 

"Fibrinogen should be on a routine 
physical," he asserts, citing independent 
studies done in the U.S., U.K .  and Swe
den, which conclude fibrinogen is a risk 
factor that should be a target of routine 
screening-and perhaps therapy. 

Nordhoff happens to be developing a 
rapid, highly speCific test for fibrino
gen. He hopes a major diagnostic com
pany will license the test, trade named 
Cadkit, which has been designed to 
run on the high-volume automatic ma
chines found in clinical laboratories. A 
bedside version that works on whole 
blood is also under development. It 
could be used to monitor heart-attack 
patients receiving or being considered 
for clot-dissolving therapy. 

One of the studies that puts the onus 
on fibrinogen is the same one that 
fingered cholesterol. The Framingham 
study, which since 1948 has tracked the 
heart health of residents in the Mas
sachusetts town, measured fibrinogen 
levels just once, in 1968-among 1,315 
people free of cardiovascular illness. It 
has since found that "if we follow peo
ple long enough, those with higher fi
brinogen values are at greater risk for 
atherosclerotic problems," says William 
B. Kannel, lead researcher for the Fram
ingham study. 

The classic way of measuring fibrino
gen is with functional assays that add 

Starting from Scratch 

G ordon Bell is clearly a man after the hearts-and businesses-of 
aspiring entrepreneurs. In the 1970s he led the design team that 
built the VAX superminicomputer at Digital Equipment Corporation 

in Maynard, Mass. That work helped Digital blossom from a midsize compa
ny into one that IBM had to reckon with. Since then, Bell has had a hand in 
some 20 start-ups, most of which have tried, with varying degrees of suc
cess, to build computer hardware. 

Now Bell is trying a different kind of start-up, one that aims to guide other 
start-ups through infancy. He has developed what he calls a diagnostic, a col
lection of questions he thinks could help fledgling entrepreneurs. Bell's ap
proach is outlined in his recent book, High-Tech Ventures (Addison-Wesley), 
which reads a bit like a Dr. Spock guide for young companies. Among his 
questions: Will the company need fewer than three technical breakthroughs 
to make its product? Do the designers have a manufacturing strategy in mind? 
Will the product still be trendy when the company seeks additional funding? 

Yet building a successful start-up is still more of an art than a science. 
Some consultants may disagree with Bell's priorities, even on elements as 
standard as a business plan. Bell argues that such a plan should serve as a 
dynamic blueprint for the company. In contrast, Edward B. Roberts, a profes
sor at the Sloan School of Management at the Massachusetts Institute of 
Technology, suggests in his recent offering, Entrepreneurs in High Technolo
gy (Oxford University Press), that his studies reveal few relationships be
tween high-tech start-ups, their initial plans and their later performance. 

So far, Bell says, Japanese managers have been more intrigued by his ap
proach than have U.S. venture capitalists. All Bell hopes is that his pointers will 
steer some entrepreneurs away from the pitfalls he has encountered. As he 
wryly observes: "In hardware engineering, Ohm's law and Maxwell's equations 
pale in importance and influence next to Murphy's law." -Elizabeth Corcoran 
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thrombin to a blood plasma sample . 
. Thrombin converts fibrinogen to fibrin, 
the main component of insoluble clots. 
The faster a clot is formed, the more fi
brinogen is deemed present. A newer 
testing approach uses monoclonal anti
bodies, but the clotting process releas
es breakdown products that can con
fuse these immunochemical assays. 

ABS is betting on a new production 
technique to manufacture monoclonal 
antibodies, which the company claims 
are much more specific to fibrinogen. 
Instead of isolating antibody-produc
ing cells from normal laboratory mice, 
ABS creates its antibodies in mice that 
have been immunologically isolated for 
generations. 

Because these mice, which the com
pany has licensed from Notre Dame's 
Lobund Laboratory, have developed 
very few antibodies on their own, the 
response is highly specific when they 
are injected with a specific antigen-in 
this case, human fibrinogen. ABS says 
that one in 48 spleen cells from these 
mice produced antibodies to fibrino
gen, compared with one in 60,000 cells 
from normal mice. The cells are then 
cultured to provide commercial quanti
ties of the antibody. "Antibodies made 
this way seem better able to 'see' the 
dllference between fibrinogen and fi
brin," explains Paul E. Gargan, director 
of protein biochemistry at ABS. 

Given an accurate test, patients 
with high fibrinogen levels could mini
mize other risk factors, such as smok
ing, Nordhoff says. They might also be 
candidates to receive fibrinogen-reduc
ing drugs, he suggests. A number of 
medications on the market reduce fi
brinogen, although they were not devel
oped to do that specifically, including 
beta blockers for high blood pressure. 

So begin administering fibrinogen
lowering drugs? "God, no," says Greg 
Vercellotti, an associate professor of 
medicine and hematology at the Uni
versity of Minnesota and an expert in 
clotting. Fibrinogen is an acute-phase 
reactant that increases with inflam
mation, he says, "so you'd wonder if 
the patient had a hidden cancer or 
infection." 

Framingham's Kannel acknowledges 
that no one really knows how elevated 
fibrinogen levels could cause heart dis
ease, but he suggests possible mecha
nisms: with more fibrinogen around, it 
is more likely a clot will form; higher 
levels also could be a measure of the 
activity of lesions and the body's ef
forts to repair them. "The Significance 
of rising or falling levels of fibrinogen 
is a continuing saga in research," Kan
nel notes. ABS would like to write itself 
into the story. -Deborah Erickson 

The brilliant new book from 

Slo»hOD Jag Gould 
is "illuminatIng, 

instructive and fun to read!'· 
From frogs that use stomachs as brood pouches to Voyager's 
photos of Uranus, from scientific racism to the current mania 
over dinosaurs, the new book by the bestselling author of 
Wonderful Life is his "finest to date." - ·Publishers Weekly 

The best way to a man's 
stomach ... NordicTrack 

World's best 
aerobic exerciser. 

NordicTrack duplicates the motion of 
cross-country skiing, what most experts agree 
is the most efficient and effective aerobic 
exercise. 

It burns more calories in less time than 
any other kind of exercise machine. Up 
to 1,100 calories per hour according to fitness 
experts. 

Besides burning calories it strengthens 
the heart, tones the muscles and improves 
stamina. And it's much less stressful on the 
body than running and high-impact sports. 
Working out on NordicTrack also boosts 
creativity and productivity and lowers stress, 
making you feel as good as you look. 

It's time to change 
the spare tire. 

Unlike most in
home exercisers, 
NordicTrack works all 
the major muscle groups 
of the body including the 
arms, legs, buttocks, shoulders 
and yes, even stomach. 

So what are you waiting 
for> Call NordicTrack 
today. 

I 1-800-328-5888 WoFl I 
I 0 Please send me a free brochure I o Also a free Videotape 0 ViiS 0 Beta 
I Name I 
I Street ------------

City ______ State __ Zip __ 
I 

I Phone ( I 
NordicTrack, Dept 320Fl L 

_
141CJ�h�1�N�haska, � �8_ ..J 

SCIENTIFIC AMERICAN June 1991 119 
© 1991 SCIENTIFIC AMERICAN, INC



Selling Cells 
Is a kidney cancer treatment 
a therapy or an experiment? 

M alignant kidney cancer will 
probably kill more than 10,000 
Americans this year, and 24,-

000 new cases may be diagnosed. Eu
gene P. Schonfeld of the National Kid
ney Cancer Association is blunt about 
the treatment options for patients 
whose disease has spread: "Chemo
therapy is virtually worthless. It works 
for fewer than 10 percent of the pa
tients," he says. "You want something 
'proven'? Something the Food and 
Drug Administration approved? There 
really isn't anything." 

There is, however, something the FDA 
has not approved. Cellcor Therapies in 
Newton, Mass., is rushing to market a 
$22,000 treatment called autolympho
cyte therapy (ALT). Because ALT is a 
therapy and not a new drug, the FDA 
does not control it: medical practice 
does. The company, which opened a 
treatment center at the New England 
Baptist Hospital in Boston in March and 
plans several more around the country 
over the next few months, says AL T can 
more than double the average survival 
time of some patients without subject
ing them to harsh side effects. 

Some observers worry that Cellcor is 
being unduly hasty in bringing ALT to 
market. Although no one suggests that 
ALT is dangerous, there are concerns 
that too little clinical research exists in 
support of its effectiveness. "It 's a per
fectly rational approach to explore," re
marks Andrew F. DOff, a medical on
cologist at the National Cancer Insti
tute. "But 1 wouldn't be comfortable 
sending my mother for this treatment 
right now." 

ALT is an immunotherapy, a proce
dure in which physicians try to combat 

tumors by enhancing the patient 's im
mune system. Most immunotherapies 
involve drugs such as interferon and 
interleukins-compounds called cyto
kines that the body naturally secretes 
to boost immune function. But thera
peutic doses of these drugs can make 
patients profoundly ill, Schonfeld says, 
and it is not yet clear that they can sig
nificantly lengthen most patients' lives. 

The key to ALT, explains Michael E .  
Osband, one o f  its developers and a co
founder of Cellcor, is that it relies on 
whole cells, not drugs. Before the treat
ment begins, physicians extract lym
phocytes, or white blood cells, from the 
patient. With monoclonal antibodies, 
Cellcor 's technicians stimulate the lym
phocytes to secrete large quantities of 
cytokines. Three days later, the techni
cians discard the cells but save the cy
tokine-rich medium, which they divide 
into six portions and store. 

Once a month for the next six 
months, the patient returns to the cen
ter and donates another batch of lym
phocytes. These cells are added to one 
portion of the cytokine mixture. After a 
week of incubation, the activated lym
phocytes are reinfused into the patient 
to attack tumor cells. Because the pa
tient receives only his own cells, acti
vated by his own cytokines, the therapy 
does not require FDA approval. 

The largest study of AL T appeared in 
the Lancet in April 1990-less than a 
year before the Boston center opened. 
That study demonstrated that patients 
who underwent the procedure survived 
on average 22 months-about two and 
a half times as long as those receiving 
a chemical therapy. Some cancer spe
cialists are concerned, however, that it 
is the only randomized trial ever pub
lished and that it involved only 90 
patients. In their minds, ALT is still a 
treatment in its experimental stages. 
"With so few patients in a study, the 
chances of the treatments being differ-

How Autolymphocyte Therapy Works 

PRETREATMENT 

Q �� 
PATIENT EXTRACTED MONOCLONAL STIMULATED CELLS STORED 

WHITE CELLS ANTIBODIES SECRETE CYTOKINES CYTOKINES 

TREATMENT 

Q� � 
PATIENT EXTRACTED PATIENT'S CYTOKINES ACTIVE CELLS 

WHITE CELLS OWN CYTOKINES ACTIVATE CELLS RETURNED 
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ent through chance occurrence are not 
inSignificant," DOff says. 

Neither Cellcor nor its skeptics would 
like to see a repeat of the Biotherapeu
tics controversy. In 1984 that Tennes
see-based biotechnology start-up of
fered cancer patients the opportunity 
to participate in research programs 
and receive experimental treatments
for a fee. After critics savaged it, Bio
therapeutics retreated from that busi
ness in 1989. 

Osband and Richard R. D'Antoni, 
Cellcor 's president, argue that compari
sons between Cellcor and Biotherapeu
tics are false. "We have never charged 
patients for therapy that's experimen
tal," Osband says. He also points out 
that Cellcor is selective in admitting pa
tients to the commercial program. "One 
of the things that we're proud of is that 
we're not treating everybody with can
cer or even everybody with metastatic 
kidney cancer." Only patients who fit 
the profile of those helped in the ran
domized trials, he says, are allowed to 
participate, and all of them receive ex
actly the same treatment. 

More randomized trials would be per
suasive, Osband agrees, "but we don't 
think we can ethically do the studies 
in which we deny this treatment from 
some people. 1 have too many data that 
say this works to withhold it." 

Cold, hard cash may be the final 
determinant of whether the market
place sees any treatment as sufficiently 
proved. If so, ALT seems to be making 
headway. D'Antoni says that about two 
thirds of the commercial insurance car
riers in the country, including six Blue 
Cross/Blue Shield plans, are reimburs
ing for ALT for metastatic kidney can
cer. DOff reports that he receives many 
calls from insurance companies ask
ing whether ALT and other new treat
ments for various diseases are appro
priate therapies. "I don't know that the 
Department of Health and Human Ser
vices has ever been charged with the 
duty of defining what 's experimental," 
he says, "but that's what we're being 
asked to do." 

As gene therapy, in vitro fertilization, 
bone marrow transplants and other 
procedures involving living cells be
come more commonplace, the line be
tween experimental and accepted treat
ments may continue to blur. D'An
toni says that "we think the FDA will 
eventually be regulating cell-mediat
ed therapies." Whether or not the FDA 
does so, some regulations or standards 
may be needed to ensure that patients 
are getting timely benefits from val
uable new therapies without falling 
prey to medical biotechnology's sales 
pitches. -John Rennie 
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• THE ANALYTICAL EC ONOMIST 

Sorting Out Chaos on Wall Street 

F or two decades, the random-walk 
hypothesis has been the major 
economic explanation for price 

fluctuations in financial markets such 
as the New York Stock Exchange. Ac
cording to economists, it should be im
possible to spot patterns in the streams 
of data that rush across traders' Quo
tron screens every day and to make 
money by betting on the direction of 
those trends. Traders who seem to 
make above-average profits by such 
speculating , they say, are simply lucky 
( or have inside information). 

Yet even economists do not deny that 
some traders are astonishingly lucky. 
And increasing numbers of financial 
firms seem willing to spend money and 
time trying to boost their "luck " by 
developing proprietary computer soft
ware to look for patterns in market 
data. " There is no rigorous proof of the 
random-walk theory," points out John 
Geanakoplos,  an economist at Yale Uni
versity. As a result, earlier this year the 
Santa Fe Institute in New Mexico con
vened a curious assembly-some 70 
economists, physicists and financial 
brokers-to talk about whether stock
market patterns exist. 

To make money by juggling the num
bers rubs economists the wrong way 
on several accounts. To begin, all mar
ket players see the same basic data
the ups and downs of a share of mM , 
for instance. If new information sug
gests that a stock is undervalued , 
enough people will place buy orders 
that the price will swiftly rise and the 
stock will be fairly valued again. 

Looking for trends in a hodgepodge 
of more complex data divorces the 
numbers from real-world economic 
events. Brokers would do as well to 
scrutinize midtown Manhattan traffic 
patterns, the economists suggest . And 
the final , telling anecdotal evidence: 
economists have had dismal luck nail
ing down successful trading rules. 

Maybe so. But what if the economists 
are simply using outdated statistical 
techniques ?  At the Santa Fe meeting, 
physicists and computer scientists came 
equipped with toolboxes of sophisticat
ed algorithms to ferret out nonlinear 
patterns in physical data . Researchers 
once believed that turbulence in liquids 
was Simply random, points out Doyne 

Farmer, a researcher in complex sys
tems at Los Alamos National Laborato
ry. Farmer was among those who dem
onstrated that such systems actually 
show different degrees of order. 

Neural networks might also help, 
suggested Richard G. Palmer, a phYSi
cist at Duke University. These software 
systems construct internal models of 
the world by assigning heavier weights 
to the connections associated with the 
input data received most frequently. 
Sometimes such models fail to recog
nize a clear pattern , Palmer concedes.  
Still, they can often highlight dynamic 
and unexpected trends in data . In con
trast , in traditional economic models 
people only learn expected results or 
patterns. ( For instance, trader A learns 
what trader B already knows.) Both neu
ral networks and genetic algorithms, in 
which successful rules breed ever more 
successful rules, could help incorpo
rate a more realistic model of learning , 
Palmer observes. 

The traders, moreover, argue that the 
economists have not found patterns in 
data , because they do not work hard 
enough at "scrubbing ," or cleaning up 
noise in financial data . Even the most 
clever neural networks will not find 
patterns in messy data, they say. " Your 
[nonlinear) models are like Lamborghi
nis or FerrariS," David ]. Hirschfeld , a 
director of commodity research for Tu
dor Investment in New York City, told 

"Group psychology may 
have a more potent ef
fect on the markets than 
economists have typically 
believed. " 

the group. " But you're putting apple 
juice in the engine,"  while "we're driv
ing BMWs but with high-quality fuel ."  

Tudor has been undeniably success
ful with its trades ; Hirschfeld reports 
that the group has racked up a 94 per
cent average return for the past six 
years, operating with about $750 mil
lion in the U.S.  " I 'd submit that I could 
probably outtrade every [sophisticated 
nonlinear algorithm) using just three or 

four indicators because of the way I 
transform data ,"  he declares. 

Nevertheless, brokers are often hard
pressed to explain precisely why they 
capitalize on speCific trends. W. Edwin 
Bosarge, Jr. , who runs the Houston
based firm, Frontier Financial , claims to 
have developed algorithms that analyze 
patterns based on equations from New
tonian physics. "Why should Newtonian 
physics work ? I haven't the slightest 
idea ,"  he says. " But I know it does, and 
so does quantum mechanics." 

Even Tudor ' s  star trader, firm chair
man Paul Tudor Jones II , has trouble 
explaining why he finds some patterns 
in market data interesting . " He will 
point to a relationship in data, and we'll 
look for other relationships," Hirschfeld 
says. But , he adds, " it rarely works out 
that what he did is successful for the 
exact reasons he proposed ." 

If there are recognizable albeit faint 
patterns in market data , what could 
cause them? Answering this question 
could have implications for economists 
that extend beyond the possibility of 
increasing their bank accounts. For 
instance, suppose a handful of clev
er traders can interpret the economy. 
When these few execute their trades,  
they may leave telltale tracks in the 
market,  says Geanakoplos,  who co 
chaired the Santa Fe meeting . Others 
need not understand the economy
just follow in the smart traders' wake. 

On the other hand, group psycholo
gy may have a more potent effect on 
the markets than economists have typi
cally believed. Traders may go through 
predictable mood swings-say, becom
ing aggressive buyers after a short run 
of successes and then more hesitant as 
they expect their streak to fizzle. If non
linear analysis techniques show pat
terns that indicate traders' moods play 
a significant role in mOving markets, 
then economists will have to scramble 
to find better ways to incorporate psy
chology in their models. Finally, subtle 
underlying patterns may indicate struc
tural relationships in the economy that 
economists have not yet seen. 

Still, before economists completely 
abandon random walks, they have to 
devote more energy to examining data 
for quantitative proof, Geanakoplos 
points out . But even a cursory calcula
tion of the risks and rewards indicates 
that it would be a valuable investment 
of time. -Elizabeth Corcoran 
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AN I NVITATION 
TO SUBMIT NOMI NATIONS 

FOR TH E 1992 KING FAISAL I NTERNATIONAL PRIZE 
IN M EDICI N E  AND IN SCI ENCE 

The General  Secretariat of the King Faisal l nternationa l Prize has the pleasure 
i n  inv it ing u n iversit ies,  and specia l i st resea rch centers t h roughout the world to 
nomi nate q u a l ified candidates for: 

the King Faisal I nternational Prize in Medicine in the topic of: 

"CORONARY ARTERY DISEASE" 
and 

the King Faisal I nternational Prize in Science in the topic of: 

"BIOLOGY" 

Nom i nations must m eet the fol lowing req u i rements: 
1 .  N o m i nees m u st have accompl ished a n  outsta nding academic work, o n  the 

Pr ize topic ,  benefitt ing mank ind and enrich ing human progress. 
2. Subm itted work m u st be original  and publ ished .  
3. O n ly recognized educational  or resea rch inst itutions may make nomi nations.  
4. Each nomi nation should include:  

(a) a n  officia l letter to each nom i n ee.  
(b) a typed l i st of  the nomi nee' s nomi nated works. 
(c) a typed CV of the nomi nee' s academic background,  experience and 
publ ished Works. 

(d) ten copies of each subm itted work. 
(e) a copy of the nom inee's cert ificates of educat ion.  
(f )  t h ree recent colou red photos 4" x 6" . 
(g) the nominee's m a i l i ng add ress inc lud i ng: 

(1) office address, telephone n u m ber,  telex and fax. 
(2) home add ress and telephone n u m ber .  

5. N o m i nat ions wi l l  be eva l u at ed by a Select ion Comm ittee consist i n g  of h ighly 
recogn ized specia l ists i n  the topic.  

6. More than one person may share the Prize. 
7 .  The nom inee's subm itted w o r k  w i l l  n o t  be accepted if: 

(a) any internat ional  orga n ization has prev iously awa rded it a prize. 
(b) it is  a u n iversity degree: 
(c) it is not publ ished . 

8. The nomi nation wi l l  not be accepted if :  
(a) the nomi nee is  dea d :  
( b )  it is  nomi nated b y  indiv iduals  or pol it ica l parties.  
(c) it does not meet al l  the prize condit ions.  
(d) it is  received after the a n nou nced date.  

9. The Prize consists of: 
(a) a cert ificate i n  the w i n ner's name conta i n i n g  a n  a bstract of the work 

that q u a l ified h i m/her for the Prize: 
( b) a gold meda l ;  
(c) a s u m  of t h ree h u n d red a n d  fifty thousand Sa udi  R iya ls ,  (approximately 
U S  $ 93,333). 

10. The w i n ner (s) name (s) w i l l  be a n nou nced i n  February 1992, a nd the prize w i l l  
b e  awa rded in  a n  offic ia l  ceremony a t  a later date. 

1 1 .  The latest date for receiving the complete nomi nation req u i rements wil l  be 
O ct .  1 , 199 1 .  

12 .  No nomi nation pa pers o r  works w i l l  b e  retu rned t o  t h e  senders, whether 
or not the nominee was awa rded the prize. 

13. All correspondence m u st be sent by registered a i r m a i l  to: 

The General Secretariat, King Faisal l nternational Prize 
P.O. Box 22476, Riyadh 1 1495 , Kingdom of Saudi Arabia 

Tel :  4652255, Tlx: 404667 PRIZE SJ, Fax: 4658685, Cable: JAEZAH 
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101 MATHEMATICAL RECREATIONS 

A Swift Trip over Rugged Terrain 

In the summer of 1990 Irena Watts, 
director of book conservation at the 
Bodleian Library in Oxford, England, 
made a discovery of Brobdingnagian 
proportions. As Watts repaired the bind
ing of a jacobean psalter, she noticed 
that the book cover was made (rom sev
eral layers of paper that had been stiff
ened with glue. She managed to sepa
rate the sheets without destroying their 
contents. The papers turned out to be 
a hitherto unknown chapter of jon
athan SWift's masterpiece, Gulliver 's 
Travels. SCIENTIFIC AMERICAN is proud 
to publish, for the first time, "Gulliver's 
Further Adventures on the Flying Island 
of Lap uta . " 

I
n about a month's time I had at
tained tolerable proficiency in the 
Laputan language and was able to 

answer most of the King's questions 
about the state of mathematics in Eu
rope. As a gracious gesture in return, 
the King invited me to inspect the La
putan Flying Academy, modeled after 
the much larger institute that rested 
upon the firm earth of Balnibarbi Is
land. I made haste to accept, out of cu
riosity as much as politeness, for I had 
heard many tales about the academy 
and its natural philosophers. 
. I was first introduced to a kind in

ventor who had for 16 years been at
tempting to build a grandfather clock 
using a double pendulum-the better, 
so the inventor assured me, to tell the 
time. His original intention had been 
to suspend the second pendulum from 
the end of the first, in as simple a man
ner as possible. Upon realizing that cer
tain subtleties of his theory could not 
be borne out in practice, the inventor 
had perforce added a spring here, a 
counterbalancing weight there, so that 
during the 16-year period of develop
ment the machine's complexity had 
greatly exceeded that originally envi
sioned [editor's note: see illustration on 
next page]. Enquiring how accurately 

the clock performed, I was told that it 
was correct twice each day. 

recall them all, one has remained stub
bornly in my memory. A fact central to 
the successful operation of the clock 
was that its pendulums should on oc
casion be at rest, so that the combined 
action of the springs should come to 
perfect balance. The SimpliCity of the 
original deSign, he informed me, made 
such calculations both elegant and 
straightforward: the pair of pendulums 
could balance in exactly four positions. 

I understood at once that if both pen
dulums were to hang vertically down
ward, then they would remain forever 
at rest in that position. I begged, how
ever, to dispute the existence of three 
other such positions. With the expendi
ture of much effort, the clockmaker led 
me to understand that a second such 
position was pOSSible, with both pendu
lums pointing vertically upward. 

I admitted that such a configuration 
had not occurred to me, and upon be
ing informed that in principle such an 
arrangement could be made to balance, 
I observed that although in theory a 
monk can balance an eel on the end of 
his nose, such behavior is seldom seen 
in the fish markets or the monasteries. 
But the clockmaker persisted, describ
ing the arrangement as a thelmin (role, 
which I translate as "unstable equilibri
um." At the time I believed he said that 
the arrangement was "fiendishly un-

by Ian Stewart 

likely," a sentiment with which I had 
hastened to agree. Having understood 
this, I was quick to deduce the two re
maining equilibrium states, in each of 
which one pendulum is balanced verti
cally upward and the other hangs verti
cally downward. 

The inventor lamented that the sole 
obstacle to completion of the project 
was to establish the existence of four or 
more comparable configurations from 
the actual apparatus, springs and all. 
The precise positions were unimpor

tant: all that was required was that 
they should exist. But the mathematics 
was proving impenetrable, and he de
spaired of ever finding an answer. At 
that point I was rescued by the King's 
messenger, who bade me repair to the 
kitchens for a meal of ellipsoid pud
ding and conical beef before continu
ing my visit of the academy. 

After the meal I was shown some
thing of which the King was very proud, 
a geodetic survey of the entire island. 
The Surveyor Royal was a ruddy-vis

aged person of huge girth, who always 
carried a plumb line and bob as a badge 
of office. His task , he told me, was to 
catalogue every hill, valley and pass 
upon the island. 

I enquired as to the precise definition 
of these terms, wishing to apprehend 
the exact nature of the enterprise. Was 
an anthill, for example, accounted for 
as a hill? He said proudly that it was. A 
hill was any prominence whose height 

The clockmaker became quite friend
ly when I complimented him on this 
excellent standard of performance, and 
he showed me the many mathematical 
calculations that determined the ma
chine's design. Although I am unable to 

ISLAND OF LAPUTA has been blessed with 1,267 hills, 1,506 valleys and 1,944 
passes, according to the Surveyor Royal. Can you prove that he miscounted? 
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MECHANISM of the great-grandfather clock (left) is based on 
two pendulums. The angles of the pendulums correspond to 
points on a surface (center), which is known as the configura-

tion space of the clock. If each point of the surface is dis
placed to a height equal to the energy of the corresponding 
configuration, the energy surface (right) is formed . 

exceeded that of its immediate vicinity; 
it was a flam, or "local maximum." A 
valley, correspondingly, was a flim, or 
"local minimum." The Surveyor Royal 

explained that a pass was technically a 
place that had a local maximum in one 
direction but a local minimum in an
other, akin to the saddle of a horse. in
deed, such a place is known as "a sad
dle point" in the great European acad
emies, but the Laputan term for a pass 
is, of course, "flimflam." 

The enumeration of these features, 
he explained, was performed to the ut
most precision. By this reckOning, he 
said proudly, there were exactly 1,267 
hills and 1,506 valleys in Laputa. At 
this juncture I interposed that there 
must therefore be 2,771 passes. 

He claimed that the Royal Geodetic 
Survey had mapped precisely 1,944. I 

replied some must have been omitted, 
for there is a relation between the num
ber of hills, H, valleys, V, and passes, P. 
The relation is H + V -P = 2. The proof 
of it, I informed the Surveyor Royal, is 
both general and conclusive [editor's 
note: see box on opposite page). 

I informed the Surveyor Royal that he 
had miscounted the number of passes 

by 827, always presuming that he had 
made an accurate census of the num
ber of hills and valleys. In support of 
the official count, the Surveyor Royal 
paraded before me his subordinates by 
the dozen to swear to the accuracy of 
their observations. But piece by piece, 
discrepancies began to appear, and 
shortly the Surveyor Royal announced 
that because of a small oversight the 
number of passes must be augment
ed slightly, to become 2,772, the num
ber of hills and valleys remaining un
changed. 

I applauded his diligence but ven
tured to remark that there remained a 
discrepancy of one. Either he had over
estimated the number of passes or had 
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overlooked a hill or a valley. He object
ed that a hill, by its nature, cannot be 
overlooked, but he also admitted that, 
by the same token, virtually any valley 
might be overlooked. 

Then he became greatly excited and 
took me before yet another member of 
the academy, a historian. I confess that 
less likely a personage for such an of
fice I had never observed, for he could 
scarce remember his own name from 
one second to the next. By dint of great 
application on his part, however, and 
even greater patience on mine, a sem
blance of a tale began to unfold. 

I was not, it seemed, the first Europe
an visitor to Laputa. One Captain Kidd, 
a pirate by trade, was rumored to have 
buried a treasure somewhere on the 
island, "at the bottom of its deepest 
valley." Despite repeated searches, no 
such treasure had been found, but per
haps my contention that a valley might 
have been overlooked would resolve 
the mystery. It was unfortunate that my 
method did not reveal the precise loca
tion of the missing valley. 

Upon thinking the matter over, how
ever, I realized that the "deepest val
ley " on Laputa could only be the very 
lowest point on the underside of the 
island, which was smooth and gently 
rounded, like a dish. Discreet enquiries 
confirmed that the Royal Geodetic Sur
vey had not included the underside of 
the island, and the discrepancy was re
solved to my own satisfaction. I vowed 
to inspect the nethermost region of the 
island for myself. 

As a distraction I asked whether any 
natural stone arches could be found on 
Laputa. I was told by the Surveyor Roy

al that, indeed, there were several arch
es, although he did not know exactly 
how many. I informed him that the 
Royal Geodetic Survey must still be in 
error. My proof that H + V -P = 2 had 
assumed the absence of holes in the is-

land. On any surface that, like stone 
arches, possesses holes, the relation be
tween the numbers H, Vand P must be 
different from the one that I had pre
viously derived. Now H+ V -P= 2 -2g , 
where g is the number of holes. 

A truly accurate survey establishing 
the number of hills, valleys and passes 
without error would make it possible 
to deduce the number 9 of stone arch
es. For instance, if there were 1,000 
hills, 1,000 valleys and 2,020 passes, 
then the following relation holds: 

1,000 + 1,000 -2,020 = 2 -2 g 

whence 2g = 22, so that there would 
exist precisely 11 stone arches. I do not 
believe that the Surveyor Royal was 
pleased by these revelations, but he 
pledged on the spot to repeat the sur
vey in total accuracy. 

My mind had never been far from 
Captain Kidd's treasure. It occurred to 

me that the pirate might well have 
buried his treasure in a deep cavern 
called Flandona Gagnole, which I had 
been shown earlier in my visit. Within 
this cavern is a lodestone of prodigious 
size, sustained upon an axle. By means 
of the lodestone, the island is made to 
rise and fall and is conveyed to dif
ferent parts of the world. Perhaps the 
treasure was to be found beneath the 
lodestone, this being as near as practi
cable to the island's nethermost pOint. 
I resolved to dig for it and to this end 
secured a spade from the King's gar
dens. Regrettably, before my tunnel 
had been dug more than a few yards, I 
was apprehended and imprisoned for 
alleged sabotage of the Flying Island. 

I lay in chains for three days and was 
then taken before the King, who bela
bored me mightily for my infringement 
of Laputan law. At length I prevailed 
upon him to hear my plea of mitiga
tion, and I revealed my deduction that 
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the great pirate treasure was to be 
.found on the underside of Laputa. The 
King expressed his gratitude for my 
ideas and then sentenced me to four 
days of hard mental labor. 

My first task , as one might expect, 
was to find a way to recover the buried 
treasure for the King. I decided it would 
be best to consult with several mem
bers of the Laputan Flying Academy. 
One philosopher asserted that while 

my plan to tunnel downward from 
Flandona Gagnole was sound in prinCi

ple, it was better carried out by revers
ing the lodestone, thus causing Laputa 
to fly upside down. I quickly pointed 
out that all the island's inhabitants 
would thereby fall off. My objection 
was quickly dismissed by another 
philosopher, who suggested that all 
people and possessions could be se
cured by liberally applying a strong 
glue over the whole island. 

DeSiring to avoid such sticky busi
ness, I decided that the simplest solu
tion would be to lower Laputa to with
in a few yards of the ground and erect 
a ladder to investigate its underside. I 
considered proposing this myself but 
became apprehensive lest I be sent to 
try it, only to have the island acciden
tally lowered upon my head. 

Perhaps I could find someone else to 
relay my plan to the King. The clock
maker seemed an ideal candidate, be
ing well respected by the academy. He 
agreed to deliver my modest propos
al to the King-but only if I helped him 
prove that a system of two pendulums 
has at least four equilibrium states, no 
matter how many springs and counter
weights are attached. 

We agreed that the possible configu
rations of the machine are defined by 
two angles, those of the two pendu
lums. These two angles naturally corre
spond to the points on a particular sur
face, namely, a torus, which I shall call 
the configuration space of the machine. 
This torus has one hole, and hence its 

genus is 9 = 1. Thus, no matter how the 
torus is arranged in space, the number 
H + V -P always vanishes. 

When a spring is compressed, or a 
weight raised, it requires the expen
diture of considerable amounts of 
energy. Thus, associated with any con
figuration of the mechanism of the 
clock , there is a mathematical quantity, 
the total energy. 

Imagine each point of the toroidal 
surface displaced to a height equal to 
the energy of the corresponding con
figuration, and let this be named the 
energy surface. Equilibrium states cor
respond to positions of stationary en
ergy, that is, to hills, valleys and passes 
on this surface. Thus, the total number 

Gulliver's Theorem about Surfaces 
A ny closed, smooth surface that includes a number H of local maxima, V local 

minima and P saddle points always satisfies the equation H + V - P = 2. To 
prove this, the best strategy is to deform the surface continually, reducing these 
numbers in such a way that the expression H + V - P remains unchanged. 

The deformation consists of a series of moves. In each move, either a hill or a 
valley is merged with a neighboring pass, so that both disappear. The process 
continues until all passes have been eliminated, after which there can remain 
only one hill and one valley (because if there are two hills, or two valleys, there 
must be a pass somewhere between them). 

Merging a hill and a pass decreases both Hand P by 1, and so H + V - P 
remains unchanged. Similarly, merging a valley and a pass decreases both Vand 
P by 1, and so H + V - P again remains unchanged. The illustration below shows 
the effect of a sequence of such moves. 

RAISE 

THEN CANCEL 

When the deformations are completed, H = 1, V = 1 and 
P = 0, and so H + V - P = 1 + 1 - 0, which then equals 2. 
Because H + V - P is unchanged throughout the sequence 
of deformations, the value of H + V - P at the beginning 
must also be 2. 
The proof of H + V - P = 2 assumes the surface is topolog
ically equivalent to a sphere. A general surface, however, is 
equivalent to a sphere with a number 9 of holes bored 
through it. The value of 9 is the genus of the surface. Any 
closed, smooth surface of genus 9 must satisfy the 
equation H + V - P = 2 - 2g. The proof is the same as be-
fore, but the deformation ends with the surface shown at @ 
the right. 

Here H = 1, V = 1 and P = 2g because each hole yields two 
passes. So H + V - P= 1 + 1 - 2g, which then equals 2 - 2g. 

of equilibrium states is H + V + P. Now, 
every finite surface must have a high
est point, hence at least one hill, and 
a lowest, hence at least one valley, 
whence His at least 1 and Vis at least 
1. Since H+ V -P= 2(1) -2 = 0, it fol
lows that P = H + V, and therefore P is 
at least 2. Finally, the number of equi
librium states H + V + P is at least 
1 + 1 + 2 = 4, which is the result re
quired by the clockmaker. 

My method does not specify where 
these equilibrium states are, but it suc
cessfully provided the desired lower 
bound for their number. I remark that 
the conclusion is quite independent of 
springs, ropes, weights and other em
bellishments: it depends solely upon 
the number of holes in the con
figuration space. I hastened to explain 
my reasoning to the clockmaker, and 
after considerable debate, my proof 
was adjudged sound, albeit outlandish. 

The clockmaker kept his word and 
proposed to the King that the Flying Is
land be lowered toward the ground to 
conduct a proper search for the pirate 
treasure. The King agreed and gave the 
order. Before the end of the day, La
puta was hovering a few yards above 

the solid ground of Balnibarbi Island. 
As a rope ladder was readied for 

a landing party, the Surveyor Royal 
begged an audience to inform the King 
that the Second Royal Geodetic Sur
vey had been completed. The numbers, 
he said, scowling darkly in my direc
tion, were 1, 893 hills, 1,942 valleys and 
3, 816 passes. The King seemed pleased 
to hear the news. By my reckoning, 
however, the number of 9 of stone 
arches must perforce be given by 

2 -2g = 1, 893 + 1,942 -3, 816 = 19 

so that Laputa possessed -8.5 arches. 
Before the King could become ap

prised of this fact, I took my leave 
and sneaked down the rope ladder to 
the ground. Despite the fear of being 
crushed, I was tempted to look for the 
treasure on the underside of the island, 
but upon hearing a great commotion 
from above, I departed in haste. 

FURTHER READING 
SURFACE TOPOLOGY. P. A. Firby and C. F. 
Gardiner. Chichester, Ellis Horwood , 
1982. 
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BOOK REVIEWS by Philip Morrison 

Noon Darkness 

THE UNDER-STANDING OF ECUPSES, 
by Guy Ottewell. Astronomical Work
shop, Furman University, Greenville, SC 
29613 (paperbound, $12.95). 

A
rtst and high geometer, Guy Otte
well is poet enough to build a 
waggish punning title out of 

that single hyphen. The impetus for 
this book is plain: on Thursday, July 
11, 1991, the solar disk will be blacked 
out where the eclipse is greatest, about 
local noon on the Pacific shores of Mex
ico. The grand rhythms are so nearly in 
step then that the new moon can drift 
along with the sun in the sky to hide it 
for almost seven minutes, a duration 
unrivaled for 141 years to come. 

No other eclipse before 2017 will 
bring totality to the broad North Amer
ican mainlands. None so far in human 
history has darkened daytime skies 
above so many human witnesses, for 
this path passes over half a dozen ma
jor cities of Mexico, including its smog
gy, giant federal capital, Mexico City, 

home to more than 20 million. On that 
high plateau it is the season of summer 
rain and afternoon thundercloud, so 
it may be that not many will recog
nize the shadow passage. Fair skies are 
expected, though, for the four-minute 
eclipse near dawn across the big island 
of Hawaii and for the six-minute shad
ow pass along desert latitudes at the 
mouth of the Sea of Cortez. The path 
continues far to the south-the valley 
of Cali in Colombia has a good chance 
of clear skies-until the moon's shad
ow draws back from the earth at sun
set far inland in Brazil. 

Energetic U.S. amateurs by the hun
dred thousand may journey to the 
shadow path. Ott ewell 's brochure de
scribes well the wonderful sights they 
can hope to enjoy. During the hour of 
the partial phase, the blue sky bites off 
more and more of the disk of the sun. 
Watch it safely and indirectly on the 
sun-dappled ground under a leafy tree; 
not this time, though, for New England
ers at home, but something to be seen 
for most of the forty-eight. 

As totality nears, golden sunlight 

1991 
July 11 
19:00 UT 

flight of 
the Earth 
in 1 minute 

Total solar eclipse, July 11, 1991 

changes color subtly, in a kind of inter
nal solar sunset. For then we see only 
rays that have more or less grazed the 
sun sphere itself on the way out. Bril
liant stars and a cluster of planets will 
shine forth as awesome totality un
masks this midsummer 's daytime sky. 
The moon's notched edge will scintil
late, and finally the blackened sun's 
crimson rim and pearly corona will 
transfix every witness. 

But the originality of this book cen
ters less on under-standing the eclipse 
than on understanding it. What is most 
fully diagrammed and explained are 
the alignments and the size and mo
tion of all of the shadow, near-shadow 
and antishadow volumes that mark this 
especially symmetric event among the 
unceasing run of its varying counter
parts, including the eclipses of the 
moon. The core of the work is a full ac
count of the saros, the ancient half
recognition of an 18-year recurrence 
that subtly links solar eclipses into 
finite families, linked strands within 
a smoothly flowing sequence of aspect 
and time. What the author calls a "bead
curtain " diagram displays across a doz
en pages all eclipse shadows year by 
year for some two centuries after 1901, 
in a patterned tour de force of celestial 
geometry. 

Ottewell notes that built-in comple
mentary relations between widely pre
sent lunar eclipses and well-localized 
solar ones may well have helped the 
less traveled scholars of long ago to 
pick out what is by no means a sim
ple pattern. At its root lies a remark
able arithmetic truth. At eclipse, three 
rhythms come in step: the sun-moon 
alignment month, from one new moon 
to the next; the nodal month, or the 
interval between one time when the 
moon pierces southward through the 
plane of the earth's orbit and the next; 
and the monthly cycle of moon-shadow 
size, the time between one minimum in 
the earth-moon distance and the next. 
Eclipses recur in form because 223 
alignment times match both 242 nodal 
returns and 239 distance minima with
in a few hours out of 18 long years: 
that coincidence is the saros. 

If you can get to the eclipse path, go; 
this brief book will be well worth car
rying. If you stay at home, follow the 
score here to grasp these harmonious 
but silent rhythms, and you will have 
most fitly celebrated the long eclipse. 
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Less is More 

THE MACHINE THAT CHANGED THE 
WORlD, by James P. Womack , Daniel T. 
Jones and Daniel Roos. Rawson Associ
ates, Macmillan Publishing Company, 
1990 ($22.50). 

T
here is on this earth about one 
motor vehicle for every 10 hu
man heads; automass doubles 

human biomass. The world's factories 
deliver every week about one million 
new wheeled creatures. This readable 
book is a revealing survey of the larg
est manufacturing industry, as it was, 
as it is and as it will be in a decade or 
two. The view is almost entirely inter
nal: How do they make all those cars? 
It is a nontechnical but analytic chroni
cle of auto manufacturing, not of grind
ing machines nor design blueprints nor 
salesrooms nor robots, though all of 
those enter, but rather of the technical 
and human organizations that have 
rolled out the ubiquitous machines 
whose mobility has shaped our lives 
and our century. 

Your car has a metabolic drivetrain 
held in a more passive body. Since the 
days of the Ford Model A ,  that body 
has resembled a metallic lobster shell 
more than it has a buggy. The strong 
and smooth shell is welded from many 
complex metal shapes. This up-to-date 
design-little left in it of the horseless 
carriage-can be built in three distinct 
ways. Aston Martin in England builds 
costly and beautiful cars, whose body 
panels of aluminum are handmade, 
pounded into form with wooden mal
lets against smooth die surfaces by 
skilled craftsmen, men who achieve by 
eye and hand the graceful forms they 
seek. That firm has made one car a day 
for six decades. In Ur of the Chaldees 
craftsmen produced sculptured forms 
in sheet copper much in the same way, 
though hardly so repetitively: the work
manship of risk is very old. 

Mass production of big, doubly 
curved metal panels to be welded into 
a car body is only decades old. Every 
maker who produces more than a few 
cars a day now uses the same scheme, 
modernized from Henry Ford. Sheet 
steel is press-cut, "stamped" from the 
roll into flat pieces. A giant hydraulic 
press squeezes each cut blank between 
two expensively and precisely formed 
hardened dies to inlpose the three
dimensional shape, say, of a stylish 
fender. A big die is often half a ton of 
some exotic alloy. The massive press 
operates once every five seconds. One 
year's run stamps out a million fend
ers, all closely the same. Don't stop the 
press! Its success is in long, steady runs. 

Skill has been replaced by tedium; 
all risk has receded to deSign, die mak
ing, assembly and sales. The die mak
ers themselves wait until a new model 
design has been fully specified to begin 
their computer-controlled cutting. Af
ter two years of preparation, the big 
presses will begin again to stamp, with
out stopping, from precise new dies 
the perfected parts for the next model. 
The economy of scale is obvious; from 
the factory a couple of thousand cars 
roll out each day, at a price well over 
an order of magnitude below Aston 
Martin's handcrafted elegances. Mass 
production makes cars by the million, 
and good ones too. 

But a little secret is here disclosed 
about that "American system" of mass 
production, born in Ford's Detroit into 
an auto-hungry world. Down the crowd
ed aisles next to any unceasing assem
bly line pass many "indirect workers," 
repairmen, runners, housekeepers, re
lievers. At many workstations, big bins 
of parts wait beside trash cans full of 
what did not fit. At the very end is an 
enormous work area of cars, finished 
but with defects, waiting for the expen
sive craftsmanlike rework . Somewhere 
outside the windowless plant you can 
see a large pile of unpainted bodies, 
amid massive stores of parts not yet 
unpacked. The prinlacy of continuity 
demands costly buffer stocks within 
every factor of production and pro
motes the tolerance of frequent error. 

There is a third way, opened in Na
goya in the 1950s. The burden of this 
book is the recognition and deSCription 
of the new and subtle process. The au
thors, from M.I.T. and the University of 
Sussex, call it lean production, succes
sor to Detroit's mass production. In Ja
pan, for example, the die makers work 
closely with the body designers. Body 
design work is "lean" as well, its eye 
on cOming changes. The die makers 
don't wait for preCise specs but begin 
to work when design begins. They use 
special, flexible cutting tools to form 
the dies; they are ready to finish dies 
quickly or to change them once a new 
model is favored. Even the presses are 
arranged for quick die replacement. 

In the beginning Toyota gave the die
replacement task not to specialists but 
to prodUction-line workers who would 
have otherwise been standing idle. 
Small press runs began; they turned 
out to mean low stampings inventory, 
less storage space, fewer speCialized 
workers and more knowledge and in
terest diffused along the whole line. 
Errors could be found and corrected 
quickly before assembly into many 
cars. Overall costs dropped in spite of 
many halts in the flow. The same sort 
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of strategems are now found not just 
in body work but throughout the entire 
firm. Continuity of flow is no longer sa
cred; flexibility and freedom from er
ror have replaced the optimized but 
rigid division of labor. 

Lean producers save about half out 
of each of the factors of production. 
The scorecards are here, supported by 
a look at the street. New models in 
Japan take 0.6 of the engineering time 
American firms spend. Their strong 
outside parts suppliers, bound by con
tract and helped by technical coopera
tion to deliver to the assembly plant 
"just in time," do half of all the engi
neering work , not one seventh of it as 
in the U.S. After a model change, the 
return to routine production quality 
on the line takes six weeks, not 1 1  
months. The buyers get very few lem
ons; yet new models come out more 
often at lower cost. The average Jap
anese "mass market" car remains in 
production only four years; in the U.S., 
about eight years. Lean Toyota pro
duces the equivalent of about 29 vehi
cles per year per employee; massive 
GM about seven. To be sure, Toyota 
factories take in from their suppliers 
about 70 percent of all value added; in
tegrated GM only 30 percent. 

An experiment is now being reported 
in your 1V commercials. Will the new 
Japanese entry into the luxury market 
reward the lean producers? lf luxury 
car buyers turn out to prefer consis
tency of design to model change, those 
producers can offer a wider variety of 
models at once or else spend more ef
fort on modestly new technology. 

Mass production began in autos with 
Ford, but it is not intrinsically Ameri
can. Its true home today is clearly in 
the great European factories, although 
even there it has lost its Fordian puri
ty. Lean production spreads. American 
workers, especially in the Japanese
owned Midwestern "transplants," are 
succeeding. The firm of Ford itself has 
come a long way. In Amazonian Ma
naus, Honda employs Brazilian subsis
tence farmers turned canny and pro
ductive assemblers of motorcycles in 
lean production. Populous China has 
not gone lean; more autoworkers are 
employed there than in any other coun
try. Some crowd the big, rigid mass
production plants; some are dispersed 
among many low-quality craft shops. 
In China 1.6 million workers produce 
0.6 million vehicles a year, while across 
the Sea of Japan 0.5 million workers 
produce 13 million good cars each 
year. The strongest claim of this study 
is that productivity and success in auto
mobile manufacture at the present time 
owes more to the organization of the 
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firm than it does to the national culture. 
The book is the report of an ex

pert international field study that sent 
participants to more than 90 assem
bly plants worldwide. It has little to 
say about the great externalities of the 
auto: fuel, air, roads, safety, communi
ty. But its story-far more comprehen
sive than this account, extending to 
finance and overseas investment-is 
compelling. If auto manufacturers are 
to face market saturation and pres
sures toward decline with genuine in
novation-producing cheap, effiCient, 
collision-avoiding cars, made of com
posites and fueled with new fuels-it is 
not hard to judge what production sys
tem they will use. 

Unruly Reality of Energy 

GENERAL ENERGETICS: ENERGY IN THE 
BIOSPHERE AND CMUZATION, by Va
clav Smil. John Wiley & Sons, Inc., 1991 
($69) . 

O
nly a work of tightly controlled 
audacity would dare so mea
sured a summary of the broad 

energy patterns of the biosphere and 
human societies. The summary chapter 
opens with the solar energy stream, 
passes on to graph among many cogent 
graphs the power of prime movers over 
history, and closes with lively hope for 
a "grand compromise " -by no means 
yet inevitable-between the provision 
of energy enough for a decent quality 
of human life and the sustenance of the 
essential functions of the biosphere. 

"Everything ... can be seen in ener
gy terms," for energy is intrinSic to 
change, and both life and history are 
streams of change. No one who knows 
the critical approach of this Winnipeg 
author will be surprised by his care to 
avoid the excesses of the single-var
iable enthusiasts. The world will not 
travel along one narrow energy path, 
whether it be soft or hard. Smil is at 
pains to explain that maximizing ener
gy use is no national panacea: it does 
not guarantee prosperity, invulnerabili
ty, quality of life, efficiency or even di
versity; what it does assure is "higher 
environmental burdens." China's heavy 
energy flows-based on a billion tons 
of coal a year, half of it very hard won 
indeed-have done less for national ad
vancement than a balanced industrial 
growth "combined with promotion of 
the service sector." A careful look at en
ergy flow is distinct from and as deep 
as any economist's account of GNP in 
terms of money and much more gener
al. Both are essential tools for thought, 
not substitutes for it. The final word 

of the text is the name that Linnaeus 
claimed for our species: sapiens. 

The most powerful of about a hun
dred graphs and tables-a few old 
drawings are telling, like that of a Vic
torian noonday traffic jam of people 
amid horses and carts on London 
Bridge-sums up our 20th century. It is 
the record of world harvests and their 
rising energy subsidies over the years. 
In 1900 there was almost no direct out
side energy investment in agriculture; 
sunlight almost alone fueled the farm 
workers and their animals, by courtesy 
of the green plants. 

Half of the world's population, most 
of the increase that marked this centu
ry, is supported by the yield of that 
subsidy. More than half of that ener
gy goes not to run tractors but to man
ufacture synthetic fertilizer. The Chi
nese now spend 2.5 times the Ameri
can energy subsidy on an average area 
of crop. "Doing without ... would neces
sitate ... a drastic reduction of the glob
al population," even if the rich lands 
went back to the more direct diet of 
1900-wheat flour, potatoes, sugar and 
a little lard. (We ought not to forget 
that the world population growth rate 
peaked about 1970 and has slowly fall
en since, a major portent of hope.) 

In support of the summary pages, a 
whole chapter enlarges on the energet
ics of food; there has been an 80-fold 
increase this century in the energy pro
vided to augment the sun on every hec
tare. Even so, less energy is spent in 
the world's fields than in processing 
our foods, in packaging, transport and 
cooking, in flour mills and freezers, 
and in the little kitchen fires of a billion 
subsistence farming households. That 
trend must and will change as our hu
man head count reaches a plateau; 
there is no source and no sink for much 
energy multiplication at that scale. 

A dozen carefully sequenced chap
ters spell out the "universal linkage " of 
energy, in effect quantitative support 
for each topic of the summary. They 
open with sunlight and seafloor spread
ing, go on to trees and soil animals, ac
cumulate various and relevant energy 
estimates over all of human history. At 
the last there appear those slow plane
tary cycles in which currents of carbon, 
nitrogen and sulfur draw attention for 
the first time away from energy alone 
to atomic specifiCity. Worldwide signs 
of human interference are clear, after 
300 centuries of a human geochemical 
significance never more than local. 

Since Prometheus, our fires have 
burned the phytomass from green field 
and forest; our mills have used falling 
water, wind and fire. By 1600 the great 
shift to fossil fuel had begun. By 1650 
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Britain's annual coal output had passed 
two million tons. The Industrial Revo

·lution came twice: the first time, coal 
simply meant plentiful fire, the process 
heat to make salt, soap, glass, beer, 
even iron. Two centuries later, coal 
came to mean pistons and steam, the 
mechanical power to hammer iron on 
the forge, lift pump rods, turn facto
ry shafts and drive locomotive wheels. 
Our century is the era of internal com
bustion. That shift of fuel was remark
ably orderly; coal use exceeded that of 
biomass about 1890, to be overtaken in 
turn about 1960 by fluid hydrocarbons. 
Such steady trends encourage theorists 
but give no real assurance of continua
tion. Even though for 150 years a sim
ple algebra of growth and substitution 
has fit the fuel changes beautifully, the 
world energy system does not in fact 
have "a schedule, a will, and a clock." 
We know how much novelty may come 
with the six o'clock news. 

Energy is the physicist 's unity within 
change, but the author, always candid, 
concedes his "incorrigible fascination 
with unruly and fuzzy realities in pref
erence to abstract models and dubi
ous generalizations." Consider a few 
of these. Poor cities under the hot sun , 
like dense Calcutta, metabolize energy 
area for area at the same rate as afflu
ent, sprawling and motorized Los An
geles, some 10 or 15 watts per square 
meter. The meager kitchen stoves and 
the scarcity of auto engines in the East 
are offset by the sheer density of Indi
an dwellings and the small factories 
hard at work even in residential areas. 

Concentrated power has always been 
critical for particular purposes. It has 
been reckoned that a work team of 
2,400 men was needed to haul into 
place the heaviest of Inca stone blocks. 
Those men would produce a sustained 
power of about 100 watts each, so 250 
kilowatts all together, like a big diesel 
truck . The mean muscle power used 
during the generations of travail to 
erect a royal Egyptian pyramid, in the 
work of masons and haulers, was about 
enough to build a hundred medieval 
cathedrals. The largest waterwheel ever 
built, more than 20 meters in diameter, 
drained a mine in the Isle of Man as 
late as 1926 (it is now restored). That 
wheel yielded 200 kilowatts. Sources of 
useful energy in the range of gigawatts 
belong only to this century, apart from 
the momentary report of cannon. 

The pleasure and stimulation of the 
book come from its critical display of 
such unruly realities; its importance, 
from the fact that serious argument on 
any of these high matters must take 
into account this army of decisive mag
nitudes Professor Smil has marshaled. 
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ESSAY: THE STATE OF SOVIET SCIENCE bySergeiKapitza 

T
he past 20 years of Soviet sci
ence have in no way been the 
best. Our political scientists de

scribe them as years of stagnation, and 
this epithet may be applied to science 
as well. If perestroika had occurred in 
1968, we would certainly be much bet
ter off now. 

The stagnation can be illustrated by 
examples from the field in which I 
work , particle accelerators. Fifteen years 
ago we started to build a powerful 800-
MeV proton accelerator. This project 
has still not been completed. Ten years 
ago we began a 2.5-GeV synchrotron 
radiation source; we still have not seen 
light. At present we are building a 3-
TeV proton accelerator and collider in 
a 27-km tunnel. I am not sure we can 
deliver before the ambitious Supercon
ducting Supercollider accelerator is in 
place in an 87-km tunnel in Texas. 

We have also witnessed the partial 
failure of our recent Phobos missions 
to Mars. And of course I have to men
tion the tragic nuclear accident at Cher
nobyl. Unfortunately, it was more than 
an accident. One tends to think it was 
destined to happen because our socie
ty is unable to face the responsibilities 
of handling advanced technology. This 
deficiency has only grown worse dur
ing the past 20 years. 

Of special relevance has been the 
lack of progress in computing technol
ogy, particularly in the development of 
hardware. Centralized production and 
tight government control have ceased 
to exert enough power to control the 
entire field, as they did in the very 
successful nuclear and aerospace in
dustries. In fact, we have not in any 
major way entered the information 
revolution. 

To understand how science is man
aged in the Soviet Union, one has to 
look at the four main bodies responsi
ble for research. It is important to keep 
in mind that funding for all research, 
which of course comes from the state, 
has maintained the general proportions 
among basic research, applied science 
and the industrial effort of 1: 10: 100. 
First, there is the State Committee for 
Science and Technology. A rather top
heavy governmental body whose chair
man is a deputy prime minister, it con
ducts much of the nonmilitary R&D. 
Second are the research establishments 
of the various ministries. These min
istries, which are now being disbanded, 
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are best considered as large monopo
lies, with all the positive and negative 
points that such organizations develop. 

The negatives have definitely con
tributed to the general crisis of our 
economy-primarily the lack of com
petitiveness at home and abroad. A 
close second, however, is the systemat
ic lack of innovation. Metallurgy, for 
example, spends only 0.5 percent of 
its turnover on research. Consequently, 
half of our steel is still made in open 
hearth furnaces, and only 15 percent is 
rolled in continuous casting mills, even 
though the process was initially devel
oped in our country. 

Third is the research at education
al institutions. This work is often not 
of great originality and quality, but 
because universities do train a large 
number of scientists and engineers, the 
country can boast of a rather high level 
of tertiary education. 

Last, but far from least, is the Acad
emy of Sciences of the Soviet Union. 
Founded in 1724 by one of last decrees 
of Peter the Great, it is both a learned 
society and a remarkable network of 
major institutes, mainly engaged in ba
sic research. Uniting scientists from all 
over the Soviet Union, the academy is a 
significant cohesive factor, important at 
a time of powerful secessionist trends. 
The academy has produced first-class 
results and brought forth scientists 
of very high standards, particularly in 
mathematics, theoretical physics and 
chemistry. (Basic research in biology 
was dealt a deadly blow by Lysenko.) 

D
ivisive and often monopolistic 
attitudes of the various arms 
of the scientific establishment 

have led in most cases to a serious, al
most fatal, lack of mobility, both in the 
connection between research and teach
ing and in that between research and 
industrial innovation. Only in military 
technology have we made the connec
tion effectively. In that field a long 
line of successes with nuclear weapon
ry and missiles culminated in Sputnik, 

manned space flights and space explo
ration. Those achievements have for 
many years dominated the image of 
Soviet science. One has to understand 
that they came about because of a 
sound basic scientific tradition and a 
powerful government, which then had 
full command of immense human and 
material resources. Today, after losing 

the cold war, we have to demilitarize 
our approach and change the way sci
ence is supported by the state. That 
process is difficult and painful because, 
paradoxically, when science did con
tribute to the military effort, it could 
get support for fundamental research. 

Despite all the failures of the past 
20 years, much has changed in recent 
months. Our country and our science 
have become open to the world and to 
ourselves. That is why we are now so 
self-searching and apprehensive about 
our state of affairs. Nor should we for
get some major assets that we have in 
the world of SCience-perhaps the main 
one being the educational system. With 
all its drawbacks, its conspicuous lack 
of funding and a certain decline in 
standards-problems that, I may say, 
are not unique-we still produce dedi
cated and relatively well trained man
power. The point is to use it effiCiently. 
Here much depends on the new de
grees of freedom in the economy. 

Another asset is our tradition of inte
grative studies of nature. Today, with 
urgent environmental problems loom
ing on the world's common horizon, 
this capacity for interdisciplinary re
search is gaining recognition. In basic 
research, if we overcome the tenden
cy to commercialize science-and such 
overzealous marketeers also exist in 
our part of the world-we will manage, 
with luck even expand, our research ef
forts. Recently a presidential decree has 
given support to the Academy of Sci
ences, prOviding funds and protection 
for research. Unfortunately, the diffi
culties with funding, especially those 
caused by the nonconvertibility of our 
currency, may severely hamper inter
national collaboration. Here help from 
abroad would be a sensible and effec
tive way of supporting the momentous 
changes taking place in our country. 

Scientists en masse belong to the 
constituency of Gorbachev. The success 
of his policies will determine the future 
of science in the Soviet Union. In the 
long run , science may be our most valu
able asset, for one can run out of oil but 
not out of brains, which tend to multi
ply as long as they are given a chance. 

SERGEI KAPITZA, a physicist and a 
member of the Soviet Academy of Sci
ences, is editor of the Russian edition of 
SCIENTITIC AMERICAN. 
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